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Preface

Broadly tunable lasers continue to have a tremendous impact in many and diverse
fields of science and technology. From a renaissance in laser spectroscopy, to Bose—
Einstein condensation, the one nexus is ... the tunable laser. In this regard, numerous
applications, from physics, to isotope separation, and all the way to medicine, depend
on the tunable laser. This third edition includes 14 chapters. In this collection of
chapters, two chapters are new, and all the other chapters have been updated and
extended in their coverage. The subject matter ranges from the physics of tunable
coherent sources and coherent microscopic instrumentation to exciting applications
such as astronomy, defense, medicine, laser isotope separation, microscopy, and
spectroscopy.

It is indeed a pleasure to offer to the scientific community this updated and
enlarged third edition of Tunable Laser Applications. As editor, I remain indebted
to all the contributing authors.

F. J. Duarte
Rochester, New York

MATLAB® is a registered trademark of The MathWorks, Inc. For product
information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508 647 7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com
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1.1 INTRODUCTION

The ability to yield tunable coherent radiation enhances the applicability of a given
laser substantially. Indeed, tunable lasers are among the most studied and successful
lasers known today. For instance, the first broadly tunable laser, the organic dye laser,
introduced circa 1966 [1-4], has enjoyed a significant amount of attention directed
toward the study of its inherent physical properties and technology [5—12]. At the same
time, these organic lasers have had a profound impact on a plethora of fields, including
physics, spectroscopy, laser isotope separation, medicine, and astronomy [6,13-16].

Today, the field of broadly tunable lasers includes an array of different lasers,
which have markedly extended the applicability domain of lasers. In addition to the
broadly tunable organic dye lasers, there are broadly tunable semiconductor lasers,
optical parametric oscillators (OPOs), tunable fiber lasers, tunable quantum cascade
lasers, and free electron lasers (FELs). Also, at this stage, it should be realized that
in addition to the class of broadly tunable lasers, there is an additional group of dis-
cretely tunable or line-tunable lasers. This latter class of laser, besides being able to
shift emission frequency from transition to transition, can also be fine-tuned within
the emission spectrum of a given transition.

In Tables 1.1 through 1.5, basic tuning ranges and energetic properties of tunable
sources of coherent radiation are provided to facilitate rapid familiarity with the
emission characteristics offered by these sources.

Table 1.1 lists the wavelength coverage published for various broadly tunable
pulsed sources of coherent radiation, including the OPO and the FEL. Table 1.2
lists reported short pulse durations demonstrated in several types of broadly tunable
lasers, while Table 1.3 includes the energetic and power characteristics capabilities
for tunable pulsed lasers.

Table 1.4 lists the emission characteristics from broadly tunable lasers in
the continuous-wave (CW) regime, including wavelength range and reported

1



2 Tunable Laser Applications

TABLE 1.1
Wavelength Range of Broadly Tunable
Coherent Sources in the Pulsed Regime

Tunable Source Spectral Range
Dye laser 320<A <1200 nm? [17]
Ti’*+:ALO; laser 660 <A <986 nm [18]
Cr*+:BeAl,O, laser 701 <A <818 nm [19]
Fiber laser® 980 <A <1070 nm [20]
OPO (BBO)® 0.3<A<3.0 pm [21]
OPO (KTP)* 0.7<A<4.0 pm [21]
FEL 0.9 <A <10 pmd [22]
830 <A <940 nme [23]
31 <A<32nm [24]

¢ Tuning range resulting from the use of several dyes.

> Yb-doped fiber.

¢ BBO, p-barium borate; KTP, potassium titanyl
phosphate.

4 The combined tuning range from various FEL facili-
ties extends into the millimeter range.

¢ Large bandwidth.

TABLE 1.2
Short Pulse Emission Characteristics of
Broadly Tunable Coherent Sources

Tunable Source At
Dye laser 6 fs* [25]
Ti3*:AlLO; laser 5 fsP [26]
ECSe laser (AlGaAs) 200 fs* [27]
Fiber laser 24 fs [28]
OPO (BBO) 4 fs [29]
FEL 25 fs [30]

@ Using prismatic intracavity pulse compression.

b Using extracavity in addition to intracavity pulse
compression.

¢ Semiconductor.

laser power. It should be noted that although some types of lasers have been
reported with higher power figures at a single emission wavelength, these are not
included, given the emphasis on broad wavelength tunability. The extension of
the tuning ranges cited in these tables can be established via nonlinear optical
techniques [6,11].
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TABLE 1.3
Energetic Characteristics of Broadly Tunable
Coherent Sources in the Pulsed Regime?

Tunable Source Pulse Energy Average Power
Dye laser 400 J° [31] 2.5 kWe [16]
Ti**+:AlL,O; laser 6.5 J4[32] 5.5 We [33]
Cr3*:BeAl,O, laser 100 J[34] —

Fiber laser” 31 nJ [35] 3 W [35]
OPO (BBO) >100 mJ [36] 5.4 W [37]
FEL — 100 We [22]

2 Energy and average power figures are from unrelated

experiments.

From a flashlamp-pumped dye laser.

¢ CVL-pumped dye laser operating at a prf of 13.2 kHz.

4 Under flashlamp excitation.

¢ Under CVL excitation at a prf of 6.5 kHz.

Oscillator amplifier configuration using a Tm-doped amplifier.

System is tunable in the 1900-2040 nm region [35].

¢ Under broadly tunable conditions at the FEL of the Thomas
Jefferson National Accelerator Facility. The average power can
increase to over 10 kW at selected individual wavelengths [22].

Spectral information on discretely tunable pulsed lasers is given in Table 1.5; line-
tunable CW lasers such as Art, Krt, He—Ne, and He—Cd are listed in Table 10.1
(Chapter 10). An interesting laser listed in Table 1.5 is XeF. It can be classified as
discretely tunable, given the characteristics of its B — X transitions. However, the
wide tunability of its C — A transition qualifies it as a broadly tunable laser. At
this stage, it should be mentioned that a distinct feature of the gas lasers listed in
Table 1.5 is their ability to yield high pulse energies and, in some cases, very high
average powers [16].

1.2 TUNABLE LASER COMPLEMENTARITY

The information conveyed in Tables 1.1 through 1.5 suggests that the field offers
a wide variety of sources of tunable coherent radiation that have distinct optimal
modes of operation. Hence, a useful generalized approach to the field should be from
a perspective of complementarity. This principle of tunable laser complementarity
[64,65] offers a dual advantage, which encourages the use of the most efficient and
apt type of laser for a given application, and the integration of different lasers into
a single system if necessary. This latter approach has been fairly well demonstrated
in hybrid laser systems using one class of laser at the oscillator stage and a different
type of laser at the amplifier stage. Examples of these systems involve the use of a
dye laser oscillator and an XeF laser amplifier [54], a semiconductor laser oscillator
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TABLE 1.4
Emission Characteristics Available from Broadly Tunable Sources
of Coherent Radiation in the CW Regime

Tunable Source Spectral Range CW Power
Dye laser 365 <A <1000 nm? [38] 43 WP [39]
Ti**:ALO; laser 710 <1 <870 nme [40] 43 Wh4 [41]
Cr*+:BeAl,O, laser 744 <A <788 nm 6.5 W [42]
ECS laser (InGaAsP/InP) 1255 <A <1335 nme >1 mW [43]
ECS laser (GaAlAs) 815<A <825 nm 5 mW [44]
ECS laser array 750 <A <758 nm 13.5 W [45]
EC QCLSf 8.2<A<10.4 pm 15 mW [46]
EC QCLSf 7.6 <A<11.4 pme 65 pW [47]
OPO (PPLN) 33<A<3.9 pm >1 W [48]
Fiber laser 1032 <A <1124 nm" 10 W [49]
Fiber laser 1532 <A <1568 nm! >100 W [50]

2 Tuning range resulting from the use of several dyes.
b Under Ar* laser excitation.

¢ Tuning range of single-longitudinal-mode emission.
4 Uses liquid-nitrogen cooling.

¢ Measured laser linewidth is Av<100 kHz [43].

I QCL, quantum cascade laser.

¢ Measured laser linewidth is Av~2.5 GHz [47].

b Measured laser linewidth is Av~3.6 GHz [49].

i Measured laser linewidth is A~ 1 nm [50].

i PPLN, periodically poled lithium niobate.

in conjunction with a dye laser amplifier [66], and a solid-state dye laser oscillator
[67] with an OPO as amplifier [68]. A better-known example of complementarity is
the excitation of one class of laser by a different type of laser. Recent versions of this
synergy include the fiber laser excitation of an optical parametric amplifier (OPA)
[69] and the fiber laser excitation of tunable mid-infrared (IR) solid-state lasers [70].
Albeit arguably more attractive examples than those listed might be available, the
principal message is that different types of lasers can be integrated in a system to
provide an optimum solution.

However, more fundamental than the skillful integration of hybrid systems is
the appropriate, and most efficient, use of a laser system for a given application. For
instance, if an application requires high average powers, in the 580 <A <590 nm
region, the choice should still be a copper-vapor laser (CVL)—pumped dye laser.
If large pulsed energies, tens or hundreds of joules per pulse, were necessary in
the same spectral region, then a flashlamp-pumped dye laser would have to be
considered. On the other hand, for an application requiring very narrow-linewidth
CW emission in the near IR, an external-cavity semiconductor (ECS) laser should
be the preference. Further, for spectroscopic applications demanding considerable



Introduction 5

TABLE 1.5
Spectral Emission Characteristics of Discretely Tunable
High-Power Pulsed Lasers

Laser Transition Bandwidth (GHz) Wavelength (nm)
ArF — ~17,000 [51] 193
KrF B*%!, - X%, ~10,500 [51] 248
XeCl BSt, — X°5h, 374 [52] 308
— 397 [52] 308.2
XeF B-X 187 [53] 351
— 330 [53] 353
C-A — 466-514% [54]
N, CIL,-BIl, 203 [55] 337.1
HgBr — 918 [56] 502
— 1,012 [56] 504
Ca?* 528, ,—42P,,, — 373.7
Sr+ 625,,-5°Py., 2-12° [57] 4305
Cd* 42F,—5°D,), — 533.7
Cu *P3,~*Ds, 7158] 510.5
2P, 2D, 11 [58] 578.2
Au °P,,~?Ds, 1.5 [59] 627.8
Nd:YAG S 15-32 1,064
CO, P14(00°1-10°0)¢ — 10,532.09
P16(00°1-10°0) — 10,551.40
P18(00°1-10°0) — 10,571.05
P20(00°1-10°0) 3-44160] 10,591.04

4 Tuning range.

b Variable-linewidth range.

¢ Emission transitions obtained in a hybrid CO, laser [61]. For a comprehensive list-
ing of CO, laser transitions, see [62].

4 Observed bandwidth in a transversely excited atmospheric pressure CO, laser in the
absence of intracavity linewidth-narrowing optics or injection from a CW CO, laser.
Tunable narrow-linewidth emission, at Av~ 107 MHz, has been reported for this
transition [63].

wavelength agility throughout the visible, an OPO system would be a most attrac-
tive option. In this context, at present, tunable fiber lasers appear best suited
for applications requiring high-CW powers in the near IR. This perspective of
complementarity is compatible with the rationale that, under ideal conditions, it
should be the application that determines the use of a particular laser [71,72].
Note that under this utilitarian rationale, complementarity does not marginalize
competition.
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The logic to determine the usefulness of a given laser for an application of interest
should follow the criteria of providing tunable coherent radiation, at a given spectral
region, within specified emission parameters, using the simplest and most efficient
means. However, in practice, this approach can be complicated by extraneous issues,
such as existing managerial guidelines or cost constraints.

In the absence of extraneous constraints, parameters that should determine the
suitability of a laser to a given application include the required spectral region of
emission, tuning range, output power or energy, emission linewidth, and amplified
spontaneous emission (ASE) level. In the case of pulsed lasers, pulse duration and
pulse repetition frequency (prf) can often be considered important parameters.

At this juncture, it should be mentioned that although the word laser has been
used throughout this chapter, an important source of coherent tunable radiation, the
OPO, does not involve the process of population inversion. Nevertheless, what is
important is that this source emits tunable coherent radiation that is indistinguish-
able from laser radiation. Hence, the title of the book and the ample use of the word
laser are justified.

1.3 TUNABLE LASER APPLICATIONS

Applications for tunable lasers are extraordinarily widespread and varied, so that
only some limited highlights can be mentioned in this introduction. For instance, the
dye laser alone has been applied to physics [73-75], astronomy [16], spectroscopy
[15,76-79], laser isotope separation [16,80-95], material diagnostics [96], material
processing [96,97], remote sensing [96,98,99], defense [17,87,100], and medicine [101].

Tunable solid-state coherent sources have found numerous applications, including
spectroscopy [21,102,103], and remote sensing [104]. A remarkable application of
short-pulse solid-state lasers has been their use in the generation of frequency combs
for optical clockworks [105,106], which has led to a revolution in high-precision opti-
cal measurements.

Tunable semiconductor lasers are particularly well suited for application to atomic
physics [107-109] and spectroscopy [110,111]. These sources are also useful in appli-
cation to metrology, interferometry, and imaging. Furthermore, simple and compact
external-cavity tunable semiconductor lasers have made essential contributions to
studies in laser cooling [108,110] and Bose—Einstein condensation [112]. They have
also been applied to laser isotope separation [113] and have become a central com-
ponent in the field of optical communications [114].

1.4 TUNABLE LASER APPLICATIONS: 1ST EDITION

The first edition of Tunable Laser Applications [115], published in 1995, included
the following chapters:

1. Introduction, by F. J. Duarte

2. Spectroscopic Applications of Pulsed Tunable Optical Parametric
Oscillators, by B. J. Orr, M. J. Johnson, and J. G. Haub

3. Dispersive External Cavity Semiconductor Lasers, by F. J. Duarte
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4. Applications of Ultrashort Pulses, by X. M. Zhao, S. Diddams, and J. C.
Diels
. Interferometric Imaging, by F. J. Duarte
6. Medical Applications of the Free Electron Laser, by F. E. Carroll and C. A.
Brau
7. Lidar for Atmospheric and Hydrospheric Studies, by W. B. Grant

9]

1.5 TUNABLE LASER APPLICATIONS: 2ND EDITION

The second edition of Tunable Laser Applications [116], published in 2009, included
the following chapters:

1. Introduction, by F. J. Duarte

2. Spectroscopic Applications of Tunable Optical Parametric Oscillators, by
B.J. Orr, Y. He, and R. T. White

. Solid State Dye Lasers, by A. Costela, I. Garcia-Moreno, and R. Sastre

. Tunable Lasers Based on Dye-Doped Polymer Gain Media Incorporating
Homogeneous Distributions of Functional Nanoparticles, by F. J. Duarte
and R. O. James

B~ W

5. Broadly Tunable External-Cavity Semiconductor Lasers, by F. J. Duarte

6. Tunable Fiber Lasers, by T. M. Shay and F. J. Duarte

7. Fiber Laser Overview and Medical Applications, by S. Popov

8. Medical Applications of Dye Lasers, by A. Costela, I. Garcia-Moreno, and
R. Sastre

9. Biological Microscopy with Ultrashort Laser Pulses, by J. L. Thomas and
W. Rudolph

10. Pulsed, Tunable, Monochromatic X-Rays: Medical and Nonmedical
Applications, by F. E. Carroll

11. Lithium Spectroscopy Using Tunable Diode Lasers, by I. E. Olivares

12. Interferometric Imaging, by F. J. Duarte

13. Multiple-Prism Arrays and Multiple-Prism Beam Expanders: Laser Optics
and Scientific Applications, by F. J. Duarte

14. Coherent Electrically Excited Organic Semiconductors, by F. J. Duarte

15. Appendix on Optical Quantities and Conversion Units, by F. J. Duarte

In fairness to readers, in this new edition, it was decided not to reproduce a chapter
unless it had been updated by at least one of the original authors. Thus, Chapters 1
through 8 and Chapters 12 through 15 are included in this third edition of Tunable
Laser Applications [117] in an expanded and updated format. In addition, two new
chapters extend the scope and coverage of this third edition, which is introduced and
explained in the next section.

1.6 FOCUS OF THIS BOOK

The purpose of this book is to focus on topics that highlight the utilitarian ethos of
tunable lasers. In this regard, the emphasis in this book is to highlight the synergy
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between tunable laser development and tunable laser applications. The topics
selected focus on applications judged to be of broad interest, historical significance,
and sustained value: spectroscopy, laser isotope separation, selective laser excita-
tion, biology, medicine, imaging, and interferometry. Among these, one of the most
prevalent themes of interest in this third edition of Tunable Laser Applications con-
tinues to be medicine and biomedical applications.

Although there is no predetermined order of presentation, and each chapter
can be read independently, Chapters 2 through 5 deal with issues of gain media,
device physics, and technology. Chapter 2, written by B. J. Orr, J. G. Haub, Y. He,
and R. T. White, is entitled “Spectroscopic Applications of Pulsed Tunable Optical
Parametric Oscillators” and is the leading chapter, given the wider spectral cover-
age of these sources of coherent radiation and its extensive and detailed discussion
on spectroscopy. In this new edition, this chapter has been substantially updated
and enlarged, thus providing perhaps the most complete and authoritative treatise
on the application of optical parametric oscillators available in the contemporary
literature. The applications sections include biomedical, defense, and microscopy
applications.

Chapter 3, authored by A. Costela, I. Garcia-Moreno, and R. Sastre, is entitled
“Solid-State Organic Dye Lasers,” and focuses on solid-state dye lasers, with a
thorough emphasis on organic and organic—inorganic gain media. Chapter 4, by
F. J. Duarte and R. O. James, entitled “Organic Dye-Doped Polymer-Nanoparticle
Tunable Lasers,” provides an updated performance survey of tunable narrow-line-
width solid-state dye lasers and describes the characteristics of new dye-doped poly-
mer gain media incorporating homogeneous nanoparticle distributions. Chapter 5, by
F. J. Duarte, entitled “Broadly Tunable Dispersive External-Cavity Semiconductor
Lasers,” focuses on the performance of dispersive external-cavity semiconductor
lasers and describes intracavity optics and tuning methods that are also relevant to
other tunable sources of coherent radiation discussed in this book. Both Chapters 4
and 5 include a brief survey of biomedical applications. Chapter 6, written by T. M.
Shay and F. J. Duarte, is entitled “Tunable Fiber Lasers” and focuses on the main
approaches currently used to achieve tunability in these lasers. This is followed by
Chapter 7, by S. Y. Popov, which is entitled “Fiber Laser Overview and Medical
Applications.” This chapter provides a survey of fiber laser gain media and intro-
duces the reader to the medical applications of these lasers. This chapter signals a
shift in emphasis in the book toward applications.

The emphasis on medical and biomedical applications becomes a central theme in
Chapter 8. This chapter is authored by A. Costela, I. Garcia-Moreno, and C. Gémez
and is entitled “Medical Applications of Organic Dye Lasers.” This work provides
an updated and extensive survey of the applications of tunable dye lasers to medi-
cine, including subjects such as dermatology, photodynamic therapy, and lithotripsy.
Chapter 9, written by F. J. Duarte, is entitled “Tunable Laser Microscopy” and pro-
vides a survey of various coherent techniques used in the fields of microscopy and
nanoscopy. Biomedical applications are also considered in Chapter 10, written by F.
J. Duarte, which is on “Interferometric Imaging.” This chapter also considers appli-
cations of N-slit interferometric techniques in optical metrology and optical free-
space communications.
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The following chapter focuses on selective laser excitation. Chapter 11, by F. J.
Duarte, is entitled “Tunable Laser Atomic Vapor Laser Isotope Separation” and pro-
vides an overview of this field, mainly from the perspective of high-power tunable
lasers.

The remaining two chapters focus on multiple-prism optics and its applications,
plus coherent emission from organic semiconductors. Chapter 12, by F. J. Duarte,
focuses on a description of experiments on electrically excited pulsed organic semi-
conductors and is entitled “Coherent Electrically Excited Organic Semiconductors.”
Chapter 13, by F. J. Duarte, is entitled “Multiple-Prism Arrays and Multiple-Prism
Beam Expanders: Laser Optics and Scientific Applications,” and provides a brief
referenced survey of numerous fields of applications that use multiple-prism arrays
either directly, deployed within a narrow-linewidth tunable laser, or deployed within
an ultrashort pulse laser. The book concludes with Chapter 14, by F. J. Duarte, listing
useful optical quantities and explaining the linewidth equivalence, which is entitled
“Optical Quantities and Conversion Units.”

Tunable Laser Applications includes the applications of tunable coherent sources,
in various degrees of detail, to the following fields:

Astronomy

Atomic spectroscopy
Biomedicine

Coherent Raman microscopy
Communications
Characterization of textiles
Defense

Densitometry

Dentistry

Dermatology

Digital imaging

Digital microscopy
Environmental monitoring
Infrared countermeasures
Interferometric communications
Interferometric imaging
Interferometric microscopy
Interferometry

Laser cooling

Laser guide star

Laser isotope separation

Laser printing

Laser pulse compression

Light sheet microscopy

Medical applications of dye lasers
Medical applications of fiber lasers
Microdensitometry

Molecular spectroscopy
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Nanoparticle transparency

Optical coherence tomography (OCT)
Optical metrology

Photodynamic therapy

Surgery

Ultrashort pulse microscopy
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2.1 INTRODUCTION

2.1.1 “Goob-BYE TO Ti: AND DYE”?

The corresponding chapter in the first edition of this book [1] was written in the mid-
1990s, at a time when a prominent scientific laser manufacturer had advertised its
latest optical parametric oscillator (OPO) with the motto “Good-bye to Ti: and Dye,”
signaling the possible demise of tunable dye lasers that had served laser spectrosco-
pists and others well for at least 20 years [2,3]. At that time, a book review speculated
that solid-state tunable lasers “might relegate the dye laser to the pages of the history
book,” counterpoised by a view that “the dye laser in its many incarnations looks set
to be with us for quite some time yet” [4]. Approximately 15 years later, the corre-
sponding chapter in the second edition of this book [5] recorded that Ti:sapphire and
dye lasers continued to occupy a significant place in the tunable laser market along-
side many others (such as diode and quantum cascade lasers), but that solid-state
nonlinear optical (NLO) devices, such as OPOs, were by then preferred as tunable
coherent light sources for many spectroscopic purposes in the ultraviolet (UV), vis-
ible, near-infrared (IR), and mid-IR [6,7]. The same is true at the time of preparation
of this updated chapter (~20 and ~5 years, respectively, after our contributions to the
first [1] and second [5] editions of this book), although the spectroscopic dye laser
market continues to contract substantially.

This chapter focuses on developments in the design, operation, and spectroscopic
applications of tunable OPOs, as well as in the closely related optical parametric
generator (OPG) and optical parametric amplifier (OPA) devices. Such optical para-
metric devices have now been available for more than 40 years [8,9], but it is only in
the last 25 years that the spectroscopic community at large has found tunable OPOs
to be sufficiently reliable for routine, trouble-free operation. Pulsed OPO devices
operating in the nanosecond (ns) regime had long been recognized as potentially
useful sources of broadly tunable, coherent radiation for spectroscopy, typically
yielding high peak and average powers [8§—12]. Their solid-state character and high
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efficiency offer substantial advantages in some respects over the previously ubiqui-
tous dye laser. Moreover, the wide range of wavelengths over which many OPOs can
be tuned has opened up prospects for laser spectroscopy in otherwise inaccessible
spectral regions, such as the near- and mid-IR, on which much of this chapter will
concentrate [6,7].

The first precursor of this chapter [1] displayed an IR absorption spectrum of the
2-0 first-overtone band of carbon monoxide (CO) gas in the near IR at ~2.35 pm; that
spectrum was remarkably fine by the standards that prevailed when it was recorded
in 1972 (over 40 years ago), using idler radiation from an ns-pulsed, singly resonant
LiNbO, OPO [10,13]. The spectrum displayed in Figure 2.1 shows the P (AJ=-1)
and R (AJ=+1) branches of that rovibrational band, spanning a 180 cm~' (5.4 THz)
range with an instrument-limited linewidth of ~0.5 cm™ (~15 GHz) at a CO sample
pressure (P) of 3 atm in a 4 cm cell. It was accompanied by a (subsequently fulfilled)
prophecy that “the use of parametric oscillator sources for molecular spectroscopy
should increase rapidly as the frequency range is extended further into the IR and the
bandwidth is reduced” [10].

Within 2 years, Stanford University’s OPO technology had further advanced:
pulsed LiNbO; OPO idler radiation, continuously tunable with an optical band-
width of 0.35 cm™! (10.5 GHz), enabled better-resolved reference spectra of the same
2.35 pm 2-0 band of CO gas to be recorded [14]. These were used in the context
of an OPO-based transmitter—receiver system that was able to detect CO in air at
a range of 107 m against a topographical backscattering target, providing an early
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FIGURE 2.1 Continuously scanned IR absorption spectrum of the 2.35 um 2-0 rovibra-
tional absorption band of carbon monoxide (CO) gas, recorded in a 4 cm cell at a pressure
of 3 atm using an ns-pulsed, singly resonant LiNbO; OPO: an early demonstration of the
spectroscopic potential of tunable OPO technology [10,13]. (Reproduced with permission
from R. L. Byer, Optical parametric oscillators. In H. Rabin and C. L. Tang (Eds), Quantum
Electronics: A Treatise, Volume 1, Part B, Chapter 9, pp. 578-702, Academic, New York,
1975; Sackett, P. (US Air Force Cambridge Research Laboratory), cited in [10] as a private
communication to R. L. Byer (1972).
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indication of the utility of OPO-based IR spectroscopy for stand off detection and
density measurement of pollutant gases [15].

However, despite some significant early progress, the spectroscopic potential of
pulsed OPOs was not readily realized [9-12,14,16]. Many research laboratories had
dark recesses to which their original pulsed OPO systems had been relegated, either
optically damaged or used occasionally as “one-wavelength-at-a-time” instruments,
rather than the continuously scannable spectroscopic workhorses that they were
originally intended to be (and have now become). This shortcoming was attributable
to several critical factors:

e The low optical damage limits and high oscillation thresholds in available
OPO gain materials.

e The relative complexity of early pulsed OPO cavity designs (includ-
ing phase-matching schemes and line-narrowing strategies) necessary to
achieve narrowband, continuously tunable operation [6,9,10,17-23].

e The need for intense, pulsed lasers with adequate temporal and spatial
coherence to serve as OPO pump sources.

Within the last 25 years, these problems have diminished appreciably with the avail-
ability of new OPO materials [24,26] and high-quality pump lasers [27]. As a variety
of pulsed tunable OPO systems became commercially available, the spectroscopic
community, sections of which had in earlier days been disappointed by the difficulty
of implementing OPO technology, were attracted to the cost-effectiveness and prac-
tical utility of such systems.

Since the first edition of this book [1], tunable OPOs, their applications, and
relevant aspects of nonlinear optics have matured considerably. There have been
numerous review articles, both by our research group at Macquarie University,
Sydney [28-33] and by others [34-59], as well as relevant feature issues of topi-
cal journals on OPOs [60—67] and related spectroscopic techniques [68—70]. In
this chapter, therefore, we do not intend to provide a comprehensive coverage of
the field, but, rather, to indicate some of its foundations and address a number of
issues concerning the design and operation of tunable OPOs for various spectro-
scopic applications. This overview will include continuous wave (CW) and ultrafast
pulsed systems, as well as the ns-pulsed devices on which our earlier versions of
this chapter [1,5] and our own ongoing research have focused. Our approach here is
essentially that of a selective series of case studies sampling representative examples
of progress in this area.

2.1.2 OPO-Basep Spectroscopy HAs COME A LONG Way ...

OPO-based spectroscopy has come a long way since 1972, when Figure 2.1 was
recorded. To illustrate how far this field has progressed, we retain CO molecular stud-
ies as a benchmark and examine several more recent OPO-spectroscopic accomplish-
ments (but without many technological details at this introductory stage of the chapter).

For instance, a diode-pumped CW OPO with an optical linewidth of <60 MHz
was used in 1999 to measure higher-resolution spectra of CO (P =4 Torr) in a single
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pass of a 60 cm gas cell; the 2.3337 um R(6) rovibrational line of CO (in the same
2—-0 band as in Figure 2.1) was recorded with a Doppler- and pressure-broadened
linewidth of 0.013 cm™' (390 MHz) [71]. Around the same time, an advanced, com-
mercially available, computer-controlled tunable OPO/OPA system (based on the ns-
pulsed design of Bosenberg and Guyer [20,21]) was used for IR planar laser-induced
fluorescence (LIF) imaging of fluid dynamics in CO gas flows and of CO combustion
diagnostics [72—74]. Figure 2.2 shows a single-shot planar LIF image of a vortex in
a CO/Ar gas jet [72].

Our ultimate illustration of the extensive recent progress in this field, still
in the context of molecular spectroscopy of CO(g), is provided by recent work of
Vodopyanov and colleagues [75,76]. They have developed state-of-the-art broadband
OPOs operating in the spectral range 2.5-5 pm for intracavity spectroscopy with sub-
parts per million by volume (ppmv) detection limits for various gases, including CO,
for which a mid-IR spectrum is shown in Figure 2.3. The black trace is an absorption
spectrum measured within 2 min for 50 parts ppmv of CO in He at P=1 atm. In the
calculated spectrum (gray; offset and inverted), the effective path length is taken to
be seven times the physical length (48 cm) of the intracavity gas cell.

Figure 2.4 illustrates the layout of the degenerate broadband OPO that was used.
The pump source is a femtosecond (fs) fiber laser, either Er doped operating at
1.56 pm or Tm doped operating at 2.05 pm. The corresponding NLO material is
either periodically poled lithium niobate (PPLN) or orientation-patterned gallium
arsenide (OP GaAs); wedge pairs composed of either ZnSe or CaF, are used for
dispersion compensation and beam out-coupling.

FIGURE 2.2  Single-shot IR planar laser-induced fluorescence image of a vortex in a CO/Ar
gas jet, formed by releasing a 50:50 mixture of CO and Ar through a 6 mm tube into air [72].
A computer-controlled tunable OPO/OPA system operating at ~2.35 pm was used to excite
CO molecules via their near IR 2—0 overtone absorption band (the same as in Figure 2.1), and
then 2—1 and 1-0 fundamental-band mid-IR emission was detected at ~4.7 um. (With kind
permission from Professor R. K. Hanson and Springer Science+Business Media: B. J. Kirby
and R. K. Hanson, Planar laser-induced fluorescence imaging of carbon monoxide using
vibrational (infrared) transitions, Appl. Phys. B 69: 505-507, 1999.)
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FIGURE 2.3 Comparison of measured (black) and calculated (gray) mid-IR rovibrational
absorption spectra at ~4.6 um for 50 ppmv CO in He at 1 atm pressure. The spectra cor-
respond to the R branch of the 1-0 fundamental band of CO gas at ~4.6 pm, observed by
means of an fs-pumped broadband frequency comb OPO incorporating an intracavity gas
cell, as depicted in Figure 2.4 [75]. (From M. W. Haakestad, T. P. Lamour, N. Leindecker,
A. Marandi, and K. L. Vodopyanov, Intra-cavity trace molecular detection with a broadband
mid-IR frequency comb source, J. Opt. Soc. Am. B 30: 631-640, 2013. With permission from
Professor K. L. Vodopyanov and Optical Society of America.)

The approach represented by Figures 2.3 and 2.4 is in marked contrast to that of
more traditional OPO-spectroscopic techniques, in several respects [75,76]:

e Many traditional OPO-spectroscopic studies use a narrow-bandwidth
source, of which the tunable output wavelength (signal or idler) is either
scanned through the spectrum of interest (as in Figure 2.1 [10,13] and in
other examples cited in previous references [14,15,71]) or tuned to a single
characteristic spectroscopic feature (as in Figure 2.2 [72-74]). However,
here the fs-pumped broadband OPO, together with Fourier-transform (FT)
methods, is able to record an entire spectrum without needing to continu-
ously tune or select the OPO output wavelength.

e All of the previously considered examples of OPO spectroscopy have focused
on near IR absorption at ~2.35 pm in the 2—0 first-overtone absorption band
of CO gas (as in Figure 2.1 and cited in previous references [10,13—15,71—
74]), due to the limited long-wavelength range of idler radiation from readily
available OPO NLO media and ns-pulsed pump lasers. By contrast, the use
of an OP GaAs OPO fs-pumped by a 2.05 pm Tm-doped fiber laser provides
broadband spectroscopic access to the much stronger 1-0 fundamental band
of CO gas at ~4.6 pm; the rovibrational R branch of that spectrum is dis-
played in Figure 2.3. Innovative aspects of OP GaAs as a relatively new NLO
medium are further considered later in this chapter (e.g., in Section 2.2.3).

¢ The instrument shown in Figure 2.4 comprises a doubly resonant, degener-
ate OPO that is synchronously pumped [75,76]. The spectrum of its fs-pump
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FIGURE 2.4 Schematic layout of the degenerate broadband OPO used to measure the mid-
IR 1-0 fundamental-band absorption spectrum (as in Figure 2.3) of CO gas contained in an
intracavity cell [75]. In that application, the pump beam from an fs-pulsed Tm-doped fiber
laser (operating at 2.05 pm) was introduced through an in-coupling dielectric mirror DM;
the other five mirrors were gold coated. A pair of CaF, wedges (for dispersion compensation
and mid-IR beam out-coupling) were used, and the nonlinear optical crystal was OP-GaAs
(placed at Brewster’s angle) to generate a broadband frequency comb output spectrum cen-
tered at ~4.1 um. Alternative shorter-wavelength applications (with an output spectrum
centered at ~3.4 um) have employed a 1.56 pm Er-doped fiber laser, a ZnSe wedge pair,
and an AR-coated PPLN nonlinear optical crystal. (From M. W. Haakestad, T. P. Lamour,
N. Leindecker, A. Marandi, and K. L. Vodopyanov, Intra-cavity trace molecular detection
with a broadband mid-IR frequency comb source, J. Opt. Soc. Am. B 30: 631-640, 2013. With
permission from Professor K. L. Vodopyanov and Optical Society of America.)

frequency comb is downconverted with high fidelity, thereby generating
mid-IR frequency combs with large parametric gain bandwidth. Extensive
mixing of comb components results in an extremely large instantaneous
mid-IR bandwidth that spans more than one octave and is suitable for
molecular spectroscopy at wavelengths out to ~6 pm.

* The spectroscopic sensitivity of this broadband mid-IR source is enhanced
for trace gas detection by coupling the frequency comb into a high-finesse
Fabry—Perot cavity to attain long effective optical path lengths and conve-
niently short measurement times. This has been realized for the following
six trace gases (with reported detection limits, all diluted at 1 atm pressure,
at chosen operating wavelengths): methane (CH,, 1.7 parts per billion by
volume [ppbv] at ~3.3 um), formaldehyde (H,CO, 0.31 ppmv at ~3.5 um),
acetylene (C,H,, 0.11 ppmv at ~3.0 um), ethylene (C,H,, 0.32 ppmv at
~3.3 um), CO (0.27 ppmv at ~4.8 um), and isotopic carbon dioxide ('*CO,,
2.4 ppbv at ~4.4 um) [75,76]. The two longer-wavelength intracavity mea-
surements (of CO in He and of *CO, in ambient air) employed the OP GaAs
OPO system with a Tm-doped fiber laser pump, while the other four (at
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shorter wavelengths, in N,) employed the PPLN OPO system pumped by an
Er-doped fiber laser, as in Figure 2.4.

e In these OPO-spectroscopic measurements, the line shapes are found to
have dispersive features (e.g., as for CO in the upper trace of Figure 2.3),
which can be adequately described by a model that takes into account intra-
cavity passive loss and round-trip group delay dispersion across the broad
OPO frequency band.

The foregoing five bullet points, together with Figures 2.3 and 2.4, provide a rep-
resentative demonstration of the significant scale of technological and scientific
advances that continue to be made in the area of OPO-based spectroscopy [75,76].

2.2 OPTICAL PARAMETRIC DEVICES: HOW THEY OPERATE

2.2.1  OprticAL PARAMETRIC PROCESSES

Optical parametric devices are useful sources of coherent, laser-like radiation that are
typically intense and tunable over a wide range of wavelengths. They invariably arise
via nonlinear optics, most frequently through a three-wave mixing process mediated by
the NLO susceptibility tensor % in a noncentrosymmetric crystalline medium [77-80].
Three forms of optical parametric device are illustrated in Figure 2.5: (a) OPG, (b) OPA,
and (c) OPO. Also illustrated is a closely related (but distinct) NLO device: (d) the
difference-frequency generator (DFG). Coherent light waves are represented by arrows,
with their associated optical angular frequency o, and wave vector k; (as defined later in
this section). In Figure 2.5, input and output waves are shown as arrows on the left and
right, respectively, with their breadth indicating typical relative intensities.

An OPG is the simplest form of optical parametric device. As depicted in
Figure 2.5a, it entails a single input wave (pump P, at frequency o) and two output
waves: signal S (at og) and idler I (at ®;), where wg>®;. The NLO process itself
is initiated by spontaneous parametric processes that comprise naturally occurring
emission/noise/fluorescence at low intensity, effectively “splitting” a pump photon
into two new photons [81]. There is considerable interest in spontaneous paramet-
ric downconversion at the single-photon level, in view of its relevance to quantum
optics, quantum entanglement, and quantum computing [82,83]. However, for rela-
tively high-power optical parametric generation as considered here, a semiclassical
description can be retained without quantum-optical subtleties [81].

Once a signal or idler wave has been generated, it can be coherently amplified
by passing it through an OPA together with input pump radiation, as depicted in
Figure 2.5b. A further order of sophistication is reached in an OPO, as depicted in
Figure 2.5c¢, in which the functions of an OPG and an OPA are combined by multi-
passing one or more of the optical waves involved inside a resonant optical cavity,
formed by two or more appropriately aligned reflectors (M, M,).

A DFG, as depicted in Figure 2.5d, is not an optical parametric device, although
the DFG source term is central to the NLO mechanism of OPGs, OPAs, and OPOs.
In a DFG, two intense input waves (with frequencies , and ®,) interact coherently
to generate a third output wave (with frequency wg,) at the difference frequency
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FIGURE 2.5 Schematic diagrams of three forms of optical parametric device. (a) Optical
parametric generator (OPG). (b) Optical parametric amplifier (OPA). (c) Optical parametric
oscillator (OPO). Note that, by convention, optical frequencies of the signal (S) and idler (I)
output waves are defined such that wg> w;. Also shown is a fourth closely related device: (d)
Difference-frequency generator (DFG). Nonlinear optical (NLO) media are denoted by their
susceptibility tensor . Arrows represent input and output waves, together with their optical
frequencies w; and wave vectors k;. An OPO requires an optical resonator, comprising at least
two aligned reflectors (M,, M,).

of the two input waves [11,84]. There are now two relatively high-power driving
waves (rather than one), and the frequencies of these waves are subtracted from each
other (rather than effectively splitting a single incident frequency in two, as in an
optical parametric process). Nevertheless, the outcome and utility of a DFG can be
similar to those of an optical parametric device. For instance, if coherent radiation
is required at a particular IR wavelength, it can be generated either as the idler wave
of an optical parametric device, with frequency ;= (0p—wy), or as the output wave
of a DFG, with frequency o4=l®, — ,|. Moreover, the NLO source term for a DFG
entails a form of susceptibility tensor x® that is very similar to that for an OPG,
OPA, or OPO. Furthermore, the mechanistic description of a DFG, as in Figure 2.5d,
converges on that of an OPA, as in Figure 2.5b, when the field strength of the signal
or idler input wave in the OPA case is increased to approach that of its pump wave.
Many desirable attributes of optical parametric devices in general, and tunable
OPOs in particular, arise from the fact that any such instrument is derived from non-
linear optics [77-80] and is therefore distinctively different from a laser. This yields
flexible, versatile design features, such as modes of temporal and wavelength control



26 Tunable Laser Applications

to which lasers are not amenable. Lasers generally depend on population inversion of
an optical gain medium, with associated optical lifetime and saturation limitations.
On the other hand, optical parametric gain, oscillation, and amplification facilitate
modular system design because they entail NLO coefficients and phase-matching
conditions, as explained in this section.

In nonlinear optics, a number (6, >2) of optical waves interact in a medium with
NLO susceptibility tensor x©P. For inelastic optical processes, these waves (with
angular frequencies ®;, ®,,..., ®;) obey two conservation conditions. One is for
energy (or frequency):

W +0,+ -+ 0;=0 2.1

The other conservation condition is effectively for momentum; this is expressed in
terms of wave vectors kj (withj=1, 2,..., o) that have magnitudes kj =n ooj/c =2n nj/kj,
where n; is the refractive index at vacuum wavelength 2, and c is the speed of
light:

k,+k,+---+ks;+Ak=0 2.2)

where Ak is the phase-mismatch vector between the ¢ interacting waves. Each fre-
quency component o; and wave vector K; is ascribed a positive or a negative sign,
according to its phase relationships. Equation 2.2 defines a phase-matching condi-
tion, in which Ak must be minimized to optimize the efficiency of the NLO process
of interest.

Two specific three-wave NLO processes that are relevant to this chapter are those
for either an optical parametric device (i.e., OPG, OPA, or OPO) or a DFG. Each of
these is mediated by the second-order NLO susceptibility tensor x®, which is non-
zero in a crystalline medium only if it is noncentrosymmetric. Many such crystals
are available [24,25]. For example, lithium niobate (LiNbO;) has been popular since
the early days of pulsed tunable OPOs. Subsequent interest and activity in optical
parametric device technology have been stimulated by the availability of NLO mate-
rials such as BBO (f-barium borate, BaB,0,) and KTP (potassium titanyl phosphate,
KTiOPO,). Much impetus has come from quasi-phase-matched (QPM) NLO media,
such as periodically poled (PP) materials PPLN and PPKTP, tailored for specific
wavelengths by the periodic structuring of ferroelectric domains. QPM media offer
compact, efficient, low-threshold alternatives to conventional birefringently phase-
matched (BPM) media. The characteristics of many BPM and QPM NLO crystalline
media are accessible, both in books [24,25] and via the versatile SNLO software
package [26].

For a three-wave optical parametric device, which is of principal interest in this
chapter, the energy and momentum conservation conditions of Equations 2.1 and 2.2
become

(Dp-(i)s-ﬁ)l:(); kp—ks—kI—Ak=O (23)

where a laser input wave (“pump,” frequency w,, wave vector k) yields two coherent
output waves (“signal,” oy, Kg; “idler,” o, k;), such that ®,> wg>®,. Note that the
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idler frequency o, equals the difference (0, — wg) between pump and signal frequen-
cies. Equation 2.3 should be viewed in the context of parts (a—c) of Figure 2.5.

Equation 2.2 and the second half of Equation 2.3 apply strictly only to the con-
ventional case of BPM media. In such media, the phase-matching condition Ak~0
is attained by adjusting its ordinary- and extraordinary-ray refractive indices via the
angle and temperature of a birefringent NLO crystal. Such adjustments are used
to optimize parametric conversion efficiency for a particular set of frequencies
(0p, g, ;) and thereby control the output signal and idler wavelengths, Aq and A;. If
it is assumed that the three waves are collinear and AK is exactly zero, then the signal
frequency/wavelength is given simply in terms of the pump frequency/wavelength
and the refractive indices n; (j=P, S, 1) as

(e = m)

Various angle-dependent index-matching schemes are applicable in the case of
OPOs based on BPM crystals: for example, Type I (eeo/ooe) and Type II (oeo/eoe) in
positive/negative uniaxial birefringent crystals, where “0” and “e” denote the ordi-
nary and extraordinary waves listed in the order “I S P” [24,84]. Many BPM opti-
cal parametric devices (especially those in the ns-pulsed regime) employ so-called
critical phase matching (CPM, which may be either collinear or noncollinear), which
depends on the orientation of the optical-wave propagation directions relative to the
optic axis of the NLO crystal [10,11,24,43,47,48,84].

An alternative approach is so-called noncritical phase matching (NCPM, also
known as 90° phase matching), in which the propagation direction is normal to the
optic axis of the NLO crystal, and the ordinary- and extraordinary-wave refractive
indices n, and n, have a zero first-order dependence on the orientation of the crys-
tal [10,11,24,43,47,48,84]. NCPM enables the phase-matched interaction to be along
a principal optical axis of the NLO material with no spatial walk-off. This also has
the advantage that the effective interaction length is determined by the length of
the crystal and is not reduced by spatial walk-off. For a fixed pump wavelength, the
output signal and idler wavelengths of an NCPM OPO can then be tuned by varying
the temperature (and hence the refractive indices) of the crystal at a fixed (90°) ori-
entation. Alternatively, NCPM OPO output can be tuned by varying the pump wave-
length (e.g., from a tunable dye or Ti:sapphire laser—so much for “Good-bye to Ti:
and Dye,” as proclaimed in Section 2.1.1 [1,5]), while maintaining the fixed crystal
temperature and orientation. Such a NCPM approach was popular in the early days
of OPO spectroscopy [10,11,16,17] and has since seen a resurgence, particularly for
CW OPOs or for ultrafast OPOs, in which the absence of beam walk-off facilitates
tight focusing of the (relatively low-power) CW or ultrafast pump beam to exceed the
threshold of the OPO (as discussed in Sections 2.3.2 and 2.3.3).

The QPM approach was first recognized by pioneers of nonlinear optics in
1962 as an alternative to birefringent phase matching [85-87]. However, this QPM
approach was not realized practically until ~30 years later, via NLO media such
as PPLN [49,50,88-92]. For a QPM device, grating contributions, arising from the
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engineered microscale structure of the crystal, need to be included in phase-matching
conditions. For instance, the z-component Ak of the wave-vector mismatch Ak in the
second half of Equation 2.3 needs to be replaced by Ak=[Akgpy+ (21 m/A)], where
m is the QPM order (usually an odd-numbered integer), A is the QPM grating period,
and a collinear interaction along the z-axis is assumed.

In the corresponding case of a DFG (which, we repeat, is not an optical paramet-
ric device), two coherent input waves (frequencies ®,, ®,; wave vectors k,, k,) yield
a single coherent output wave at the difference frequency o= lm,—w,| (with wave
vector Kg;;). The energy and momentum conservation conditions of Equations 2.1
and 2.2 then become

‘031 - 0)2‘ - 04 =0; K, —K; —Kgr —Ak=0 2.5)

as depicted in Figure 2.5d. As in Equations 2.2 and 2.3, phase matching is achieved
when Ak~0 for BPM media. In the case of QPM media, there is an additional
grating contribution in the second half of Equation 2.5, in which the z-component
Ak of the vector Ak in the second half of Equation 2.3 needs to be replaced by
Ak=[Akgpy+2n m/N)].

In a general sense (which is incidental to this chapter), other important forms of
coherent wavelength conversion arise from four-wave mixing processes that are medi-
ated by the third-order NLO susceptibility tensor x®, which can be nonzero even in iso-
tropic or centrosymmetric media such as gases, liquids, optical fibers, and all classes of
crystal. Optical parametric processes of this type contribute to stimulated Raman scat-
tering (SRS), involving an optical medium with Raman-active resonance frequencies,
g, that coincide with the difference between two optical frequencies. This can yield a
relatively straightforward source of coherent radiation, Raman-shifted at discrete inter-
vals from the frequency o, of an input pump laser (either tunable or fixed wavelength).
These Raman-shift intervals, both added to (anti-Stokes) and subtracted from (Stokes)
the laser frequency o, , are integer multiples of wg. Other NLO Raman parametric pro-
cesses give rise to various forms of nonlinear Raman spectroscopy, such as coherent
anti-Stokes Raman scattering (CARS), and to Raman fiber-optical amplifiers, used
in optical telecommunications. Another developing area of optical parametric device
technology entails OPGs, OPAs, and OPOs based on x® nonlinearities in highly NLO
fibers, with either pulsed or CW pump lasers. Such processes typically use two pump
waves (P) to generate tunable signal (S) and idler (I) output waves, so that ®,=2wm,— 0.

2.2.2 y®-Basep OpTICAL PARAMETRIC GAIN AND AMPLIFICATION

The central theme of this chapter concerns y»-based OPGs, OPAs, and OPOs, for
which we can consider the intrinsic NLO process semiclassically in terms of three
complex plane-wave radiation fields and the corresponding polarizations in the
medium of interest:

E,(1)=1E,; exp[i(k;.r ~o) |+ L Ejexp| ~i(k;.r ~wy)] 2.6)
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P, (t)= 1P, exp[i(kj .r —mjt)]+%Pj*exp[—i(kj .r —u)jt)] 2.7

where the suffix j=P, S, or I. Interaction with the NLO susceptibility tensor x¢® of a
noncentrosymmetric medium then causes these to be interrelated as follows:

Ps(z) = EOX(Z)EPET; P = EOX(Z)EPE;; P = EOX(Z)ESEI 2.8)

where ¢ is the vacuum permittivity (8.854 x 1012 C%/(J m)). Here, only the second-
order polarizations PJ-(Z) need be considered, and, in the interest of simplicity,
the functional dependence of x® on the optical frequencies wg, ®;, ®p has been
suppressed.

It is significant that the polarizations P,(¢) for the coherent NLO processes, such
as those represented in Equation 2.8, depend functionally on phase-dependent radia-
tion fields E;(¢) as in Equation 2.6, rather than on phase-independent optical power or
intensity. This phase dependence gives rise to phase-matching conditions—such as
those in Equations 2.2, 2.3, and 2.5—in which the amplitude of P;?(?) is optimized
(and hence the NLO output) when pump, signal, and idler waves are in phase for a
maximum distance in the NLO medium.

Incidentally, use of the word parametric here is sometimes the cause of ambigu-
ity. Parametric conversion processes were first recognized in the microwave context
and were later carried over into the NLO domain. One highly regarded author sug-
gests that all “elastic” NLO processes (in which initial and final material quantum
states are identical and no real population is created elsewhere during the NLO pro-
cess, which depends on a real susceptibility tensor %) can be regarded as “paramet-
ric” [80]. This is in contrast to so-called nonparametric NLO processes, which are
“inelastic” (with nonidentical initial and final material quantum states, and the pho-
ton energy is not conserved, because energy is transferred between the radiation field
and the material); such nonparametric processes are independent of phase matching
and depend on a complex susceptibility, for example, as in the %" description of
SRS [79,80]. All of the former “elastic” types of NLO process can, indeed, be treated
by applying a parametric approximation, for example, to Equation 2.8, in the limit of
low-strength signal and idler fields. However, the more widespread use [7-11,77-79]
is for NLO parametric conversion to be a description that is confined to include pro-
cesses such as those in OPGs, OPAs, and OPOs, but not those, for instance, in second
harmonic, sum frequency, and DFGs (although these are “parametric processes’ in
the sense of [80]).

Continuing from Equations 2.6 through 2.8, we introduce a suitably defined,
effective NLO coefficient d. (units: m V-! or, more typically, pm V™) to yield [1,5]

Ps(z) = 280dcffEPEI*; PI(2) = 280dcffEPE;; PP(2) =2 godeg EsEy 2.9

where d_ is a linear combination of elements of the NLO susceptibility tensor x?
for the medium of interest. For a particular BPM crystal, d,; depends on its (noncen-
trosymmetric) crystal class and its cut and orientation relative to the propagation and
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polarization directions of the incident light waves. The vector/tensor notation used in
Equation 2.8 is not needed in Equation 2.9 for a specific experimental configuration.

By combining Equations 2.6, 2.7, and 2.9 with Maxwell’s equations, our algebraic
treatment of optical parametric amplification yields a set of relevant coupled wave
equations for plane waves propagating in the z direction. These are common to vari-
ous forms of three-wave NLO process, but are specified here for OPGs, OPAs, and
OPOs [1,5]:

(cﬂfsjmsES:,-(kgjdﬂEPE; exp (iAk2) (2.10)
dz ns
dE k « .
(l)+0€1E1 :i[lz)defprEs exp (iAkz) (2.11)
dz ny
(dEP ) :i(kpz) duEsE; exp (-iAkz) (2.12)
dz np

where o (j=S, 1, P) are loss factors and the wave-vector mismatch Ak is the z-com-
ponent of AKk.

Equation 2.12 corresponds to the customary limit of negligible pump-field losses
(ap=0). In addition, the pump wave may be treated as undepleted (dE/dz=0) when
it is much more intense than the other two waves, leaving only two coupled differ-
ential equations.

In parametric generation, the pump field, Ep, is assumed to be relatively strong,
whereas the signal and idler fields, Eq and E,, grow from a low level. In the zero-loss
limit (with all o;=0), Equations 2.10 through 2.12 yield what is effectively a photon
conservation condition:

L dI (I, [ dly dl dI, dly
dls | _ dli ) _ alp ), 5 (s |y [Hh)_ [ 9e ) 3
s (dz} o (dzj o (dz} ks(dzj xl(dZJ M(dz) &1

where [,="2 ¢ g, n; IEJ* (with j=S, I, or P) is the optical intensity or flux (units:
W m™'). The conversion of each photon from the pump field (P) is then seen to gener-
ate two photons, one in the signal field (S) and the other in the idler field (I).

A situation that is more realistic than this zero-loss limit is that with finite but
equal signal and idler losses (ag=o;=0). This yields a tractable general solution
describing the evolution of the signal and idler fields. In the case where a single-fre-
quency idler field, E\(z), is incident on a pumped medium of length L, it experiences
a single-pass power gain of the form:

2
Gi (L){M}EFT(%)” sinh’ (L) 2.14)
(o=



