NANOSECOND UPCONVERSION OPTICAL
PARAMETRIC OSCILLATORS

a dissertation submitted to
the department of electrical and electronics
engineering
and the institute of engineering and science
of bilkent university
in partial fulfillment of the requirements
for the degree of
doctor of philosophy

By
Ziya Gürkan Figen
September, 2005

I certify that I have read this thesis and that in my opinion it is fully adequate,
in scope and in quality, as a dissertation for the degree of doctor of philosophy.

Prof. Dr. Orhan Aytür (Supervisor)

I certify that I have read this thesis and that in my opinion it is fully adequate,
in scope and in quality, as a dissertation for the degree of doctor of philosophy.

Prof. Dr. Ayhan Altıntaş
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ABSTRACT
NANOSECOND UPCONVERSION OPTICAL
PARAMETRIC OSCILLATORS
Ziya Gürkan Figen
Ph.D. in Electrical and Electronics Engineering
Supervisor: Prof. Dr. Orhan Aytür
September, 2005
In this thesis, we demonstrate a technique for highly efficient red beam generation
using nanosecond upconversion optical parametric oscillators based on KTiOAsO4
crystals that are simultaneously phase matched for optical parametric generation
and sum-frequency generation. Pumped at a wavelength of 1064 nm by a Qswitched Nd:YAG laser, these devices produce red output beams at 627 nm with
1064-nm-to-627-nm energy conversion efficiencies reaching 20% for the singlepass pumping and 30% for the double-pass pumping. Our devices are simpler
in architecture compared to other devices converting nanosecond Nd:YAG laser
radiation into red wavelengths. A typical nanosecond upconversion optical parametric oscillator is comprised of three cavity mirrors which are all high reflectors
at the signal wavelength (1525 nm), a 2-cm-long KTiOAsO4 crystal, and an intracavity retarder plate for rotating the polarization of the signal beam. The
total cavity length is under 5 cm. With its small size, the device can be shaped
into a module to be placed in front of Nd:YAG lasers for highly efficient red
beam generation. The single-pass sum-frequency generating optical parametric
oscillator is the first demonstration of a nanosecond optical parametric oscillator
using simultaneous phase matching. We have fully characterized these devices in
terms of their energy output as functions of polarization rotation angle and input
pump energy, time profiles, spatial beam profiles, and spectra of the output. In
this thesis, we also present our work on modelling continuous-wave intracavity
optical parametric oscillators.

Keywords: nonlinear frequency conversion, optical parametric oscillators, sumfrequency generation, simultaneous phase matching, Q-switched Nd:YAG laser,
red beam generation, modelling continuous-wave intracavity optical parametric
oscillators.
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ÖZET
NANOSANİYE YUKARI-ÇEVİRİM OPTİK
PARAMETRİK OSİLATÖRLERİ
Ziya Gürkan Figen
Elektrik ve Elektronik Mühendisliği, Doktora
Tez Yöneticisi: Prof. Dr. Orhan Aytür
Eylül, 2005
Bu tezde, optik parametrik üretim ile toplam-frekans üretiminin aynı anda faz
uyumunun sağlandığı KTiOAsO4 kristallerine dayalı, nanosaniye yukarı-çevirim
optik parametrik osilatörleri kullanarak yüksek verimli kırmızı ışın üretimi
için bir teknik gösteriyoruz. Q-anahtarlanmış bir Nd:YAG lazeri tarafından
1064 nm dalgaboyunda pompalandığında bu cihazlar, 1064 nm dalgaboyundan
627 nm dalgaboyuna enerji dönüşüm verimi tek-geçiş pompalama için %20’e
ve iki-geçiş pompalama için %30’a varan 627 nm dalgaboyunda kırmızı çıktı
üretmektedirler. Cihazlarımız, nanosaniye Nd:YAG lazer ışımasını kırmızı dalgaboylarına dönüştüren diğer cihazlarla karşılaştırıldığında daha basit bir mimari yapıdadırlar. Tipik bir nanosaniye yukarı-çevirim optik parametrik osilatörü, sinyal dalgaboyunda (1525 nm) hepsi yüksek yansıtıcı olan üç kovuk
aynasından, 2-cm uzunluğunda bir KTiOAsO4 kristalinden ve sinyal ışınının polarizasyonunu döndürmek için bir kovuk-içi geciktirici plakadan oluşmaktadır.
Toplam kovuk uzunluğu 5 cm’nin altındadır. Küçük boyutları olan cihaz, yüksek
verimli kırmızı ışın üretimi için, Nd:YAG lazerlerinin önüne konulmak üzere bir
modül şekline sokulabilir. Tek-geçişli toplam-frekans üreten optik parametrik osilatör, aynı anda faz uyumu sağlanmış nanosaniye bir optik parametrik osilatörün
ilk kez gösterilişidir. Bu cihazları, polarizasyon döndürme açısının ve giriş pompa
enerjisinin bir fonksiyonu olan enerji çıktıları, çıkış zaman profilleri, uzaysal ışın
profilleri ve spektrumları bakımından etraflıca karakterize ettik. Bu tezde ayrıca,
sürekli-dalga kovuk-içi optik parametrik osilatörlerin modellenmesi konusundaki
çalışmamızı sunuyoruz.
Anahtar sözcükler : doğrusal olmayan frekans dönüştürme, optik parametrik osilatörler, toplam frekans üretimi, aynı anda faz uyumu sağlama, Q-anahtarlanmış
Nd:YAG lazeri, kırmızı ışın üretimi, sürekli-dalga kovuk-içi optik parametrik osilatörlerin modellenmesi.
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Chapter 1
Introduction
Soon after the discovery of the laser [1], the first observation of coherent nonlinear
optical effects was made by Franken et al. who demonstrated second-harmonic
generation (SHG) of light in the crystal of quartz using the ruby laser [2]. The
conversion efficiency of the device was less than one part per billion due to the lack
of phase matching, however this discovery marks the beginning of an era of new
optical devices which can convert the laser beams into regions of the spectrum
where no laser sources are available.
The three-wave mixing processes, namely sum-frequency generation (SFG),
SHG, and difference-frequency generation (DFG), are parametric interactions
which are facilitated by the second-order nonlinearity of a material, usually a
nonlinear crystal. In SFG, two input fields frequency-mix to produce a sumfrequency output. In SHG, which is a special case of SFG, the two input fields
are at the same frequency, hence frequency-doubling is achieved. Similarly, in
DFG, a difference-frequency output is generated. The DFG process also facilitates optical parametric amplification of a laser beam. The efficiencies of these
interactions are strongly dependent on several factors such as phase-matching
characteristics, effective second-order nonlinearity, length of the nonlinear crystal, temporal and spatial profiles, spectral content, and intensities of the input
beams.

1
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An optical parametric oscillator (OPO) is formed by placing an optical parametric amplifier (OPA) into an optical resonator or a cavity. A higher frequency
input pump field is downconverted to signal and idler fields at the output of the
device. An OPO can be either a singly resonant oscillator (SRO), where only the
signal is resonated inside the cavity, or doubly-resonant oscillator (DRO), where
both signal and idler fields are resonated. In an SRO, provided that the gain for
the signal is higher than all cavity losses combined, the signal field builds up from
parametric noise and is amplified by means of optical parametric amplification.
The pump intensity which provides this required gain level for starting up the
oscillation is known as the pump threshold. Since both signal and idler fields are
resonated in DROs, they have much lower pump thresholds than SROs, however
the stability and smooth tuning are compromised in these devices [3]. Consequently, their use remained rather restricted to continuous-wave (cw) OPOs,
where available peak intensities of pump lasers are relatively low and reduction
of the oscillation threshold is crucial. In addition to the factors mentioned for
a three-wave mixing process, the efficiency of downconversion of the pump field
into signal and idler fields in an OPO strongly depends on the cavity parameters,
such as residual and output coupling losses experienced by the resonated field(s),
physical structure of the cavity, and spatial characteristics of the cavity modes.
For efficient nonlinear interaction, the phase velocities of the interacting waves
should be matched over the interaction length. The conventional method for
achieving phase matching is to use the natural birefringence of the nonlinear
crystal to compensate for dispersion [4, 5], which is known as birefringent phase
matching (BPM). An alternative technique, first proposed by Armstrong et al. [6]
in 1962 and known as quasi-phase matching (QPM), uses a periodic modulation
of the sign of the nonlinear coefficient to periodically reset the optical phase. The
phase-matching condition also facilitates the mechanism that makes the OPO a
tunable device. For instance, in the case of BPM, changing the crystal temperature (temperature-tuning) or propagation direction (angle-tuning), alters the
dispersion parameters of the material, hence the frequencies of the signal and
idler waves of the OPO need to change so that the phase-matching condition is
maintained.
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The idea of parametric amplification and generation of tunable light was
proposed and analyzed by Armstrong et al., Kroll, Kingston, and Akhmanov
et al. [6–9]. Wang et al. [10] have provided the first experimental demonstration of parametric gain in a three-wave mixing interaction. The first successful
demonstration of an OPO was a nanosecond oscillator based on lithium niobate
(LiNbO3 ) and pumped by a frequency-doubled, Q-switched Nd:CaWO4 laser at
529 nm [11]. This demonstration led to an intense research interest in parametric devices and an extensive search for new nonlinear materials and pump
sources began. In 1968, Smith et al. achieved cw oscillation in the near infrared
in Ba2 NaNb5 O15 [12] and the first cw visible parametric oscillator was demonstrated by Byer et al. [13]. This OPO based on LiNbO3 was pumped by an
argon-ion laser at 514 nm. The initial rapid progress in the field of optical parametric devices later slowed down due to the lack of suitable nonlinear materials
and absence of laser sources of high spatial and spectral coherence and sufficient
intensities. In 1980’s new nonlinear crystals such as β-BaB2 O4 (BBO), LiB3 O5
(LBO), and KTiOPO4 (KTP) were invented. The relatively high damage thresholds and large nonlinear coefficients of these crystals reignited the research in this
field.
Crystals that cannot be phase matched because of the lack of adequate birefringence to offset dispersion in a BPM scheme can be phase-matched using QPM.
Due to difficulties in manufacturing, there is a delay of almost three decades between the first proposal of QPM in 1962 [6] and practical implementation of QPM
devices. Although there were a few previous methods for creating the modulation of the nonlinear coefficient necessary for QPM, such as chemical diffusion
and electron-beam poling, the most practical and reliable one for the production of a QPM device was proposed and demonstrated by Yamada et al. [14],
which is known as the electric-field poling technique. Following this demonstration, quasi-phase-matched second-harmonic generation [15] and OPOs [16] in bulk
periodically-poled LiNbO3 (PPLN) were demonstrated.
OPOs operating in the nanosecond pulsed regime have been the most extensively developed parametric devices due to the high-peak-pump powers (hundreds
of megawatts) provided by the widely-used Q-switched lasers. As mentioned
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above, the first OPO reported was a nanosecond OPO [11]. This device was
a DRO, however SROs covering mainly infrared region of the spectrum based
on materials such as LiNbO3 [17, 18], LiIO3 [19], CdSe [20], Ag3 AsS3 [21], and
AgGaS2 [22] were subsequently demonstrated. The pump sources for these OPOs
were mostly Q-switched neodymium (Nd) lasers and their harmonics.
In 1980’s and 1990’s, several nanosecond BBO OPOs were reported [23–27].
BBO OPOs were usually pumped with frequency-tripled Nd:YAG lasers at
355 nm; however pumping using the XeCl excimer laser at 308 nm was also
demonstrated [28, 29]. These OPOs produced tunable outputs from 400 nm to
2.5 µm. Several nanosecond LBO OPOs were also reported [30, 31]. LBO has an
effective nonlinear coefficient (∼1 pm/V) which is considerably lower than that of
BBO (∼3 pm/V), however its noncritical phase-matching (NCPM) capability and
small walk-off angle allow the use of longer interaction lengths, thus comparable
efficiencies to those obtained with BBO were achieved using this crystal.
KTP, KTiOAsO4 (KTA) and KNbO3 (KNB) are other nonlinear crystals
which have been of particular interest for wavelength generation in the 3- to 5µm spectral range due to their longer infrared transmission beyond 4 µm. These
crystals have considerably larger effective nonlinear coefficients than LBO. In
particular, KTP has been extensively used in nanosecond OPOs [32, 33]. KTA
exhibits reduced idler idler absorption and a wider transparency range (up to 5.3
µm) than those of KNB and KTP. The first efficient nanosecond 1064-nm pumped
KTA OPO with the capability of tuning in the 1.5- to 5-µm range was reported by
Bosenberg et al. [34] and the potential of this material for mid-infrared parametric generation was clearly demonstrated. RbTiOAsO4 (RTA) and CsTiOAsO4
(CTA) are other arsenate crystals which are useful for parametric generation in
the 3- to 5-µm spectral range.
Nanosecond OPOs based on QPM nonlinear materials such as PPLN [35, 36]
and periodically poled KTP (PPKTP) [37, 38] were also reported. Large optical
nonlinearities of QPM materials, their NCPM capabilities and long interaction
lengths enables the realization of pulsed OPOs at considerably lower pump pulse
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energies than are achievable with materials employing BPM. PPLN has a relatively low damage threshold but a quite large nonlinearity, hence it is especially
suitable for use in nanosecond OPOs that are pumped by cw-diode-pumped Qswitched lasers with high repetition rates (larger than 1 kHz) which have high
average power outputs (larger than 1 W) with relatively low pulse energies and
peak powers. However, small apertures of the periodically-poled crystals (the
material thickness is usually 0.5 to 1 mm for PPLN and 1 to 2 mm for PPKTP)
and its arsenate analogs, such as PPKTA and PPRTA prevents the energy scaling of such devices. Recently, there have been efforts to produce large aperture
QPM materials and a few nanosecond OPOs based on 3-mm-thick QPM materials, such as periodically poled MgO:LiNbO3 [39], PPKTP [40], and PPRTA [41],
were recently demonstrated.
Detailed background information on the advances in the field of optical parametric devices including nanosecond, femtosecond, picosecond, and cw OPOs,
and applications can be found in the three feature issues of the Journal of Optical Society of America B [42–44]. Also, an extensive summary on this subject is
available in Ref. [45].
In recent years, several theoretical investigations or experimental demonstrations of simultaneous phase matching of multiple nonlinear interactions within
the same crystal have been reported [46–85]. Such simultaneous phase matching allows efficient wavelength conversion of lasers to wavelengths that cannot
be reached with a single nonlinear process. For example, the combination of optical parametric oscillation with second-harmonic generation SHG [48–51, 58] or
SFG [52, 53, 57, 59] in the same second-order nonlinear crystal facilitates efficient
conversion to wavelengths shorter than those of the source laser. The same wavelength range could be reached by using a second crystal for SHG or SFG placed
either internal or external to the OPO cavity, however the conversion efficiency
of the two-step process is usually low and this second crystal increases the system
complexity and cost.
Both BPM [46–49, 52, 53, 57] and QPM [54–56, 61–64] have been used for
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simultaneous phase matching of two different processes within the same nonlinear crystal. When the BPM method is used, the coincidental crossing of the
phase-matching curves facilitates the simultaneous phase matching for a set of
wavelengths and polarization directions, a particular direction of propagation,
and a particular temperature. In the case of simultaneous phase matching with
QPM, the fundamental Fourier component of the grating momentum cancels the
phase-mismatch term of one process, whereas one of the harmonics cancels the
phase-mismatch term of the second process. This can only happen by coincidence, as well. Furthermore, in neither BPM nor QPM, the relative strengths of
the two simultaneously phase-matched processes cannot be freely adjusted.
Recently, quasi-periodic or aperiodic grating structures have been proposed for
use in simultaneous phase matching with QPM [50,51,65–85]. Of these, aperiodic
grating structures provide the highest degree of flexibility for simultaneous phase
matching of multiple interactions for any given set of wavelengths and furthermore
enable the free-adjustment of the relative strength of the processes [50,51,80–84].
Laser sources in the red part of the spectrum have several important applications in areas such as display technologies, holography, biomedical systems,
materials processing, and basic science. Broad-area InGaAlP diodes and diode arrays [86] have been extensively used as an alternative to rather inefficient kryptonion lasers for red beam generation. Although the power available from red laser
diodes has increased up to multiwatt levels and various types of beam shaping
techniques are under investigation, their output power levels are still lower and
beam shapes are poorer than those of the solid-state lasers employing laser crystals. Furthermore, red laser diodes exhibit a reduced lifetime with respect to laser
diodes that are widely used for pumping solid-state lasers near 808 nm.
Efficient conversion of solid-state lasers based on Nd doped laser crystals to
red wavelengths is an attractive approach to red generation, especially beyond
power or energy levels that are attainable with semiconductor lasers.
Nd:YAG [87–89], Nd:YLF [90, 91], Nd:YVO4 [92, 93] and Nd:GdVO4 [94, 95]
lasers operating at around 1.3 µm were converted into red wavelengths using
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either extracavity or intracavity doubling schemes in the cw, nanosecond or picosecond pulsed regimes. In particular, a diode-end-pumped 1.34 µm Nd:GdVO4
cw laser was intracavity-doubled using a lithium triborate (LBO) nonlinear crystal and as much as 2.4 W output at 670 nm in a nearly TEM00 mode was obtained
for an absorbed pump power of 9.2 W, yielding a conversion efficiency of 26% [94].
In another experiment, a diode-end-pumped Q-switched Nd:GdVO4 laser with a
repetition rate of 47 kHz was intracavity-doubled using an LBO crystal and a
red output with an average power of 6 W at 671 nm, corresponding to an optical
conversion efficiency of 12.8%, was obtained [95]. The highest average power for
a red output reported to date is 11.5 W and was achieved by frequency-doubling
a side-pumped Nd:YAG laser operating at 1.32 µm and at a repetition rate of
3.5 kHz using a 4-cm-long LBO crystal [89]. However, the optical conversion
efficiency of this device was only 2.4%, which is mainly due to the side-pumping
scheme employed, and the beam quality was poor since the M 2 value was as
high as 15.
Diode-pumped dual-wavelength Nd:YVO4 (Nd:GdVO4 ) lasers oscillating at
1064 nm (1063 nm) and 1342 nm simultaneously were converted into multiple
colors including red using quasi-periodically and aperiodically-poled LiTaO3 crystals which are simultaneously phase-matched for multiple interactions [81–85].
In particular, simultaneous generation of efficient red, green, and blue (RGB)
was achieved by doubling and tripling a diode-pumped Q-switched 1342 nm and
1063 nm Nd:GdVO4 laser using an aperiodically poled LiTaO3 crystal whose grating structure was designed using the method described in Ref. [51]. The crystal
was placed external to the laser cavity. When the crystal was kept at a temperature of 115.8◦ C, the average outputs of the RGB light were 31.3, 18.4, and 3.7 mW,
respectively. At the phase-matching temperature for the red beam (122.5◦ C), up
to 252 mW average power was obtained for the red output with a 21% 1342-nmto-671-nm conversion efficiency. In another experiment, simultaneous generation
of efficient red and green was achieved by doubling a diode-pumped Q-switched
1342 nm and 1064 nm Nd:YVO4 laser using an quasi-periodically poled LiTaO3
crystal. At the phase-matching temperature for the red beam (118.5◦ C), up to
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520 mW average power was obtained for the red output with a 30.5% 1342-nmto-671-nm conversion efficiency.
Second, third, and fourth harmonic generation of Nd:YAG lasers operating
at 1064 nm are commonly used to make green or UV sources. However, conversion to red wavelengths usually requires cascading harmonic generation with
optical parametric generation. Generation of red laser beams using OPOs that
are pumped by various harmonics of the Nd:YAG laser were reported in the
nanosecond pulsed regime [23–27, 30, 31, 96]; however, the overall 1064-nm-tovisible energy conversion efficiencies of these systems are typically below 10%.
As mentioned before, BBO and LBO are the two nonlinear crystals used in these
devices. In particular, a BBO OPO pumped by a frequency-tripled Q-switched
Nd:YAG laser with output at 355 nm generated signal wavelengths within the
412–710 nm range and up to 13% 355-nm-to-615-nm energy conversion efficiency
was achieved [24]. Another BBO OPO pumped by a frequency-quadrupled Qswitched Nd:YAG laser with output at 266 nm provided tunable output from
330 nm to 1370 nm with different sets of mirrors [96]. An LBO OPO pumped
by at a frequency-tripled Q-switched Nd:YAG laser generating pulses at 355 nm
provided tunable signal output from 455 nm to 665 nm [30]. An efficient BBO
OPO again pumped at 355 nm was capable of producing nanosecond red pulses
with a 355-nm-to-615-nm energy conversion efficiency of 22%, however the overall
1064-nm-to-615-nm energy conversion efficiency was only 6.3% [27].
OPOs based on periodically poled crystals and pumped by frequency-doubled
Q-switched Nd:YAG lasers generating nanosecond pulses at 532 nm were also
employed for red beam generation. A nanosecond PPLN OPO pumped at 532 nm
was reported to achieve a maximum of 12% conversion efficiency [36]; however, the
output energy was limited due to the damage threshold of the lithium niobate
crystal that is imposed by aperture limitations. Similarly, a recently reported
nanosecond PPKTP OPO that is pumped at 532 nm [38] also suffers from output
energy limitations imposed by the damage threshold, a general problem resulting
from aperture-size constraints in crystal poling.
Only a single OPO pumped by the fundamental of an Nd:YAG laser operating
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at 1064 nm for red beam radiation is reported in the literature. This OPO pumped
by a cw Nd:YAG laser at 1064 nm was based on two PPLN grating regions in
series, one for parametric generation and the other for SFG [97]. A red output
power of 2.5 W and a 1064-nm-to-629-nm power conversion efficiency of 21% was
achieved. However, there are some drawbacks hindering the practical use of this
device. The 5.5-cm-long PPLN crystal had to be kept at a temperature as high
as 195◦ C in a temperature-controlled oven for optimizing the red output. The
elevated temperature also eliminates the photorefractive damage, an effect seen
in LiNbO3 crystals which reduces the conversion efficiency. Furthermore, sudden
drops occurred in the device output after an operation period of 8-50 hours due
to an unknown effect resulting in an index change in the crystal.
Red generation using KTA was previously achieved by sum-frequency mixing
the 1535-nm output of an OPO pumped by the 355-nm third harmonic of a
mode-locked Nd:YVO4 oscillator-amplifier system with the residual 1064-nm laser
radiation [98]. The total visible (red and blue) output generated by this rather
complex system was 6.5 W for a 1064-nm input power of 28 W and the overall
1064-nm-to-629-nm power conversion efficiency was 8%.
Several other methods have been used for red generation. Continuous-wave
laser emission at 635 nm was demonstrated in Pr+3 /Yb+3 -doped fibers employing
upconversion processes [99, 100]. These upconversion fiber lasers were pumped
with Ti:sapphire lasers operating at around 850 nm and a maximum of 1 W
output power, corresponding to a 850-nm-to-635-nm power conversion efficiency
of 19%, was achieved [99]. The output beams of synchronously seeded Yb and
Er fiber amplifiers with 7.3 W and 9.4 W, respectively, average output powers
and peak powers similar to 0.5 kW were frequency-mixed in a PPKTP crystal
to produce a 1.4 W sum-frequency output at 630 nm [101]. Tunable femtosecond pulses were obtained in the 605–635 nm wavelength region by frequencydoubling the output of a regeneratively initiated self-mode-locked Cr:forsterite
laser in a LiIO3 nonlinear crystal and a 1230-nm-to-615-nm conversion efficiency
of 10% was achieved [102]. Continuous-wave laser radiation at 693 nm from a
LiNbO3 :ZnO:Nd3+ nonlinear laser crystal by self-frequency-doubling its fundamental laser line at 1386 nm. The pump source was a Ti:sapphire laser and 0.3%

CHAPTER 1. INTRODUCTION

10

of the total absorbed pump power of 800-mW was converted into red [103].
In this thesis, we demonstrate an alternative technique for highly efficient
red beam generation.

We have successfully implemented nanosecond sum-

frequency generating OPOs (SF-OPOs) based on KTA that is simultaneously
phase matched for optical parametric generation and SFG. Pumped at a wavelength of 1064 nm by a Q-switched Nd:YAG laser, these devices can produce
red outputs at 627 nm with 1064-nm-627-nm energy conversion efficiencies reaching ∼20% for the single-pass pumping and ∼30% for the double-pass pumping.
Our devices are simpler in architecture compared to other devices converting the
nanosecond Nd:YAG laser radiation into red wavelengths. A typical nanosecond
SF-OPO is comprised of three cavity mirrors which are all high reflectors at the
signal wavelength (1525 nm), a 2-cm-long KTA crystal, and an intracavity retarder plate for rotating the polarization of the signal beam. The total cavity
length is only 4.8 cm. With its small size, the device can be shaped into a module to be placed in front of the most widely-used lasers, Nd:YAG lasers, much
like the harmonic generator modules that are used for converting the Nd:YAG
laser radiation into 532 nm or 355 nm, and high energy red pulses at 627 nm
can be generated with a quite high energy conversion efficiency. There is energy
scalability in our devices, that is, the device can operate at larger pulse energies
by simply increasing the beam size. Such scaling is not possible for OPOs based
on periodically-poled crystals due to the limited aperture size of these devices.
With these advantages, our double-pass SF-OPO provides the least costly but
most efficient option for converting the nanosecond Nd:YAG laser radiation into
a red wavelength. Furthermore, our single-pass SF-OPO is the first demonstration of simultaneous phase matching within an OPO operating in the nanosecond
regime.
An intracavity optical parametric oscillator (IOPO) is formed by placing the
OPO internal to a laser cavity. These devices have been extensively used for
frequency conversion due to the high intracavity intensities that they provide for
pumping the OPO, hence cw operation of such devices becomes feasible even for
nonlinear crystals having moderate nonlinearities. We have developed a planewave model for modelling cw singly-resonant IOPOs. Due to differences between
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the operation principles of these devices and the nanosecond OPOs presented as
the main theme of this thesis, a separate chapter is devoted to the background
information and our model for cw IOPOs.
The organization of the thesis is as follows: Chapter 2 is devoted to a theoretical background on optical parametric interactions. Chapter 3 is devoted to the
experimental results of our nanosecond OPOs based on KTA. We used three different KTA crystals with different cut-angles in these experiments and the OPOs
based on these crystals have been characterized in terms of their output energies,
time profiles and spectra. Chapter 4 is devoted to the experimental results of our
nanosecond upconversion OPOs based on KTA. The characterization of these
devices is performed in terms of their energy output as functions of polarization
rotation angle and input pump energy, time profiles, spatial beam profiles, and
spectra of the output. Double-pass and single-pass pumping schemes are compared. In the last of this chapter previous models developed for the nanosecond
OPOs are reviewed and the experimental results for the double-pass SF-OPO
are compared with the calculations of a numerical model which was recently reported [104]. Chapter 5 is devoted to the explanation of the operation principles
of cw IOPOs, our plane-wave model for these devices and results of this model.
Finally, remarks and conclusions are provided in Chapter 6.

Chapter 2
Optical Parametric Interactions
In a nonlinear material, an intense electric field induces a nonlinear polarization
with second-order and higher-order components. The second-order nonlinearity
of the medium gives rise to the three-wave mixing processes which are SFG, SHG,
and DFG. DFG also facilitates optical parametric amplification of a laser beam
making the realization of OPOs possible.
In this chapter, we introduce the coupled-mode equations for the three-wave
mixing processes in a lossless nonlinear crystal and give the plane-wave solutions
of these equations for SFG, SHG, and optical parametric amplification. It should
be noted that these plane-wave solutions usually predict larger conversion efficiencies compared to those achieved in reality. This is due to the fact that plane-waves
do not account for the finite size of the beams and the diffraction. However, we
will use the plane-wave solutions for explaining the general characteristics of these
nonlinear processes.
Next, we describe the parameters that are important in the design of an OPO.
Subsequently, we give the possible polarization geometries for simultaneous phasematching of optical parametric generation and SHG or SFG processes within a
single crystal and also present the coupled-mode equations for two examples of
such simultaneous phase matching. The last part of the chapter is devoted to the
explanation of how phase matching of a single nonlinear process and simultaneous
12

CHAPTER 2. OPTICAL PARAMETRIC INTERACTIONS

13

phase matching of two nonlinear processes in a nonlinear crystal are achieved
using BPM and QPM.

2.1

Nonlinear Polarization

The polarization P(r,t) induced in an anisotropic and dispersionless nonlinear
material due to a total electric field E(r,t) can be expressed as a power series
given by [105]
P(r, t) = ²0 χ(1) · E(r, t) + ²0 E(r, t) · χ(2) · E(r, t)
£
¤
+²0 E(r, t) · E(r, t) · χ(3) · E(r, t) + . . .
= P(1) (r, t) + P(2) (r, t) + P(3) (r, t) + . . .

(2.1)

(2.2)

where ²0 is the permittivity of free space, χ(1) is the linear susceptibility tensor
of second rank, χ(2) and χ(3) are the nonlinear susceptibility tensors of third
and fourth ranks, respectively. P(1) (r,t), P(2) (r,t), and P(3) (r,t) are the linear,
second-order, and third-order polarization vectors, respectively, with their expressions given on the right-hand side of Equation (2.1) separated with “+” signs.
Equation (2.1) is still valid for an electric field that is composed of monochromatic waves in a medium with dispersion. In this case, the values of the tensors
χ(1) , χ(2) , and χ(3) depend on the corresponding frequencies.
χ(1) is responsible for the linear optical properties of the medium such as
refraction, dispersion, absorption, and birefringence. χ(2) gives rise to nonlinear
three-wave mixing processes such as SHG, SFG, DFG, and optical parametric
generation. χ(3) is responsible for four-wave mixing, optical bistability, phase
conjugation, and the optical Kerr effect. With increasing rank of the nonlinearity,
the magnitude of the susceptibility tensors decreases rapidly. For instance, the
magnitude ratios of χ(1) , χ(2) , and χ(3) are similar to 1 : 10−8 : 10−16 [45].
Hence, nonlinear effects in a medium are only observable when high-intensity
lasers are employed. Some media such as gases, liquids, and amorphous solids
have inversion symmetry and χ(2) vanishes for such media, hence they cannot
produce second-order nonlinear interactions.
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Second-order Nonlinear Polarization

A second-order nonlinear process involves the parametric interaction of three
optical fields at frequencies ω1 , ω2 , and ω3 such that
ω3 = ω1 + ω2 .

(2.3)

For the process of optical parametric amplification, the fields at ω1 , ω2 , and ω3
are called the idler, the signal and the pump, respectively. For SFG, the lower
frequency fields are referred to as the input fields and the field at ω3 is the sumfrequency output.
The total electric field produced by these waves is given by
X £
¤ 1 X£
¤
E(r, t) =
Re Ei (r)ejωi t =
Ei (r)ejωi t + E∗i (r)e−jωi t ,
2 i
i

(2.4)

where Ei (r) is the electric-field phasor at ωi and i = 1, 2, 3. Using a similar
notation, the second-order nonlinear polarization with components each of which
is induced at one of these frequencies can be expressed as
i
X h (2)
(2)
jωi t
P (r, t) =
Re Pi (r)e
,

(2.5)

i

where Pi (r) is the polarization phasor at ωi .
For the interacting waves at ω1 and ω2 , using Equations (2.1)-(2.2) the corresponding second-order polarization phasor induced at ω3 is given by
(2)

P3 (r) =

1
²0 E2 (r) · χ(2) (ω1 + ω2 , ω1 , ω2 ) · E1 (r)
2
1
+ ²0 E1 (r) · χ(2) (ω1 + ω2 , ω2 , ω1 ) · E2 (r).
2

(2.6)

For a lossless medium, the full-permutation symmetry and Kleinman’s symmetry
are applicable [105], thus
χ(2) (ω1 + ω2 , ω1 , ω2 ) = χ(2) (ω1 + ω2 , ω2 , ω1 ).

(2.7)

which results in a polarization phasor at ω3 with the following form
(2)

P3 (r) = ²0 E2 (r) · χ(2) (ω1 + ω2 , ω1 , ω2 ) · E1 (r).

(2.8)
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Similarly, the polarization phasors at ω1 and ω2 are given by
(2)

(2.9)

(2)

(2.10)

P1 (r) = ²0 E∗2 (r) · χ(2) (ω3 − ω2 , ω3 , ω2 ) · E3 (r)
and
P2 (r) = ²0 E∗1 (r) · χ(2) (ω3 − ω1 , ω3 , ω1 ) · E3 (r),

respectively. Consequently, each polarization at a particular frequency is induced
as a result of the nonlinear interaction of the electric fields at the other two frequencies with the frequencies satisfying the relationship given in Equation (2.3).
We also note that the χ(2) tensor has 27 elements, however many of the components vanish under certain symmetry conditions and the number of independent
components is generally far fewer. In the literature, another tensor d with its
elements given by

1
drpq = χ(2)
,
(2.11)
2 rpq
where the indices rpq refer to the cartesian axes x, y, and z, is commonly used.
When the Kleinman symmetry condition is valid, this tensor can be further reduced to a 3 × 6 matrix, which has only 10 independent elements [105].

2.3

Coupled-Mode Equations

Maxwell’s equations in a medium where no free currents and charges present are
given as
∂B
,
∂t
∂D
∇×H =
,
∂t
∇ · D = 0,
∇×E = −

∇ · B = 0,

(2.12)
(2.13)
(2.14)
(2.15)

and the constitutive relations for a nonmagnetic medium are
D = ²0 E + P,

(2.16)

B = µ0 H,

(2.17)
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where µ0 is the permeability of free space, H is the magnetic field, D and B are
the electric and the magnetic flux densities, respectively.
The sum of the expression for P(1) given in Equation (2.1) and P(2) are substituted for P into Equation (2.16) while higher-order polarization terms are
neglected and the electric flux density is now given as
D = ²0 ²r · E + P(2)

(2.18)

where ²r is the relative permittivity tensor defined as
²r = I + χ(1)

(2.19)

and I is the 3×3 identity matrix.
Taking the curl of Equation (2.12) and using Equations (2.13), (2.18), the
driven-wave equation is obtained which is given as
∇ × ∇ × E(r, t) +

1 ∂2
∂ 2 (2)
²
·
E(r,
t)
=
−µ
P (r, t),
r
0
c2 ∂t2
∂t2

(2.20)

√
where c = 1/ µ0 ²0 is the speed of light.

For plane-waves propagating in the +z direction, the electric-field and secondorder nonlinear polarization phasors which are defined as in Equations (2.4) and
(2.5), respectively, can be written as
Ei (z) = b
ai Ai (z)e−jki z ,

(2.21)

(2)
Pi (z) = b
a0i Bi (z)e−jki z ,

(2.22)

0

where i = 1, 2, 3 and unit vectors b
ai and b
a0i represent the direction of polarization.
Ai (z) and Bi (z) are the spatially slowly varying amplitudes of the electric field and
nonlinear polarization, respectively, ki and ki0 are the corresponding wavenumbers.
Using Equations (2.8), (2.9), and (2.10), the complex amplitudes Ai (z) and
Bi (z) and the wavenumbers ki and ki0 are related as follows
b
a01 B1 (z) = ²0 A3 (z)A∗2 (z) b
a2 · χ(2) (ω1 = ω3 − ω2 , ω3 , ω2 ) · b
a3 ,

(2.23)

b
a1 · χ(2) (ω2 = ω3 − ω1 , ω3 , ω1 ) · b
a3 ,
a02 B2 (z) = ²0 A3 (z)A∗1 (z) b

(2.24)

b
a2 · χ(2) (ω3 = ω1 + ω2 , ω1 , ω2 ) · b
a1 ,
a03 B3 (z) = ²0 A1 (z)A2 (z) b

(2.25)
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and
k10 = k3 − k2 ,

(2.26)

k20 = k3 − k1 ,

(2.27)

k30 = k1 + k2 .

(2.28)

Using the definitions given in Equations (2.21) and (2.22), Equation (2.20)
can be written in the frequency domain as
£
¤ ω2
0
a0i Bi (z)e−jki z . (2.29)
ai = µ0 ωi2 b
∇ × ∇ × Ai (z)e−jki z b
ai − 2i Ai (z)e−jki z ²r (ωi ) · b
c
Using the vector identity ∇ × ∇ × V = ∇(∇ · V) − ∇2 V, where V is a vector,
dot-multiplying Equation (2.29) with b
ai and making use of the slowly-varyingamplitude approximation which is
¯ 2 ¯
¯
¯
¯ d Ai ¯
¯ dAi ¯
¯
¯
¯
¯
¯ dz 2 ¯ ¿ ¯ki dz ¯ ,

(2.30)

three coupled-mode equations governing the parametric interaction are obtained
and they are given as
dA1 (z)
ω1 de1
= −j
A3 (z)A∗2 (z)e−j∆kz ,
dz
cn1
dA2 (z)
ω2 de2
= −j
A3 (z)A∗1 (z)e−j∆kz ,
dz
cn2
dA3 (z)
ω3 de3
= −j
A1 (z)A2 (z)ej∆kz ,
dz
cn3

(2.31)
(2.32)
(2.33)

where
∆k = k3 − k2 − k1

(2.34)

is the phase-mismatch term. Here, ni represent the refractive indices and the
constants dei are the effective second-order nonlinear coefficients which are given
as
¤
£
1
b
a1 · b
a2 · χ(2) (ω1 = ω3 − ω2 ) · b
a3 ,
2
¤
£
1
b
=
a2 · b
a1 · χ(2) (ω2 = ω3 − ω1 ) · b
a3 ,
2
¤
£
1
b
=
a3 · b
a2 · χ(2) (ω3 = ω1 + ω2 ) · b
a1 .
2

de1 =

(2.35)

de2

(2.36)

de3

(2.37)
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In a lossless medium all three effective nonlinear coefficients are equal and can be
represented by a single effective coefficient
deff = de1 = de2 = de3

(2.38)

due to the full-permutation symmetry.

2.4

Sum-Frequency Generation

The solutions of the coupled-mode equations [Equations (2.31)–(2.33)] are given
in terms of the well-known Jacobi elliptic functions [106]. The direction of energy
flow in a given three-wave mixing process depends on the relative phase of the
input fields. In particular, by using simple phasor diagrams for the complex field
amplitudes of a phase-matched interaction (∆k = 0), as done in Ref. [45], it
can be shown that for optimum upconversion or SFG, the relative phase of the
complex field amplitudes at the input of the nonlinear crystal defined by
θ = arg [A3 (z = 0)] − arg [A1 (z = 0)] − arg [A2 (z = 0)] ,

(2.39)

where “arg” denotes the argument or phase of a complex number, must be −90◦ .
Also, the required phase relation for optimum downconversion or DFG is θ = 90◦ .
Furthermore, if the sum-frequency field is absent at the input of the crystal,
then the fields will evolve through the crystal with the optimum phasing for
upconversion since the initially absent sum-frequency field will be automatically
generated with the correct phase. Similarly, the lack of either the idler (the field
at ω1 ) or signal (the field at ω2 ) at the crystal input will automatically provide
the optimum phasing for downconversion.
Equations (2.31)–(2.33) can be rewritten in a simpler form by performing the
following substitutions for Ai

r

2~ω1
a1 (z),
n1 c²0
r
2~ω2
A2 (z) =
a2 (z),
n2 c²0
r
2~ω3
a3 (z),
A3 (z) = −j
n3 c²0

A1 (z) =

(2.40)
(2.41)
(2.42)
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where ai are the normalized field amplitudes such that |ai |2 = φi represent the
photon flux densities at each frequency ωi . In this case, the coupled-mode equations become
da1 (z)
= −κa3 (z)a∗2 (z)e−j∆kz ,
dz
da2 (z)
= −κa3 (z)a∗1 (z)e−j∆kz ,
dz
da3 (z)
= κa1 (z)a2 (z)ej∆kz ,
dz

(2.43)
(2.44)
(2.45)

where the coupling constant is defined as
r
r
2~ ω1 ω2 ω3
κ = deff
.
c3 ²0 n1 n2 n3
∆kl = 0

∆kl = 2
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Figure 2.1: Photon flux densities φ1 (dashed curves), φ2 (dashed-dotted curves),
and φ3 (solid curves) as functions of z for ∆kl = 0, 2, 10, and 50.
Figure 2.1 shows the evolution of photon flux densities inside a 2-cm-long
(l = 2 cm) nonlinear crystal for ∆kl = 0, 2, 10, and 50, which are calculated
using the Jacobi elliptic functions that are the solutions of Equations (2.43)–
(2.45). A typical value of κ = 1 × 10−13 (in s1/2 ) is used for these calculations.
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The initial values of the photon flux densities are φ3 (0) = 0, φ2 (0) = 5 × 1026 ,
and φ1 (0) = 1 × 1027 photons/cm2 -s.
The first subplot shown in Fig. 2.1 is for the phase-matched SFG (∆k = 0).
Since φ3 (0) = 0, the sum-frequency field at ω3 is generated with the correct
phase that provides the optimum relative phase for SFG, hence φ3 grows up to
a maximum value of 5 × 1026 photons/cm2 -s which occurs at z = 0.6 cm. At
this point, φ2 is fully depleted, the field at ω2 (or signal) is generated with the
correct phase for DFG, and the photons in the sum-frequency field starts to be
depleted by backconversion into the signal and idler fields. The backconversion
ends at z = 1.2 cm where φ3 (0) = 0 and SFG starts again. This cyclic behavior
continues along the length of the crystal. It should be noted that two quantities,
φ1 (z)+ φ3 (z) and φ2 (z)+ φ3 (z) are constant along the length of the crystal, which
are known as Manley-Rowe conserved quantities [105].
In the subplots of Fig. 2.1 where ∆k 6= 0, the initial relative phase θ of the
fields evolve continuously along the length of the crystal, rather than making
jumps between −90◦ and 90◦ at only discrete locations where the photon flux of
a field goes to zero. As the strength of the phase-mismatch increases, the generation process reverses from SFG to DFG (or DFG to SFG) at shorter distances
and hence the generation efficiency decreases. For instance, in the subplot with
∆kl = 50, φ3 can only attain a maximum value of 2.9 × 1025 photons/cm2 -s and
φ1 and φ2 remain almost undepleted. Consequently, phase-matching is of prime
importance for a nonlinear interaction to take place efficiently.
We also note that when the sum-frequency field is absent at the crystal input
and the interaction is phase-matched (∆k = 0), the relative phase relation for
optimum SFG is readily satisfied when ai are real numbers in the expressions for
Ai [Equations (2.40–2.42)]. In this case, a2i represent the photon flux densities φi
and Equations (2.43)–(2.45) can be simplified in appearance by setting ∆k = 0
and replacing a∗1 (z) and a∗2 (z) with a1 (z) and a2 (z), respectively.
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Second-Harmonic Generation

In SHG, the fundamental fields are both at ω1 = ω2 = ω and the second-harmonic
field is at ω3 = 2ω. If type-I phase-matching geometry is used, the fundamental
fields are indistinguishable from each other since they are polarized along the same
direction in addition to having identical frequencies. In type-II phase-matching
geometry, the polarizations of the input fields are orthogonal to each other.
The coupled mode equations for the case of type-II phase matching are the
same with an ordinary SFG process, which have been already given in the previous
section. For the case of type-I phase matching, the coupled-equations are given
as
da1 (z)
= −κa3 (z)a1 (z),
dz
da3 (z)
1 2
=
κa (z),
dz
2 1
where

r
κ = deff

(2.47)
(2.48)

s
2~
c3 ²0

2ω 3
,
n21 n3

(2.49)

In writing these equations, we assumed that there is perfect phase-matching
(∆k = 0) and the sum-frequency field is absent at the input, hence ai are
the real and normalized field amplitudes with A1 = (2~ω/n1 c²0 )1/2 a1 and
A3 = −j (4~ω/n3 c²0 )1/2 a3 and a2i = φi represent the photon flux densities.
Figure 2.2 shows the evolution of the photon flux densities φ1 and φ3 as functions of the propagation distance z inside a 2-cm-long nonlinear crystal for type-I
phase-matched SHG. For these calculations, κ = 1 × 10−13 (in s1/2 ), φ3 (0) = 0,
and φ1 (0) = 8 × 1026 photons/cm2 -s. In SHG, two input photons are annihilated for creating a single photon at the second-harmonic frequency and the
second-harmonic photon flux density φ3 asymptotically reaches a value of φ1 (0)/2.
Hence, at large distances, almost 100% photon conversion efficiency is possible.
Furthermore, there is no backconversion of the second-harmonic field into the
fundamental, which is a feature of type-I SHG.
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Figure 2.2: Evolution of the photon flux densities inside the nonlinear crystal as
functions of the propagation distance for phase-matched SHG.

2.6

Optical Parametric Amplifier

In an OPA, a pump field at ω3 and a signal field at ω2 at the input interact
in a nonlinear crystal to produce an idler field at ω1 , and in this DFG process
the signal field is also amplified with a gain which will be denoted by G. We
first give the coupled-mode equations for the phase-matched OPA and assume
that the idler field is absent at the crystal input which enables us to write the
equations for real and normalized field amplitudes ai . With these assumptions,
Equations (2.31)–(2.33) can be rewritten in a simpler form by performing the
following substitutions for Ai
r

2~ω1
A1 (z) = −j
a1 (z),
n1 c²0
r
2~ω2
A2 (z) =
a2 (z),
n2 c²0
r
2~ω3
A3 (z) =
a3 (z),
n3 c²0

(2.50)
(2.51)
(2.52)
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where the required phase relation for optimum downconversion or DFG is included
above, hence ai are the real and normalized field amplitudes such that |ai |2 = φi
represent the photon flux densities at each frequency ωi . In this case, the coupledmode equations become
da1 (z)
= κa3 (z)a2 (z),
dz
da2 (z)
= κa3 (z)a1 (z),
dz
da3 (z)
= −κa1 (z)a2 (z),
dz

(2.53)
(2.54)
(2.55)

where the coupling constant κ is defined as in Equation (2.46).
The solutions of Equations (2.53)–(2.55) are given in terms of Jacobi elliptic
functions as [106, 107]
a1 (z) =
a2 (z) =
a3 (z) =

p

C1 cn(Za | ma ),

(2.56)

C2 dn(Za | ma ),

(2.57)

C1 sn(Za | ma ),

(2.58)

p
p

where C1 and C2 are the Manley-Rowe [105] conserved quantities given as
C1 = a21 (z) + a23 (z) = a23 (0),

(2.59)

C2 = a22 (z) + a23 (z) = a22 (0) + a23 (0),

(2.60)

and
ma = C1 /C2 ,
Za = K(ma ) − κa
with

Z

π/2

K(m) =

p

(2.61)
C2 z,

(1 − m sin2 θ)−1/2 dθ,

(2.62)

(2.63)

0

which is the definition of the quarter-period of the Jacobi elliptic functions, given
by the complete elliptic integral of the first kind [108].
The gain for the signal field is defined as
G =

φ2 (z = l)
,
φ2 (z = 0)

(2.64)
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where l is the length of the nonlinear crystal.
Figure 2.3 shows the evolution of the photon flux densities φ1 , φ2 and φ3 as
functions of the propagation distance z inside a 2-cm-long (l = 2 cm) nonlinear crystal for the phase-matched OPA. The results are calculated using Equations (2.56)–(2.58) with κ = 1 × 10−13 (in s1/2 ), φ1 (0) = 0, φ2 (0) = 8 × 1024 , and
φ3 (0) = 8 × 1025 photons/cm2 -s. The photon flux density of the signal (φ2 ) is
amplified with a corresponding gain of G = 6.9, whereas an idler field is generated
with a photon flux density of 4.7 × 1025 photons/cm2 -s at z = 2 cm.
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Figure 2.3: Evolution of the photon flux densities as functions of the propagation
distance for the phase-matched OPA. φ1 , φ2 , and φ3 denote the photon flux
densities of the idler, signal, and pump, respectively.

2.7

Optical Parametric Oscillator

A singly-resonant OPO is formed by placing the OPA inside an optical cavity that
is resonant at the signal frequency. The signal field builds up from parametric
noise if the unsaturated gain G0 is higher than all cavity losses combined, which
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includes reflection, absorption, and scattering losses (residual losses) and the
output coupling loss (useful loss) experienced by the intracavity signal field. In
the steady state, an intracavity signal intensity assumes such a value that the
saturated gain compensates for the losses exactly and the non-resonant idler leaves
the cavity through the output mirror of the cavity that is highly transmitting at
the idler frequency.
Denoting the reflectivity of the output coupling mirror of the cavity at the
signal wavelength by Roc , the useful loss is Loc = 1 − Roc . The intracavity signal
photon flux density multiplied with the useful loss gives the signal photon flux
density outside the cavity. Denoting the useless loss that the intracavity signal
experiences by Ls , then the cavity reflectance can be written as
Rcav = Roc (1 − Ls ).

(2.65)

Hence, provided that unsaturated signal gain G0 is high enough to start up the
oscillation, the signal gain saturates to value that will yield a round-trip gain of 1
which means that the steady-state intracavity signal flux density at the crystal
input is a solution of
G[φ2 (z = 0)] =

1
.
Rcav

(2.66)

Figure 2.4 shows the signal gain (G) of an OPA as a function of the signal
photon flux density at the input [φ2 (0)] normalized to the input pump photon
flux density [φ3 (0)]. For this calculation, Equations (2.56)–(2.58) are employed
and the values used for κ and φ3 (0) are the same with those given in the example
of the previous section. This OPA is placed into a cavity with Ls = 4% and
Roc = 60% which is resonant at the signal wavelength, resulting in an OPO. For
very low photon flux densities of the signal provided by the noise, G0 = 9.5, which
is well above the 1/Rcav level, hence the signal field grows in the cavity until the
saturated gain is G = 1.7 which compensates for the cavity losses exactly. At
this steady-state point, the intracavity signal flux density is φ2 (0) = 0.9φ3 (0).
An important parameter in the OPO design is the nonlinear drive which is
given by
D = (κl)2 φ3 (z = 0).

(2.67)
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Figure 2.4: Signal gain (G) as a function of the normalized signal photon flux
density at the input. 1/Rcav level is also indicated by a dashed line. The intersection point corresponds to the steady-state intracavity signal flux density at the
crystal input and the saturated gain.
Equations (2.56)–(2.58) can be solved assuming that the pump remains undepleted in the interaction and it can be shown that the small-signal or unsaturated
gain is given by

√
G0 = cosh2 ( D).

(2.68)

The threshold value of the input pump photon flux density can be found by
solving G0 Rcav = 1 for D. The threshold photon flux density decreases with
increasing κ, l and decreasing cavity losses. When Roc = 0, there is no output
coupling and when Roc = 100%, the oscillation will never start, therefore there is
an optimum output coupler reflectivity that yields the maximum signal output at
a given pump power. However, the threshold will decrease and downconversion
efficiency will increase simultaneously with a decrease in the useless cavity loss,
increase in the crystal length and the deff value of the crystal, provided that the
pump limit beyond which there will be backconversion into the pump field is not
reached, which is unlikely for OPOs operating in the steady-state regime.
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Simultaneously Phase-Matched Interactions

An OPO by itself can provide only downconversion of a pump field into the
lower-frequency signal and idler fields. Upconversion is possible through the
use of OPOs which are simultaneously phase-matched for SHG or SFG along
with the parametric generation. These devices provide efficient conversion by
using the high-intensity intracavity fields which are otherwise unavailable if a
second crystal is placed external to the OPO cavity for upconversion. Several
experimental demonstrations of devices which employ two crystals placed internal
to the cavity, one for parametric interaction and the other for SHG or SFG,
were also reported [109, 110]. However, this second crystal increases the system
complexity and the conversion efficiencies provided by these devices are still lower
than those of the single-crystal devices where parametric interaction and SHG or
SFG occur simultaneously rather than being separated from each other.
Plane-wave theories for the self-doubling OPOs (SD-OPOs) and sumfrequency generating OPOs (SF-OPOs) using simultaneous phase matching were
previously reported by Aytür et al. [58] and Dikmelik et al. [59]. In these devices,
both parametric generation and SHG or both parametric generation and SFG
can be phase matched for the same direction of propagation inside the nonlinear
crystal. The cavities of these devices are singly-resonant at the signal wavelength
and have only a few percent of residual losses for the signal. The output coupling
is not linear as provided by an output mirror in the OPOs, but is through the
generation of an upconverted field, hence the output coupling mechanism is nonlinear. The cavity mirrors are also transparent to the generated second-harmonic
or sum-frequency beams.
For SD-OPOs, six polarization geometries are possible depending on the types
of OPO and SHG phase matching. Some of these geometries require an intracavity
polarization rotation for the signal field while others do not. These polarization
geometries can be further grouped under three different classes A, B, or C which
are designated depending on the set of coupled-mode equations to be used for
the plane-wave description of the SD-OPO. Table 2.1 lists these classes with the
corresponding state of the rotation of the intracavity signal polarization and the
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corresponding phase-matching polarization geometries of the OPO and SHG.1
Class Rotation
A

no

B

yes

C

yes

OPO
type-I
type-II
type-II
type-I
type-II

SHG
type-I
type-I
type-II

Table 2.1: Phase matching geometries for the SD-OPO.

In particular, for a class-A SD-OPO, the polarization of the OPO signal is the
same as that of the SHG fundamental. As a result, the signal field is common to
the OPO and SHG processes, which become coupled to each other through the
signal field. The set of coupled-mode equations describing this simultaneously
phase-matched interaction is
da1 (z)
dz
da2 (z)
dz
da3 (z)
dz
da6 (z)
dz

= κa a3 (z)a2 (z),

(2.69)

= κa a3 (z)a1 (z) − κb a6 (z)a2 (z),

(2.70)

= −κa a1 (z)a2 (z),

(2.71)

=

1
κb a22 (z),
2

(2.72)

where ai are the real and normalized field amplitudes such that a2i = φi represent
the photon flux densities at each frequency ωi , i = 1, 2, 3, and 6 are for the
idler, the signal, the pump, and the second-harmonic fields, respectively, and
κa and κb are the coupling constants for the parametric generation and SHG
1

In this dissertation, we do not consider type-III as another type of phase matching. Instead,
we label both type-II and type-III as type-II, which means that when only one of the lower
frequency fields (the signal and idler for the OPO or the input fields for SHG or SFG), but
not both, has a polarization that is orthogonal to that of the highest frequency field (the
pump for the OPO and the second-harmonic and sum-frequency fields for the SHG and SFG,
respectively) of the particular process, this is a type-II phase matching. If both of the lower
frequency fields have polarizations orthogonal to that of the highest frequency field, this is a
type-I phase matching. Also, as it will be explained in the next section, in BPM, the highest
frequency fields in both processes (OPO and SHG or OPO and SFG) should be polarized along
the fast axis of the crystal.
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processes, respectively. For deriving these equations, Equations (2.53)–(2.55) for
the parametric generation and Equations (2.47)–(2.48) for the type-I SHG are
employed.
For SF-OPOs, nine polarization geometries are possible depending on the
types of OPO and SFG phase matching. Some of these geometries require a
polarization rotation for either the signal or the pump fields, or both. These
polarization geometries can be further grouped under four different classes A, B,
C, or D which are designated depending on the set of coupled-mode equations to
be used for the plane-wave description of the SF-OPO. Table 2.2 lists these classes
with the corresponding state of the rotation of the signal and pump polarizations
and the corresponding phase-matching polarization geometries of the OPO and
SFG.
Class

Rotation

A

none

B

both

C

pump

D

signal

OPO
type-I
type-II
type-I
type-II
type-I
type-II
type-II
type-II

SFG
type-II
type-II
type-I
type-I
type-II
type-II

Table 2.2: Phase matching geometries for the SF-OPO.

In particular, for a class-D SD-OPO, the signal is orthogonally polarized between the OPO and SFG processes, and an intracavity polarization rotation of
the signal is necessary. The OPO and SFG processes are coupled to each other
through the pump, which is common to both processes inside the crystal. The
coupled-mode equations that describe the interaction are
da1 (z)
= κa a3 (z)a2 (z),
dz
da2 (z)
= κa a3 (z)a1 (z),
dz

(2.73)
(2.74)
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da3 (z)
= −κa a1 (z)a2 (z) − κb a6 (z)a4 (z),
dz
da4 (z)
= −κb a6 (z)a3 (z),
dz
da6 (z)
= κb a3 (z)a4 (z),
dz
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(2.75)
(2.76)
(2.77)

where ai are the real and normalized field amplitudes such that a2i = φi represent the photon flux densities at each frequency ωi , i = 1, 2, 3, 4, and 6 are
for the idler, the signal, the pump, the rotated signal, and the sum-frequency
fields, respectively, and κa and κb are the coupling constants for the parametric generation and SFG processes, respectively. These equations can easily be
derived using Equations (2.53)–(2.55) for the parametric generation and Equations (2.43)–(2.45) (with ∆k = 0 and for real and normalized field amplitudes)
for the SFG.
Equations (2.69)–(2.72) and (2.73)–(2.77) can be solved using numerical techniques. The solutions of the coupled-mode equations corresponding to different
classes of the SD-OPO and SF-OPO are given in detail in Refs. [58] and [59].
Two important parameters which determine the plane-wave dynamics of these
devices are the nonlinear drive of the OPO that is defined as
D = (κa l)2 φ3 (z = 0)

(2.78)

and the coupling strength of the two processes which is given by
β=

κb
.
κa

(2.79)

For instance, in class-D SF-OPOs, an intracavity retarder plate provides the required polarization rotation for the signal field. The photon conversion efficiency,
which is the ratio of the twice the output sum-frequency photon density to the
total input pump photon flux density, η = 2φ6 (l)/φ3 (0) (the coefficient 2 is due
to the fact that two pump photons are needed to generate one sum-frequency
photon), is maximized at an optimum polarization rotation angle depending on
the values of D, β and residual cavity loss for the signal. For a fixed D, as β
increases, the maximum η increases up to unity (100%) and the value of the
optimum polarization rotation angle decreases. At relatively high values of the
nonlinear drive, it is possible to observe period doubling and chaotic behavior.

CHAPTER 2. OPTICAL PARAMETRIC INTERACTIONS

2.9

31

Phase Matching

For efficient nonlinear interaction, the interacting waves should be phase-matched
over the interaction length, hence the condition of ∆k = 0 should be satisfied.
Using Equation (2.34), the open form of this condition for beams propagating in
the same direction or collinear beams is given as
n3 (ω3 )ω3 − n2 (ω2 )ω2 − n1 (ω1 )ω1 = 0.

(2.80)

where ni are the refractive indices at ωi . The energy conservation condition is
restated here as
ω3 − ω2 − ω1 = 0.

(2.81)

The refractive index of materials that are lossless in the frequency range of
interest shows an effect known as normal dispersion, that is, the refractive index
is an increasing function of frequency. It is easy to see that Equations (2.80) and
(2.81) cannot be simultaneously satisfied in an isotropic material that exhibits
normal dispersion. However, there are two methods by which phase-matching
condition is satisfied for a parametric interaction, which are BPM and QPM.
In this section, we explain these methods and further give explanations of how
simultaneous phase matching of two different processes is achieved by BPM and
QPM.

2.9.1

Birefringent Phase Matching

The conventional method for achieving phase matching is to use the natural birefringence of the nonlinear crystal to compensate for dispersion. In a birefringent
crystal, there are two normal modes of propagation and two different refractive
indices associated with these modes. Phase-matching condition can be satisfied
through the selection of the polarization of the fields involved in the nonlinear
process from the polarization directions of these modes.
We consider the most general class of birefringent crystals, biaxial crystals.
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Figure 2.5: Dependence of the refractive index on light propagation direction and
the directions of the electric flux density vectors of the two normal modes.
The dependence of the refractive index on light propagation results in a bilayer surface with four points of interlayer contact through which two optic axes
pass [111, 112]. Such a surface is shown in Fig. 2.5 with the conventions that
nx < ny < nz , where nx , ny , and nz are the principle refractive indices at a
particular frequency and temperature, angle θ is measured from the z axis, and
φ is measured from the x-z plane toward the y-z plane. The propagation vector
k cuts this bilayer structure at two points yielding two refractive indices, n(f )
and n(s) , corresponding to two normal modes. Here f and s stand for the fast
and slow modes, respectively and n(f ) < n(s) . Each normal mode has an electric
flux density vector which is orthogonal to the same vector of the other mode and
k. After these electric flux density vectors denoted by D(f ) and D(s) are determined, the corresponding directions of the electric fields, hence the polarization
directions of the normal modes, can be found [112].
(f )

Assuming that the temperature is fixed, ni

(s)

and ni

at a frequency ωi are

the roots of the following equation for ni [112, 113]
sin2 θ cos2 φ sin2 θ sin2 φ
cos2 θ
+
+
=0
−2
−2
−2
n−2
n−2
n−2
i − nxi
i − nyi
i − n zi

(2.82)
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where nxi , nyi , and nzi are the principle refractive indices at ωi . The expressions
for nxi , nyi , and nzi in terms of frequency ωi (and temperature) are given by the
Sellmeier equations [111].
With the assumption that all beams involved in the nonlinear process are
collinear, hence the directions of ki are the same (a detailed discussion on noncollinear phase matching can be found elsewhere [114]), three types of phasematching geometries are possible that are governed by three equations each of
which satisfies the phase-matching condition (∆k = 0) and these equations are
given as
(f )

(s)

(s)

(2.83)

(f )

(s)

(f )

(2.84)

(f )

(f )

(s)

(2.85)

n3 ω3 − n2 ω2 − n1 ω1 = 0,
n3 ω3 − n2 ω2 − n1 ω1 = 0,
n3 ω3 − n2 ω2 − n1 ω1 = 0.

Equations (2.83), (2.84), and (2.85) are the phase-matching conditions for the
type-I, type-IIa, and type-IIb polarization geometries, respectively. These phasematching geometries are shown in Fig. 2.6. The highest frequency field at ω3
is always polarized along the fast axis of the crystal. When both of the lower
frequency fields at ω1 and ω2 are polarized along the slow axis of the crystal,
this polarization geometry is referred to as type-I phase matching. In type-II
phase matching, either one of the lower frequency fields is polarized along the
fast axis of the crystal, hence there are two possibilities, type-IIa and type-IIb.
In the literature, both type-IIa and type-IIb are usually classified as only type-II,
however type-IIb is sometimes referred to as type-III [59].
When the frequency of one of the fields involved in a three-wave mixing interaction and the propagation direction of the beams is given for a particular crystal,
phase-matching curves provide the frequencies (or wavelengths) of the other two
fields. For instance, for the process of optical parametric amplification, if the
pump frequency ω3 is given and the phase-matching geometry is set to be either
type-I, type-IIa or type-IIb, the corresponding signal and idler frequencies can be
exactly obtained by numerical calculations provided that this process is phasematchable in the particular crystal. For a given direction of the propagation in
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Figure 2.6: Phase-matching geometries for the three-wave mixing process with
ω3 = ω1 + ω2 .
the crystal, the angles θ and φ are known. First the roots of Equation (2.82) at
the pump frequency, and at the trial values of the signal and idler frequencies,
satisfying ω3 = ω1 + ω2 , are found. These roots and one of the expressions given
in Equations (2.83), (2.84), and (2.85) are chosen depending on the given phasematching geometry and the expression evaluated to see if the phase-matching
condition is satisfied. If the phase-matching condition is not satisfied, two new
trial values for the signal and idler frequencies are chosen and the procedure is
repeated until the phase-matching condition is satisfied. When the frequencies
of the interacting waves are known, a similar procedure is applied for finding the
corresponding phase-matching angle. Approximate expressions for determining
the phase-matching angles for the collinear propagation of interacting waves in
the principle planes (x-y, x-z, and y-z planes) of a biaxial crystal are also given
in Ref. [111].

2.9.2

Quasi-Phase Matching

An alternative technique for phase matching is QPM that uses a periodic modulation of the sign of the nonlinear coefficient to periodically reset the optical
phase.
In QPM, electric-field poling of the crystal in lithographically selected regions
creates domain inversions, resulting in a modulation of the sign of the nonlinear
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coefficient in the direction of propagation [14, 16]. The resulting nonlinear coefficient d(z) = g(z)deff is a function of distance z in the propagation direction,
where g(z) is the grating modulation function that can only take values of +1
or −1. A periodic grating function with period Λ can be expressed as a Fourier
series
g(z) =

∞
X

Gp ejkp z ,

(2.86)

p=−∞

where Gp are the Fourier coefficients, kp are the magnitude of the grating vector
of the pth Fourier component and
kp =

2πp
.
Λ

(2.87)

The natural phase mismatch of the material ∆k is cancelled by one of the Fourier
components of the grating function [see Equations (2.31)–(2.33) with deff = de1 =
de2 = de3 ] through the adjustment of Λ, hence
∆k = kp

(2.88)

for the pth order QPM. The modified effective nonlinear coefficient of the interaction is de = |Gp |deff . The maximum value for Gp (and de ) is obtained when
first-order QPM is used with p = 1 and duty cycle of the grating is set to be
50%, yielding |G1 | = 2/π with an accompanying reduction in the effective value
of the nonlinear coefficient. Despite this reduction, in QPM, it is possible to
use a polarization geometry which will result in the highest effective nonlinear
coefficient possible. For instance, for lithium niobate the largest element of the
nonlinear coefficient tensor is a diagonal element d33 which is available if all waves
are polarized along the z axis of the crystal. For such a polarization geometry, although QPM can easily be employed, it is not possible to obtain a phase-matched
interaction using BPM. A detailed discussion on QPM can be found in Ref. [115].

2.9.3

Simultaneous Phase Matching with BPM

When two separate processes, processes a and b, are simultaneously phasematched, the phase-mismatch terms of both processes,
∆ka = k3 − k1 − k2 ,

(2.89)
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(2.90)

have to vanish for the same direction of propagation and for the same temperature
within the crystal. Here, we note that ω3 = ω1 +ω2 for process a and ω6 = ω4 +ω5
for process b.
In Section 2.8, we already summarized the phase matching geometries that
are possible using BPM for the SD-OPOs and SF-OPOs. In Section 2.9.1 we
also summarized the determination of the phase-matching curves in BPM. There
is usually at least one common frequency between the simultaneously phasematched processes. The simultaneous phase-matching angle is calculated using
the intersection of the phase-matching curves corresponding to the wave that
possess this common frequency.
For instance, in a class-D SF-OPO both the pump and signal frequencies are
common. For this device, both OPO and SFG processes are phase-matched using
a type-II (or type-IIb as introduced in Section 2.9.1) polarization geometry. For
the parametric generation process, the pump and signal fields are polarized along
the fast axis of the crystal, whereas the idler is polarized along the slow axis. For
the SFG process, the pump and sum-frequency fields are polarized along the fast
axis of the crystal, whereas the rotated signal is polarized along the slow axis.
The polarization diagram of this simultaneous interaction is given in Fig. 2.7.
OPO

SFG

i

rs

+

s
p

s
p
sf

Figure 2.7: Polarization diagram for our SF-OPO. The fast axis is horizontal and
the slow axis is vertical. Polarizations for the pump (p), signal (s), idler (i), polarization rotated signal (rs), and sum-frequency (sf) fields are shown. Intracavity
polarization rotation of the signal field is indicated with an arc.

For a given pump frequency, the signal wavelengths of the parametric generation process as a function of a range of θ and φ values can be calculated, yielding
the phase-matching curve for the signal. Next, for the same pump frequency
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(taking into account the fact that the pump is a lower frequency field for this
interaction), the rotated signal wavelengths of the SFG process as the function
of the same range of θ and φ values are calculated. The intersection of these
two curves occurs at the simultaneous phase-matching angle, from which all unknown wavelengths can be calculated. Such a calculation is shown in Fig. 4.11
of Section 4.3.6 for finding the simultaneous phase matching angle of a 1064-nmpumped SF-OPO.
It should be noted that simultaneous phase matching using BPM is the result
of the coincidental crossing of the phase-matching curves of the two processes.
Hence, for common crystals, there is a limited number of processes and wavelengths that provide simultaneous phase matching.

2.9.4

Simultaneous Phase Matching with QPM

Simultaneous phase matching in periodically poled crystals is only possible if
the phase-mismatch term ∆kb given in Equation (2.90) happens to coincide with
one of the nonzero harmonics of the grating modulation function given in Equation (2.86) or when both
2πp
Λ
2πq
=
Λ

∆ka =

(2.91)

∆kb

(2.92)

are satisfied for some particular set of Λ, and integers p and q. Such circumstances can occur by coincidence, however it is not possible to achieve simultaneous phase matching with periodic gratings for arbitrary phase-mismatch terms
∆ka and ∆kb . Even if simultaneous phase matching is achieved for a set of Λ,
p, and q, the interaction will be weak unless p = 1 or q = 1. Furthermore, the
value of the coupling strength of the two processes β (= κb /κa ) [Equation (2.79)]
which is proportional to the ratio of the effective nonlinear coefficients (including
the corresponding reductions due to the Fourier coefficients) cannot be adjusted
freely.
An aperiodic grating design which enables simultaneous phase matching of two
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processes with a pair of arbitrary ∆ka and ∆kb values, as well as, facilitates the
adjustment of the coupling strength of these processes was recently proposed and
successful operation of a SD-OPO based on an aperiodically-poled lithium niobate
crystal whose grating structure was designed with this method was demonstrated
[50, 51]. Briefly, the grating design is based on a continuous-valued function
f (z) = cos(∆ka z) + A cos(∆kb z)

(2.93)

where ∆ka and ∆kb are the phase-mismatch terms of the two processes to be
simultaneously phase-matched and the parameter A facilitates the adjustment of
the relative strength of the two processes to a desired value. Details of this design
can be found in Ref. [51].

Chapter 3
Nanosecond Optical Parametric
Oscillator Experiments
In this chapter, we present our nanosecond optical parametric oscillator experiments. Three different KTA crystals are used in these experiments. These are
labelled as crystal-1, crystal-2, and crystal-3 throughout the text. The cut-angles
of these crystals and corresponding signal wavelengths generated by the OPOs
based on them when pumped by a Q-switched 1064-nm Nd:YAG laser at 0◦ incidence to the crystal surface under collinear phase matching conditions are given
in Table 3.1. All crystals are 5×5×20 mm in size and their surfaces are antireflection coated for the pump and signal wavelengths. Crystal-1 was provided
by Crystal Associates Inc., U.S., whereas crystal-2 and crystal-3 were purchased
from Cristal Laser, France.
Crystal
Cut-angle
Wavelength

1
θ = 90 , φ = 24◦
1530 nm
◦

2
θ = 90 , φ = 33◦
1523 nm
◦

3
θ = 90 , φ = 32.6◦
1524 nm
◦

Table 3.1: Cut-angles of the crystals and corresponding signal wavelengths generated using these crystals.
We first present the nonlinear properties and phase matching characteristics of
39
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the KTA crystal for the wavelengths of interest. Subsequently, we present the experimental configuration for the 1064-nm-pumped nanosecond optical parametric
oscillators based on these crystals and the results of the characterization of these
devices in terms of their energy outputs, input-output time profiles, and spectra.

3.1

Potassium Titanly Arsenate (KTA) Crystal

The first demonstration of the growth of single crystal potassium titanly arsenate (KTA) was reported by Bierlein et al. [116] and the first efficient nanosecond
1064-nm pumped KTA OPO was demonstrated by Bosenberg et al. [34]. KTA is
a mm2 point group positive biaxial crystal [111] and has phase-matching characteristics similar to those of its widely-used isomorph KTP, but a wider transparency range (0.35–5.3 µm) [117]. Due to its greatly reduced idler absorption,
this crystal proved to be useful in OPOs providing high output powers and generating wavelengths in the mid-infrared range of the spectrum [118–121]. High
damage threshold, large nonlinearity and broad acceptance bandwidths (angular
and temperature) are other features of KTA which make it attractive in various
wavelength conversion applications.
The nonlinear tensor elements of KTA reported in the literature show large
variations [122–127]. The most recently reported nonlinear tensor of KTA is given
in units of pm/V as [127]




0
0
0
0 2.3 0



d= 0
0
0 3.64 0 0 

2.3 3.66 15.5 0
0 0

(3.1)

in a coordinate system where x, y and z refer to the principal axes with refractiveindex ordering nx < ny < nz .1 The values of the elements of the tensor d given
above are for frequency-doubling of 1064-nm light in KTA, and the nonlinear
coefficients for a particular nonlinear interaction at a given set of wavelengths are
approximately determined using Miller’s scaling [128]. For the experiments in this
1

In this thesis, we use the same axis convention. Also, angle θ is measured from the z axis,
and φ is measured from the x-z plane toward the y-z plane.
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thesis, the propagation direction of the interacting waves is in the x-y plane of
the crystal (θ = 90◦ ) and hence the effective nonlinear coefficient is given as [111]
deff = d31 sin2 φ + d32 cos2 φ.

(3.2)

Similar to the case for the nonlinear tensor, there are several sets of quite
different Sellmeier coefficients reported for KTA in the literature [122, 123, 129–
131]. As a result of our experiments described in this chapter on KTA OPOs
and the next chapter on KTA SF-OPOs, we have found that at a propagation
direction of θ = 90◦ and some angle φ within 29 ± 5◦ , the Sellmeier coefficients
given in Ref. [129] are the most accurate for calculating the wavelengths of typeII parametric generation of a p-polarized (horizontal, fast axis) signal beam at a
wavelength within 1523 nm ≤ λs ≤ 1528 nm from a p-polarized pump beam
at 1064 nm, whereas the Sellmeier coefficients given in Ref. [131] are the most
accurate for calculating the wavelengths of type-II sum-frequency mixing of a ppolarized pump beam at 1064 nm with an s-polarized (vertical, slow axis) beam
at a wavelength within 1470 nm ≤ λs ≤ 1628 nm to produce a red wavelength.
The Sellmeier equations for KTA which we use for the calculation of the
wavelengths of parametric generation [129] and SFG [131] are given as
n2x
n2y
n2z

1.23522λ2
= 1.90713 + 2
− 0.01025λ2 ,
λ − 0.0387774864
1.00099λ2
= 2.15912 + 2
− 0.01096λ2 ,
λ − 0.0477160336
1.29559λ2
= 2.14786 + 2
− 0.01436λ2 ,
λ − 0.0516152961

(3.3)
(3.4)
(3.5)

and
1.0203λ1.9951
0.5531λ1.9567
+
,
λ1.9951 − 0.042378 λ1.9567 − 72.3045
1.0564λ2.0017
0.6927λ1.7261
= 2.1308 + 2.0017
+ 1.7261
,
λ
− 0.042523 λ
− 54.8505
1.2382λ1.8920
0.5088λ2.0000
= 2.1931 + 1.8920
+ 2.0000
,
λ
− 0.059171 λ
− 53.2898

n2x = 2.1495 +

(3.6)

n2y

(3.7)

n2z

(3.8)

respectively, where nx , ny , and nz are the principle refractive indices of the crystal
and λ is in µm.
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Experimental Configuration

The experimental setup for the nanosecond KTA OPO is shown in Fig. 3.1. The
pump source is a 20 Hz flashlamp-pumped Q-switched Nd:YAG laser (Powerlite 6020, Continuum) operating at 1064 nm, generating pulses of 12.2 ns duration (FWHM). The telescope lenses reduce the diameter of the pump beam that
has a slightly elliptic Gaussian-like spatial profile almost 2.5-fold resulting in a
2.2-mm-diameter beam (1/e2 intensity point) with a divergence of 0.9 mrad (full
angle).

z−axis
pump
1064 nm

M1

KTA

M2 M3 M4

telescope
signal
residual
pump

Figure 3.1: Experimental setup for the OPO.
Type-II birefringent phase matching facilitates optical parametric generation
of a p-polarized (horizontal, fast axis) signal beam and an s-polarized (vertical, slow axis) idler beam from the p-polarized pump beam. Crystal-1, 2 and 3
generate signal wavelengths of 1530 nm, 1523 nm, and 1524 nm with the corresponding idler wavelengths of 3493 nm, 3530 nm, and 3525 nm, respectively,
when the pump beam is incident to the crystal surface at 0◦ and collinear phase
matching is used.
The 2.2-cm-long standing-wave cavity is made up of two flat mirrors, M1 and
M2. M1 is a high reflector and M2 is an output coupler (OC), where two different
OCs with reflectivities of R = 85% and R = 74% at the signal wavelength are
used for characterization. The pump beam enters the cavity through M1, passes
through the 20-mm-long KTA crystal and exits the cavity through M2, making
a single pass. Both mirrors are also high transmitters at 1064 nm. The residual
pump and signal output beams are separated from each other using dichroic
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mirrors M3 and M4. The idler beam is totally absorbed in M2 (for both OCs)
which is made from BK7 glass.
The maximum energy that can be obtained from our Q-switched 1064-nm
pump source is 300 mJ for 7-ns-long pulses. Since the threshold intensity of
the nanosecond OPOs can be reduced by increasing the duration of the pump
pulse [132], we increased the pulse-width of the laser to 12.2 ns by increasing the
Q-switch delay time (with respect to the flashlamp firing time). However, this is
accompanied with a reduction in the energy output of the laser and results in a
maximum available energy output of 64 mJ. Without changing the pulse-width,
the output energy of the laser is further adjustable by a pair of optics composed
of a λ/2 wave-plate and a thin film polarizer (not shown in Fig. 3.1) placed at
the exit of the laser.
The spatial profile of the pump beam measured at 6 cm away from the input
face of the crystal is shown in Fig. 3.2. The maximum input energy used for
pumping the KTA OPOs is 40 mJ and the corresponding peak intensity of the
pump beam at the crystal input is calculated to be 160 MW/cm2 .

(b)
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Figure 3.2: Spatial profile of the pump beam at 6 cm away from the input face
of the crystal. (a) 3-D plot, (b) contour plot.
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Characterization

For each crystal, we measured pump-to-signal energy conversion efficiencies,
pump threshold energies, pump depletion ratios, temporal profiles and signal
spectra.
The energy conversion efficiency is the ratio of the output signal energy per
pulse to the input energy per pulse. The pump depletion is the ratio of the pump
energy used in the nonlinear interaction to the input pump energy. The threshold
energy for the OPO is determined by extrapolating a line fitted to the five points
of the signal energy versus pump energy curve which are measured close to the
threshold. Results are given as net values, that is, reflection and transmission
losses incurred by the optical components are taken into account.
The energies of the signal, pump and depleted pump pulses are measured by
an energy meter (Coherent Labmaster Ultima) with a pyroelectric energy sensor
(Coherent LMP5). The sensor has a wavelength-calibrated alumina diffuser plate
with approximately 25% transmission at 1064 nm in front.
The energy value of either the pump or signal is the average of the energies of
at least 100 consecutive pulses. Averaging is especially necessary for an accurate
measurement of the signal energies. Although pulse-to-pulse variation of pump
energy is within ±1% of its mean value, this variation in the signal energy is
typically ±5% for operation away from threshold. For operation near threshold,
the variation is much larger, typically in the order of ±30%. The pulse to pulse
energy fluctuations have contributions from the phase changes because of vibration and temperature change, from fluctuations in the pump pulses, and from the
quantum noise initiating the parametric oscillation [133, 134]. Phase changes can
become the dominant factor when the imperfect mirror coatings slightly reflect
the idler back into the OPO cavity, hence making the OPO sensitive to the phases
of the reflected waves [3, 134, 135].
Temporal profiles of the pump and signal pulses are captured by a 400-MHz
oscilloscope (HP-54502A). The pump (and depleted pump) and signal pulses are
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detected by silicon and germanium p-i-n photodiodes, respectively. The oscilloscope is optically triggered with a second Si diode placed at the exit of the laser.
Si and Ge photodiodes are specified to have rise-times less than 1 ns and 3.5 ns,
respectively, for a 50-ohm load.
Spectral measurements are performed using a 1/4-meter monochromator (CVI
Digikröm 240). The monochromator has three diffraction gratings with 300
grooves/mm, 600 grooves/mm and 1200 grooves/mm, which have upper wavelength scan limits of 6000 nm, 3000 nm and 1500 nm, respectively. Signal spectral
measurements are performed using the diffraction grating with 600 grooves/mm
and the minimum slit width of 10 µm which provide a measurement resolution
of approximately 0.12 nm.
Pump beam profile is obtained using a CCD camera (COHU 6400 series) and
a beam analyzer (Spiricon LBA-100A). The upper limit of the spectral operation
range of the CCD camera is 1100 nm, hence the signal beam profiles were not
measured.

3.4

OPOs Based on Crystal-1

The experimental configuration for the OPO based on crystal-1 is as described in
Section 3.2. Crystal-1 is 5 × 5 × 20 mm in size and cut along the θ = 90◦ and φ =
24◦ direction. A signal beam at 1530 nm and idler beam at 3493 nm are generated
from the pump at 1064 nm using the polarization geometry described in Section
3.2. At the propagation direction of θ = 90◦ and φ = 24◦ , the signal wavelength
is calculated to be 1528 nm using the Sellmeier equations in Ref. [129] and the
effective nonlinear coefficient deff is calculated to be 3 pm/V using the nonlinear
tensor data given in Ref. [127] with the correction due to walk-off included and
dispersion in the nonlinear coefficients taken into account by employing Miller’s
rule [128]. The pump and signal beams have relatively small walk-off angles
of 0.12◦ and 0.11◦ , respectively, which are calculated using the expressions in
Ref. [136], whereas the idler beam has no walk-off. The crystal has antireflection
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coatings for both the pump and signal wavelengths on both surfaces.

3.4.1

Output Energy versus Input Energy

Figure 3.3 shows the output signal energy, energy conversion efficiency and pump
depletion as functions of the pump energy for the crystal-1 OPO with the OC
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Figure 3.3: (a) Signal energy, (b) energy conversion efficiency, and (c) pump
depletion as functions of input pump energy of the crystal-1 OPO with the OC
reflectivities of R = 85% and R = 74%.
For the OPO with the R = 85% OC, a maximum of 9.1 mJ signal energy
is obtained at a pump energy of 39.6 mJ (3.2 times threshold), corresponding
to 22.9% energy conversion efficiency and 43.1% pump depletion. The threshold
energy of the OPO is 12.4 mJ. Using the pump depletion and signal energy data,
the residual cavity loss at the signal wavelength is calculated to be 4.5%. At full
input energy, the intracavity signal energy is 61.9 mJ.
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For the OPO with the R = 74% OC, again a maximum of 9.1 mJ signal energy
is obtained at a pump energy of 39.6 mJ (2.3 times threshold), corresponding
to 23% energy conversion efficiency and 38.8% pump depletion. The threshold
energy of the OPO is 17.1 mJ, which is higher than that of the OPO with the
R = 85% OC due to an increase in the total cavity loss experienced by the signal.
However, the residual cavity loss at the signal wavelength is calculated to be 4.5%
which is the same with the value for the OPO with the R = 85% OC. This is
as expected since only the useful loss experienced by the intracavity signal field
increases for a decrease in the reflectivity of the OC. Again due to the larger total
cavity loss compared to that of the OPO with the R = 85% OC, the intracavity
signal energy is lower, which is 34.4 mJ at full input energy.
Energy conversion efficiencies provided by the OPOs with the R = 85% and
R = 74% OCs are approximately the same. This suggests that the optimum output coupler reflectivity to be used for achieving the maximum energy conversion
efficiency is between 74% and 85%.

3.4.2

Time Profiles

During the build-up time for the signal and idler, the depleted pump profile
follows the pump profile. Just above threshold, the pump starts to be depleted,
parametric generation into signal and idler beams occurs and after a short period
the depleted pump profile exhibits a decline. For a larger input pump energy per
pulse, the decline is more rapid. The sharp decline of the depleted pump ends at
a time point where the depleted pump power is close to the threshold power of
the pump and provided that there is no backconversion of the signal energy into
the pump energy, the depleted pump decreases rather slowly after this point for a
period of time until the pump power falls below threshold [137,138]. The build-up
time required to achieve parametric oscillation causes a temporal compression of
the output signal pulse with respect to the pump pulse. For larger pump energies
per pulse, this time is shorter, hence the signal pulse is broader.
Time profiles of the pump and depleted pump pulses of the crystal-1 OPO

CHAPTER 3. NANOSECOND OPO EXPERIMENTS

48

with the R = 85% OC for varying pump energies are shown in Fig. 3.4. For the
same input pump levels, time profiles of the output signal pulses are shown in
Fig. 3.5. The pulse-widths (FWHM) of the corresponding pulses at each pump
level are given in Table 3.2. The pump pulse-width (FWHM) is kept fixed at
12.4±2% ns for these measurements.
It is clearly seen in Fig. 3.4 that as the pump energy increases, the pump
depletion starts earlier and hence the build-up time for the signal is less, which
is as expected. Sharp features of the depleted pump profiles for input energies
greater than 24.7 mJ are not resolved due to the bandwidth limitation imposed
by the fall-time of the detector. For increasing input pump energies, the pulsewidth of the depleted pump pulse decreases down to 9.3 ns at a pump energy
of 24.7 mJ, however then increases up to 11.9 ns at a pump energy of 39.5 mJ
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Figure 3.4: Time profiles of the pump pulse (dashed curves) and depleted pump
pulse (solid curves) of the crystal-1 OPO with the R = 85% OC for various input
pump energies Ein .
As shown in Fig. 3.5, as a result of an increase in pump energy, the signal
generation starts earlier due to the reduced build-up time. Furthermore, the
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signal pulse broadens with increasing pump energies resulting in pulse-widths
ranging from 7.9 ns at a pump energy of 17.8 mJ to 11.3 ns at a pump energy of
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Figure 3.5: Time profiles of the signal pulse of the crystal-1 OPO with R = 85%
OC for various input pump energies Ein .
Pump energy (mJ)
17.8
21.7
24.7
27.6
33.6
39.5

Pump (ns)
12.7
12.7
12.4
12.3
12.2
12.2

Depleted pump (ns)
9.7
9.5
9.3
9.8
11.8
11.9

Signal (ns)
7.9
8.7
9.0
10.0
10.4
11.3

Table 3.2: Pulse-widths (FWHM) for various pump energies.
For the OPO with the R = 74% OC, time profiles of the pump, depleted
pump, and signal with corresponding pulse-widths (FWHM) of 12.9 ns, 11.0 ns,
and 9.5 ns, respectively, are shown in Fig. 3.6. These profiles are measured at
the pump energy of 39.5 mJ. The signal pulse-width (9.5 ns) is less than the
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11.3 ns value measured for the OPO with the R = 85% OC pumped at the
same input energy. The reason for the reduced pulse-width is the larger cavity
loss experienced by the signal as a result of larger output coupling, the resultant
increase in pulse build-up time and decrease in the photon lifetime.
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Figure 3.6: (a) Time profiles of the pump (dashed curve) and depleted pump
(solid curve) pulses, (b) time profile of the signal pulse of the crystal-1 OPO with
the R = 74% OC. The pump energy is 39.5 mJ.

3.4.3

Signal Spectra

Our OPO exhibits broadband operation since the pump source is not an injection
seeded laser but exhibits multi-mode operation, the OPO is not injection seeded
or we do not use intracavity spectral filtering. The spectra of the signal beam
which have spectral bandwidths of 1.1 nm and 0.5 nm are shown in Fig. 3.7 for the
crystal-1 OPO with the R = 85% OC pumped at two different pump energies of
17.6 mJ and 39.6 mJ with the corresponding signal energies of 1.9 mJ and 9.1 mJ,
respectively. An increase in the input energy results in spectral narrowing due to
smaller number of cavity modes that are favored during the build-up time of the
parametric oscillation. Both spectra peak at 1529.7 nm, which is reasonably close
to the signal wavelength of 1528.3 nm calculated using Equations (3.3)–(3.5).
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Figure 3.7: Spectra of the signal beam of the crystal-1 OPO with the R = 85%
OC at the pump energies of 17.6 mJ and 39.6 mJ.

3.5

OPOs Based on Crystal-2

The experimental configuration for the OPO based on crystal-2 is as described
in Section 3.2. Crystal-2 is 5 × 5 × 20 mm in size and cut along the θ = 90◦ and
φ = 33◦ direction. A signal beam at 1523 nm and idler beam at 3530 nm are
generated from the pump at 1064 nm using the polarization geometry described
in Section 3.2. At the propagation direction of θ = 90◦ and φ = 33◦ , the signal
wavelength is calculated to be 1524 nm using the Sellmeier equations in Ref. [129]
and the effective nonlinear coefficient deff is calculated to be 2.8 pm/V using
the nonlinear tensor data given in Ref. [127] with the correction due to walkoff included and dispersion in the nonlinear coefficients taken into account by
employing Miller’s rule [128]. The pump and signal beams have relatively small
walk-off angles of 0.14◦ and 0.13◦ , respectively, which are calculated using the
expressions in Ref. [136], whereas the idler beam has no walk-off. The crystal
has antireflection coatings for both the pump and signal wavelengths on both
surfaces.
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Output Energy versus Input Energy

We have observed a structural inhomogeneity in crystal-2 depending on the lateral
position of the pump beam on the surface of the crystal which results in a variation
of the effective nonlinear coefficient. The crystal is displaced laterally in the
cavity and at several positions of the crystal with respect to the pump beam,
the performance of the OPO is investigated. The propagation direction of the
pump beam is kept fixed at θ = 90◦ and φ = 33◦ at all positions of the crystal.
The highest energy output is achieved at a certain position of the crystal, and
labelled as the first position. The OPO is characterized in terms of the output
signal energy, energy conversion efficiency and pump depletion at this position
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Figure 3.8: (a) Signal energy, (b) energy conversion efficiency, and (c) pump
depletion as functions of input pump energy of the crystal-2 OPO with the R =
85% OC for the first and second crystal positions.
Figure 3.8 shows the output signal energy, energy conversion efficiency and
pump depletion as functions of the pump energy for the OPO using the R = 85%
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OC with the crystal located at the first and second positions.
When the crystal is located at the first position, a maximum of 7.7 mJ signal
energy is obtained at a pump energy of 39.6 mJ (2.9 times threshold), corresponding to 19.5% energy conversion efficiency and 39.3% pump depletion. The
threshold energy of the OPO is 13.7 mJ. Using the pump depletion and signal
energy data, the residual cavity loss at the signal wavelength is calculated to
be 5.9%, which is slightly larger than the 4.5% value measured for the OPO
described in Section 3.4 due to the reduced reflectivity of the input mirror M1
at the signal wavelength (measured to be ∼1.5% less at the current wavelength
compared to the one for the crystal-1 OPO). At full input energy, the intracavity
signal energy is 52.3 mJ.
When the crystal is located at the second position, a maximum of 5.9 mJ
signal energy is obtained at a pump energy of 39.2 mJ (1.9 times threshold),
corresponding to an energy conversion efficiency of only 14.9% and a pump depletion of 29.4%. The threshold energy of the OPO is as high as 20.6 mJ. Using
the pump depletion and signal energy data, the residual cavity loss at the signal
wavelength is calculated to be 5.6%, which is similar to the value calculated for
the first position of the crystal. This suggests that no new residual cavity losses
are added for the second position of the crystal and hence the reduction in conversion efficiencies and the increase in the threshold energy compared to those
for the first crystal position can only be due to a reduction in the deff value of
the crystal as a result of the crystal inhomogeneity. Furthermore, at full input
energy, the intracavity signal energy is only 39.6 mJ.
For the first crystal position, the output signal energy of the crystal-2 OPO
(7.7 mJ) is about 15% less than that of the crystal-1 OPO (9.1 mJ) described
in Section 3.4 when the same OC (R = 85%) and pump energy (39.6 mJ) are
used for both cases. We attribute this discrepancy to possible differences in the
manufacturing processes of the crystals, the reduced reflectivity of M1 at the
signal wavelength of the crystal-2 OPO, and the reduced deff of the crystal-2
OPO (2.8 pm/V and 3.0 pm/V for crystal-2 and crystal-1, respectively) due to
the larger propagation angle φ as dictated by Equation (3.2).

CHAPTER 3. NANOSECOND OPO EXPERIMENTS

3.5.2

54

Time Profiles

For the OPO with the R = 85% OC and the crystal located at the first position,
time profiles of the pump, depleted pump, and signal with corresponding pulsewidths (FWHM) of 12.7 ns, 14.2 ns, and 10.4 ns, respectively, are shown in
Fig. 3.9. These profiles are measured at the highest pump energy of 39.6 mJ.
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Figure 3.9: (a) Time profiles of the pump (dashed curve) and depleted pump
(solid curve) and (b) the signal of the crystal-2 OPO with the R = 85% OC. The
pump energy is 39.6 mJ.

3.5.3

Signal Spectrum

For the OPO with the R = 85% OC and the crystal located at the first position, the signal spectrum measured at full energy is shown in Fig. 3.10. The
spectrum peaks at 1523.4 nm, which is quite close to the signal wavelength of
1524 nm calculated using Equations (3.3)–(3.5). The bandwidth of the spectrum
is approximately 0.9 nm.
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Figure 3.10: Spectrum of the signal beam of the crystal-2 OPO with the R = 85%
OC at a pump energy of 39.6 mJ. The crystal is located at the first position.

3.6

OPOs Based on Crystal-3

The experimental configuration for the OPO based on crystal-3 is as described
in Section 3.2. Crystal-3 is 5 × 5 × 20 mm in size and cut along the θ = 90◦ and
φ = 32.6◦ direction. A signal beam at 1524 nm and idler beam at 3525 nm are
generated from the pump at 1064 nm using the polarization geometry described
in Section 3.2. At the propagation direction of θ = 90◦ and φ = 32.6◦ , the
signal wavelength is calculated to be 1524 nm using the Sellmeier equations in
Ref. [129] and the effective nonlinear coefficient deff is calculated to be 2.8 pm/V
using the nonlinear tensor data given in Ref. [127] with the correction due to
walk-off included and dispersion in the nonlinear coefficients taken into account
by employing Miller’s rule [128]. The pump and signal beams have relatively
small walk-off angles of 0.14◦ and 0.13◦ , respectively, which are calculated using
the expressions in Ref. [136], whereas the idler beam has no walk-off. The crystal
has antireflection coatings for both the pump and signal wavelengths on both
surfaces.
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Output Energy versus Input Energy

Figure 3.11 shows the output signal energy, energy conversion efficiency and pump
depletion as functions of the pump energy for the crystal-3 OPO with the OC
reflectivity of R = 74%. A maximum of 7.2 mJ signal energy is obtained at a
pump energy of 39.8 mJ (1.8 times threshold), corresponding to 18.2% energy
conversion efficiency and 30.3% pump depletion. The threshold energy of the
OPO is 21.7 mJ. Using the pump depletion and signal energy data, the residual
cavity loss at the signal wavelength is calculated to be 4.3%. At full input energy,
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Figure 3.11: (a) Signal energy, (b) energy conversion efficiency, and (c) pump
depletion as functions of input pump energy of the crystal-3 OPO with the R =
74% OC.
The output signal energy of the crystal-3 OPO (7.2 mJ) is about 21% less
than that of the crystal-1 OPO (9.1 mJ) described in Section 3.4 when the same
OC (R = 74%) and similar pump energies (39.8 mJ and 39.6 mJ for the crystal3 and crystal-1 OPOs, respectively) are used for both cases. Similar to the
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case for the crystal-2 OPO described in Section 3.5, this discrepancy is due to
possible differences in the manufacturing processes of the crystals and the reduced
deff of the crystal-3 OPO (2.8 pm/V and 3.0 pm/V for crystal-3 and crystal-1,
respectively).

3.6.2

Time Profiles

For the crystal-3 OPO with the R = 74% OC , time profiles of the pump, depleted
pump, and signal with corresponding pulse-widths (FWHM) of 12 ns, 9.8 ns, and
7.9 ns, respectively, are shown in Fig. 3.12. These profiles are measured at the
highest pump energy of 39.8 mJ.
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Figure 3.12: (a) Time profiles of the pump (dashed curve) and depleted pump
(solid curve) pulses, (b) time profile of the signal pulse of the crystal-3 OPO with
the R = 74% OC.

3.6.3

Signal Spectrum

For the crystal-3 OPO with the R = 74% OC, the signal spectrum measured at
full energy is shown in Fig. 3.13. The spectrum peaks at 1524.0 nm, which is quite
close to the signal wavelength of 1524.2 nm calculated using Equations (3.3)–(3.5).
The bandwidth of the spectrum is approximately 0.7 nm.
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Figure 3.13: Spectrum of the signal beam of the crystal-3 OPO with the R = 74%
OC at a pump energy of 39.8 mJ.

3.7

Summary

In summary, we have demonstrated nanosecond optical parametric oscillators
based on three different KTA crystals. These OPOs are pumped at 0◦ of incidence
to the crystal surface by a Q-switched 1064 nm Nd:YAG laser producing 12.2ns-long pulses with a maximum energy of 40 mJ per pulse. The OPOs based
on crystal-1, 2, and 3 generate emission at the signal wavelengths of 1530 nm,
1523 nm and 1524 nm, respectively. These OPOs have been characterized in
terms of their output energies, time profiles and spectra. The highest pumpto-signal energy conversion efficiency obtained in these experiments is 22.9%,
corresponding to a pump depletion of 43.1%, which is achieved with the OPO
based on crystal-1 using an output coupler with a reflectivity of R = 85%. This
crystal is cut along a direction with an angle φ which is about 9◦ less than those of
the other crystals. Crystal-2 and 3 are employed in the sum-frequency generating
OPO devices described in the next chapter.

Chapter 4
Nanosecond Sum-Frequency
Generating Optical Parametric
Oscillator Experiments
In this chapter, we present our nanosecond sum-frequency generating optical
parametric oscillator experiments. These experiments were performed using two
KTA crystals with labels crystal-2 and crystal-3, which were also employed in
the nanosecond OPO experiments described in the previous chapter. The cutangles of these crystals are given in Table 3.1 in Chapter 3. Both crystals are
5×5×20 mm in size and their surfaces are anti-reflection coated for 1064 nm and
1525 nm.
The sum-frequency generating OPO (SF-OPO) in which crystal-2 is used for
both parametric generation and SFG is the first demonstration of an optical
parametric oscillator employing simultaneous phase matching and operating in
the nanosecond regime [52, 53]. Pumped by a nanosecond Q-switched Nd:YAG
laser at 1064 nm in a single-pass configuration, this compact device generates
red output pulses at 627 nm with more than 20% 1064-nm-to-627-nm energy
conversion efficiency.
A similar SF-OPO based on crystal-3 in which the pump at 1064 nm makes a
59
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double-pass through the KTA crystal generates red output pulses at 627 nm with
up to 29% 1064-nm-to-627-nm energy conversion efficiency. When this device
is pumped in a single-pass configuration, a energy conversion efficiency of more
than 19% is achieved.
We first describe the experimental configurations for the single-pass and
double-pass 1064-nm-pumped nanosecond SF-OPOs and explain how these devices are characterized. Subsequently, we present the results of the characterization of single-pass SF-OPOs based on crystal-2 in terms of their energy outputs,
input-output time profiles, spatial profiles, and spectra. We also present the results of a similar characterization for both double-pass and single-pass SF-OPOs
based on crystal-3. Finally, the previous work done for modelling nanosecond
OPOs is briefly explained and a model for nanosecond SF-OPOs is described
along with a comparison of its predictions with the experimental results.

4.1

Experimental Configurations

In this section, we first describe the experimental configuration for the single-pass
SF-OPO . This configuration is used for the SF-OPOs based on both crystal-2
and crystal-3. First, the details are given for the device based on crystal-2. Next,
the experimental configuration for the double-pass SF-OPO is described. This
configuration is only used for the crystal-3 SF-OPO. Within the same section, the
details related to the single-pass SF-OPO based on crystal-3 are also presented.

4.1.1

Single-pass SF-OPO Based on Crystal-2

Crystal-2 was designed so that when pumped at 1064 nm, it is simultaneously
phase matched for optical parametric generation and SFG at the signal and pump
wavelengths. The polarization diagram for the simultaneously phase-matched
interaction is already shown in Fig. 2.7 (Section 2.9.3). Type-II birefringent phase
matching facilitates optical parametric generation of a p-polarized (horizontal,
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fast axis) signal beam at 1525 nm and an s-polarized (vertical, slow axis) idler
beam at 3520 nm from the p-polarized pump beam at 1064 nm. SFG with an
s-polarized beam at the signal wavelength and a p-polarized beam at the pump
wavelength as its inputs is simultaneously phase-matched for the same direction
of propagation in the KTA crystal, again in a type-II polarization geometry.
Coupling a portion of the p-polarized intracavity signal beam to s-polarization
with a retarder plate facilitates the generation of a p-polarized sum-frequency
output beam at 627 nm. This simultaneous phase matching polarization geometry
belongs to class-D SF-OPOs, as defined in Ref. [59].
We experimentally determined that simultaneous phase matching for crystal-2
at our wavelengths occurs at θ = 90◦ and φ = 30.1◦ , requiring a corresponding tilt
(the cut-angle of the crystal is θ = 90◦ and φ = 33◦ ). This propagation angle is
approximately the same with the value calculated using the Sellmeier coefficients
given in Ref. [129] for parametric generation and those given in Ref. [131] for SFG.
While the beams polarized along the slow axis (z-axis) experience no walk-off, the
calculated walk-off angles associated with the beams polarized along the fast axis
are relatively small, with the maximum value being 0.15◦ for the sum-frequency
beam.
The experimental setup for the single-pass SF-OPO based on crystal-2 is
shown in Fig. 4.1. The pump source is a 4 Hz flash-lamp-pumped Q-switched
Nd:YAG laser operating at 1064 nm, generating 40 mJ pulses of 14.7 ns duration (FWHM). The pump laser is the same one used for the experiments described
in the previous chapter. The telescope lenses reduce the diameter of the pump
beam that has a slightly elliptic Gaussian-like spatial profile almost 2.5-fold resulting in a 1.6-mm-diameter beam (1/e2 intensity point) with a divergence of
0.8 mrad (full angle).
The 4.8-cm-long L-shaped cavity is made up of three flat mirrors, M1, M2,
and M3, which are all high reflectors at the signal wavelength. The pump beam
enters the cavity through M1 and exits the cavity through M2, making a single
pass. Both mirrors are also high transmitters at 1064 nm. When pumped above
threshold, a p-polarized intracavity signal beam is generated. An intracavity λ/4
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Figure 4.1: Experimental setup for the single-pass SF-OPO.
plate whose surfaces are antireflection coated at 1525 nm acts as a polarization
rotator to couple a portion of the signal beam to s-polarization. Simultaneously
phase-matched SFG results in the s-polarized component of the signal to be
summed with the pump beam to produce a sum-frequency beam at 627 nm. This
red beam exits the cavity through M2. The residual pump and red output beams
are separated from each other using dichroic mirrors M4 and M5. The idler beam
at 3520 nm is mostly absorbed in M2, M4, and M5, which are made from BK7
glass. Only a small amount of idler, 0.4 mJ at the highest input pulse energy, is
measured after these mirrors.
Replacing the high reflector M2 with an output coupling mirror for the signal
results in a dual-wavelength output at 1525 nm and 627 nm. We used this
device configuration for characterization purposes including the determination
of the simultaneous phase-matching angle and the signal wavelengths generated
by the device when the crystal is angle-tuned and estimation of the intracavity
signal energy of the SF-OPO. If the polarization rotation angle provided by the
intracavity retarder plate is set to be 0◦ , there will be no SFG and the device will
merely operate as an OPO where the resonant signal field is coupled out of the
cavity through M2. When M2 is an R = 85% OC at 1525 nm, the idler is totally
absorbed in this mirror, hence, instead of the idler beam, only the signal beam is
available after M4 and M5 in Fig. 4.1.
The pump beam of the SF-OPO based on crystal-2 is slightly smaller in
diameter than the one used for the OPO experiments (1.6 mm versus 2.2 mm)
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described in the previous chapter due to the larger supply voltage used for the
Nd:YAG laser and the resultant increase in thermal lensing in the Nd:YAG rod.
The spatial profile of the pump beam measured at 13 cm away from the input
face of the crystal is shown in Fig. 4.2. The peak pump intensity at the crystal
input for a maximum pulse energy of 40 mJ used in the experiments is calculated
to be 260 MW/cm2 . We chose not to increase our pump intensity any further
than this, since the damage threshold of the surface coatings on the KTA crystal
are specified to be 500 MW/cm2 for a 20-ns pulse at 1064 nm.
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Figure 4.2: Spatial profile of the pump beam of the single-pass SF-OPO based
on crystal-2 at 13 cm away from the input face of the crystal. (a) 3-D plot, (b)
contour plot.

4.1.2

Double-pass and Single-pass SF-OPOs Based on
Crystal-3

The simultaneous phase-matching polarization geometry for crystal-3 and wavelengths of the beams involved in both parametric generation and SFG processes
are the same with those given in the previous section. We experimentally determined that simultaneous phase matching for crystal-3 at these wavelengths
occurs at θ = 90◦ and φ = 30.8◦ , requiring a corresponding tilt (the cut-angle
of the crystal is θ = 90◦ and φ = 32.6◦ ). This propagation angle is still quite
close to the value calculated using the Sellmeier coefficients given in Ref. [129]
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for parametric generation and those given in Ref. [131] for SFG, which is θ = 90◦
and φ = 30.1◦ .
The experimental setup for the double-pass SF-OPO based on crystal-3 is
shown in Fig. 4.3. The pump source is the same with the one used for the
crystal-2 SF-OPO which generates 32 mJ pulses of 17.8 ns duration (FWHM)
with a 4 Hz repetition rate. The telescope lenses reduce the diameter of the pump
beam that has a slightly elliptic Gaussian-like spatial profile down to 1.3 mm at
the input face of the crystal and the resulting beam has a divergence of 3 mrad
(full angle). Smaller beam size and larger divergence angle are due to the larger
thermal lensing induced in the Nd:YAG rod by a new flash-lamp installed in place
of the old one. The spatial profile of the pump is similar to the one shown in
Fig. 4.2. The peak pump intensity at the crystal input for a maximum pulse
energy of 20 mJ used in the double-pass SF-OPO experiments is calculated to be
140 MW/cm2 .
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pump

telescope

1064 nm
λ /4 plate
M3

M1 KTA

M2 M4 M5
idler 3520 nm

signal
1525 nm
sum−frequency
627 nm

Figure 4.3: Experimental setup for the double-pass SF-OPO.
The 4.8-cm-long L-shaped cavity is made up of three flat mirrors, M1, M2,
and M3, which are all high reflectors at the signal wavelength. The pump beam
makes a double-pass through the KTA crystal as it enters the cavity through
M1, exits through M2, and returns into the cavity upon a reflection from the
high reflector mirror M4 placed about 3 mm away from M2. M4 is slightly
tilted to prevent the back-reflection from coupling into the pump laser cavity by
providing an angle of 0.2◦ between the directions of the incident and return pump
beams in the crystal. Both M1 and M2 are high transmitters at 1064 nm. When
pumped above threshold, a p-polarized intracavity signal beam is generated. An
intracavity λ/4 plate whose surfaces are antireflection coated at 1525 nm acts as
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a polarization rotator to couple a portion of the signal beam to s-polarization.
Simultaneously phase-matched SFG results in the s-polarized component of the
signal to be summed with the pump beam to produce a sum-frequency beam at
627 nm. This red beam exits the cavity through M2, passes through M4 and is
reflected by M5, which is a high reflector at 627 nm. The idler beam at 3520 nm
is totally absorbed in M2, M4, and M5, which are made from BK7 glass.
For the single-pass SF-OPO based on crystal-3, the experimental setup is
already described in the previous section. The pump beam characteristics are the
same as those given for the double-pass configuration. The peak pump intensity
at the crystal input for a maximum pulse energy of 30 mJ used in the single-pass
SF-OPO experiments is calculated to be 210 MW/cm2 . Only a small amount
of idler, 0.3 mJ at the highest input pulse energy, is measured after the mirrors
external to the cavity.

4.2

Characterization

For each SF-OPO, we measured 1064-nm-to-627-nm energy conversion efficiencies, pump threshold energies, pump depletion ratios, temporal profiles, spatial
profiles and spectra of the beams.
The energy conversion efficiency is the ratio of the output sum-frequency
energy per pulse to the input energy per pulse. The pump depletion is the ratio
of the pump energy used in the simultaneous parametric generation and SFG
processes to the input pump energy. The threshold energy for the SF-OPO is
determined by extrapolating a line fitted to five points of the sum-frequency
energy versus pump energy curve which are measured close to the threshold.
Results are given as net values, that is, reflection and transmission losses incurred
by the optical components are taken into account.
The energy value of either the pump, signal, or sum-frequency is the average of
the energies of at least 100 consecutive pulses. Averaging is especially necessary
for an accurate measurement of the signal and sum-frequency energies. Although
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pulse-to-pulse variation of pump energy is within ±1% of its mean value, this
variation in the sum-frequency energies is typically ±5% for operation away from
threshold. Reasons for a similar variation in the signal pulse energies of OPOs
which are given in Section 3.3 are also valid for the variation in the sum-frequency
pulse energies of SF-OPOs.
The equipment used in the SF-OPO experiments is the same as the equipment outlined in Section 3.3. The sum-frequency pulses are detected by the
Si photodiode. Sum-frequency spectral measurements are performed using the
monochromator with the diffraction grating that has 1200 grooves/mm and with
the minimum slit width of 10 µm. The resultant measurement resolution is approximately 0.06 nm. For measuring the time profile and relative energy of the
intracavity signal, the signal energy leaking through M3 (Figs. 4.1 and 4.3) is
detected by the Ge photodiode.

4.3

Results for the Single-Pass SF-OPO Based
on Crystal-2

In this section, we present the experimental results for the single-pass SF-OPO
based on crystal-3. The device is characterized in terms of its output energy
as functions of both the polarization rotation angle and the input pump energy,
the time profiles, spatial profiles, spectra of the beams and the experimental
simultaneous phase matching angle. We mainly focus on the single-pass SF-OPO
based on crystal-2 with a high reflector output mirror (M2 in Fig. 4.1), however
at the end of this section, we also present similar results for the SF-OPO with a
R = 85% OC at the signal wavelength.

4.3.1

Output Energy versus Polarization Rotation Angle

In the SF-OPO, there is an optimum polarization rotation angle that maximizes
the output pulse energy. When the fast axis of the intracavity retarder plate

CHAPTER 4. NANOSECOND SF-OPO EXPERIMENTS

67

is aligned with either the p- or s-polarization direction, there is no polarization
rotation. In this case, the intracavity signal beam does not have an s-polarized
component and hence there is no SFG. The residual cavity losses experienced
by the signal beam is relatively small (approximately 3%), resulting in a low
OPO threshold and high intracavity signal intensity. As the polarization rotation
angle is increased by rotating the retarder plate, a portion of the p-polarized
intracavity signal is coupled into s-polarization and SFG begins to take place.
However, rotating the signal polarization effectively increases the total linear
cavity loss experienced by the resonating p-polarized signal, increasing the OPO
threshold. Consequently, at some polarization rotation angle above the optimum
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Figure 4.4: (a) Energy conversion efficiency, (b) relative intracavity signal energy,
and (c) pump depletion as functions of polarization rotation angle α of the singlepass SF-OPO based on crystal-2. Pump energy is held fixed at 39.2 mJ.
Figure 4.4 shows the 1064-nm-to-627-nm energy conversion efficiency, relative
intracavity signal energy, and pump depletion as functions of the polarization
rotation angle α at a fixed pump energy of 39.2 mJ. A peak conversion efficiency
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of 21.1% is obtained at an optimum polarization rotation angle of 36◦ . At this
rotation angle, the pump depletion and intracavity signal energy are 36% and
44 mJ, respectively. The smallest α is chosen to be 18◦ to avoid damage to the
KTA crystal. At α = 18◦ , the energy conversion efficiency is 16.1%, the pump
depletion is 39.6%, and the intracavity signal energy is estimated to be 60 mJ.
Both the pump depletion and intracavity signal energy decrease monotonically
as α increases, due to the increasing total linear cavity loss experienced by the
resonating p-polarized signal. The SF-OPO falls below threshold at α = 80◦ .
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Figure 4.5: (a) Output energy, (b) energy conversion efficiency, (c) pump depletion, and (d) relative intracavity signal energy as functions of input pump energy
of the single-pass SF-OPO based on crystal-2. Polarization rotation angle is held
fixed at 36◦ .
Figure 4.5 shows the output sum-frequency energy, energy conversion efficiency, pump depletion, and relative intracavity signal energy as functions of the
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Figure 4.6: Optimum polarization rotation angle and maximum energy conversion
efficiency as functions of pump energy of the crystal-2 SF-OPO.
pump energy while the polarization rotation angle is held fixed at 36◦ . A maximum of 8.3 mJ sum-frequency energy is obtained at a pump energy of 39.5 mJ,
corresponding to 20.9% conversion efficiency and 37.1% pump depletion. At this
pump level, the intracavity signal energy is 44 mJ. The threshold energy of the
SF-OPO is 16.7 mJ at this polarization rotation angle.
For any input pump level, the output sum-frequency energy can easily be
maximized by adjusting the polarization rotation angle. Figure 4.6 shows the
maximum energy conversion efficiency and the optimum polarization rotation
angle as functions of the input pump energy. The optimum polarization rotation
angle decreases monotonically with decreasing pump energy.

4.3.3

Time Profiles

Figure 4.7 shows the time profiles of the pump, depleted pump, intracavity signal,
and sum-frequency pulses of the single-pass SF-OPO based on crystal-2. These
measurements were performed at the full input energy and optimum polarization
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rotation angle. The pulse durations (FWHM) are 14.7 ns, 12.5 ns, 13.2 ns,
and 10.4 ns for the pump, depleted pump, intracavity signal, and sum-frequency
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Figure 4.7: (a) Time profiles of the pump (dashed curve) and depleted pump
(solid curve), (b) intracavity signal, and (c) sum-frequency pulses of the crystal-2
SF-OPO.

4.3.4

Spectra of the Pump and Sum-Frequency

Figure 4.8 shows the spectra of the pump and sum-frequency beams obtained at
the full input energy and optimum polarization rotation angle. Both spectra have
a bandwidth of approximately 0.2 nm and the corresponding peaks are located
at 1064.2 nm and 626.7 nm.
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Figure 4.8: Spectra of (a) the pump and (b) sum-frequency beams of the singlepass SF-OPO based on crystal-2.
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Figure 4.9: 3-D plots for the spatial profiles of the sum-frequency beam at
(a) 56 cm and (c) 96 cm away from the input face of the crystal. The corresponding contour plots are shown in (b) and (d).
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Spatial Profiles of the Sum-Frequency Beam

Figure 4.9 shows the spatial profiles of the sum-frequency beam obtained at 56 cm
and 96 cm away from the input face of the crystal. These profiles are measured
at the full input energy and optimum polarization rotation angle. The divergence
of the beam is 1.8 mrad (full-angle), which is approximately 2.3 times of that of
the input pump beam. The beam diameter (1/e2 intensity point) at the exit face
of the crystal is about 2 mm and the beam has a peak intensity of 80 MW/cm2
at this point.

4.3.6

Simultaneous Phase-Matching Angle and Signal
Wavelengths with Angle-Tuning

The simultaneous phase-matching angle of parametric generation and SFG was
experimentally determined to be θ = 90◦ and φ = 30.1◦ for the SF-OPO based
on crystal-2. Figure 4.10 shows the sum-frequency energy at a fixed polarization
rotation angle of 28◦ and signal energy at a polarization rotation angle of 0◦ (no
SFG) as functions of the internal propagation angle φ (θ = 90◦ ). An output
coupler with a reflectivity of R = 85% at the signal wavelength was used for
mirror M2 in Fig. 4.1 for this measurement. The input pump energy was fixed
at 40 ± 0.6 mJ and the pump beam had a diameter of 2.2 mm (1/e2 intensity
point), a divergence of 0.9 mrad, and pulse duration of 15.6 ns. The spatial profile
of the pump beam was similar to the one shown in Fig. 3.2. It was possible to
rotate the crystal a maximum of 3.3◦ (internal) from the point of normal incidence
(φ = 33◦ ). The largest signal energy is obtained at the point of normal incidence,
however, the sum-frequency energy peaks at the simultaneous phase-matching
angle of φ = 30.1◦ .
Even with a R = 85% output coupler for the signal where the 1064-nm-to627-nm energy conversion efficiency is 8.6%, approximately 70% of the s-polarized
signal component becomes depleted. Consequently, a stronger depletion for the
s-polarized signal component can be expected for the case when M2 is a high

CHAPTER 4. NANOSECOND SF-OPO EXPERIMENTS

73

10

Energy (mJ)

8
signal (no SFG)
6

4

sum−frequency

2

0

29.5

30.0

30.5

31.0 31.5
φ (degrees)

32.0

32.5

33.0

Figure 4.10: Signal energy at a polarization rotation angle of 0◦ (no SFG) and
sum-frequency energy at a polarization rotation angle of 28◦ as functions of the
propagation direction in x-y plane of crystal-2 (θ = 90◦ ).
reflector at 1525 nm.
Inherently, it is not possible to angle-tune SF-OPOs when pumped by fixed
wavelength lasers, since the simultaneous phase matching condition occurs at a
single direction of propagation for a fixed pump wavelength. In our case, Fig. 4.10
shows that deviating from the simultaneous phase matching angle results in a
rapid decrease of sum-frequency energy.
It is difficult to find a single set of Sellmeier coefficients that is accurate
throughout the transparency range of a nonlinear crystal and valid for different
χ(2) processes. This is even more so for KTA, for which there are several sets of
quite different Sellmeier coefficients reported in the literature [122, 123, 129–131].
We determined which set to use for which process in an ad hoc fashion.
The simultaneous phase-matching angle determined experimentally is in excellent agreement with the value calculated using the Sellmeier coefficients given
in Ref. [129] for parametric generation and those given in Ref. [131] for SFG.
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Figure 4.11 shows the tuning curves of the signal wavelength calculated using
the refractive index data given in Ref. [129] for parametric generation of the ppolarized signal from the p-polarized pump and refractive index data given in
Ref. [131] for the sum-frequency generation process between the s-polarized signal and p-polarized pump. The intersection of the two curves occurs at φ = 30.1◦ ,
which is the simultaneous phase matching angle for these processes.
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Figure 4.11: Tuning curves of the signal wavelength calculated using the refractive
index data reported by Fenimore et al. [129] for parametric generation (signal is
p-polarized) and refractive index data reported by Feve et al. [131] for SFG (signal
is s-polarized). Measured signal wavelengths are also shown in the figure.
The Sellmeier coefficients given in Ref. [129] are more accurate than those
given in Ref. [131] for calculating the wavelengths for parametric generation.
Signal wavelengths measured for various values of φ are also shown in Fig. 4.11.
They are within ±0.7 nm of those calculated using the Sellmeier coefficients given
in Ref. [129]. However, using the Sellmeier coefficients given in Ref. [131] for
parametric generation results in more than 6 nm difference between the calculated
(not shown) and measured signal wavelengths.
We also conclude that the Sellmeier coefficients given in Ref. [131] are more
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accurate than those given in Ref. [129] for calculating the wavelengths of SFG.
If the Sellmeier coefficients given in Ref. [129] were used for both parametric
generation and SFG, the simultaneous phase matching angle would be calculated
to be φ = 24◦ , which is inconsistent with the experimental result.

4.3.7

Single-Pass Crystal-2 SF-OPO with Output Coupler

We also characterized the SF-OPO based on crystal-2 in terms of the sumfrequency energy as a function of the polarization rotation angle α and input
pump energy when an R = 85% OC for the signal is used instead of the high
reflector mirror M2 (Fig. 4.1).
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Figure 4.12: 1064-nm-to-627-nm and 1064-nm-to-1525-nm energy conversion efficiencies as functions of polarization rotation angle α of the single-pass SF-OPO
based on crystal-2 with the R = 85% OC for the signal. Pump energy is held
fixed at 38.9 mJ.
Figure 4.12 shows the 1064-nm-to-627-nm and 1064-nm-to-1525-nm energy
conversion efficiencies as functions of the polarization rotation angle α at a fixed
pump energy of 38.9 mJ. A peak 1064-nm-to-627-nm conversion efficiency of
14.4% is obtained at an optimum polarization rotation angle of 34◦ . At α = 34◦
where the pump depletion is 33.9%, there is also a signal output and the 1064-nmto-1525-nm energy conversion efficiency is 8.1%. At this point, the intracavity
signal energy is estimated to be 21 mJ.
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At α = 0◦ , there is no SFG, hence the largest output signal energy of 7.9 mJ is
obtained at this point, corresponding to a 1064-nm-to-1525-nm energy conversion
efficiency of 20.4%. Both the intracavity signal energy and pump depletion also
attain their largest values of 53 mJ and 38.7%, respectively at this point. The
output signal energy, intracavity signal energy and pump depletion all decrease
monotonically as α increases, due to the increasing total linear cavity loss experienced by the resonating p-polarized signal and the SF-OPO falls below threshold
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Figure 4.13: (a) Sum-frequency energy and (b) pump depletion as functions of
input pump energy of the single-pass SF-OPO based on crystal-2 with the R =
85% OC for the signal. α is held fixed at 34◦ .

Pump depletion (%)

Signal energy (mJ)

40
8

(a)

6
4
2
0

15

20 25 30 35
Pump energy (mJ)

40

(b)
30
20
10
0

15

20 25 30 35
Pump energy (mJ)

40

Figure 4.14: (a) Signal energy and (b) pump depletion as functions of input pump
energy of the single-pass SF-OPO based on crystal-2 with the R = 85% OC for
the signal. There is no SFG, since α is held fixed at 0◦ .
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Figure 4.13 shows the output sum-frequency energy and pump depletion as
functions of the pump energy while α is held fixed at 34◦ . A maximum of 5.5 mJ
sum-frequency energy is obtained at a pump energy of 39.1 mJ, corresponding to
14.1% conversion efficiency and 34.2% pump depletion. At this pump level, there
is also a signal output of 3.3 mJ, corresponding to a 1064-nm-to-1525-nm energy
conversion efficiency of 8.4%. The threshold energy of the SF-OPO is 17.7 mJ at
this polarization rotation angle.
Figure 4.14 shows the output signal energy and pump depletion as functions
of the pump energy while α is held fixed at 0◦ . In this case, there is no SFG and
the device merely operates as an OPO. The threshold energy is determined to be
14.6 mJ.
Figure 4.15 shows the spectra of the signal and sum-frequency beams obtained
at the full input energy and optimum polarization rotation angle (α = 34◦ ). The
signal and sum-frequency spectra peak at 1525.0 nm and 626.7 nm, respectively,
and the corresponding bandwidths are approximately 0.5 nm and 0.2 nm. The
pump spectrum is similar to the one shown in Fig. 4.8.

1.0
0.8
0.6
0.4
0.2
0.0

Sum−frequency
Relative Intensity

Relative Intensity

Signal

1524
1525
1526
Wavelength (nm)

1.0
0.8
0.6
0.4
0.2
0.0

626.2 626.6 627.0
Wavelength (nm)

Figure 4.15: Spectra of the signal and sum-frequency beams of the single-pass
SF-OPO based on crystal-2 with the R = 85% OC for the signal.
At the full input energy and α = 34◦ , the sum-frequency and signal outputs
have pulse durations (FWHM) of 9.4 ns and 11.0 ns, respectively. At the full
input energy and α = 0◦ , the signal pulse duration is 14.0 ns which is longer than
the previous case due to the reduced total cavity loss.
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Results for the Double-Pass and Single-Pass
SF-OPOs Based on Crystal-3

In this section, we present the experimental results for the double-pass and singlepass SF-OPOs based on crystal-3. We mainly focus on the double-pass configuration, however we also compare the experimental results for this configuration
with the results that are available for the single-pass configuration. The doublepass device is characterized in terms of its output energy as functions of both
the polarization rotation angle and the input pump energy, time profiles, spatial
profiles, spectra of the beams, and the signal wavelengths generated by the device
when the crystal is angle-tuned.

4.4.1

Output Energy versus Polarization Rotation Angle

We first determined the polarization rotation angle α which maximizes the output sum-frequency energy at the maximum input pump energy of the double-pass
crystal-3 SF-OPO. Figure 4.16 shows the 1064-nm-to-627-nm energy conversion
efficiency and relative intracavity signal energy as functions of α at a fixed pump
energy of 20.4 mJ. A peak conversion efficiency of 28.7% is obtained at an optimum polarization rotation angle of 36◦ . At this rotation angle, the intracavity
signal energy is 33 mJ. The smallest α is chosen to be 22◦ to avoid damage to
the KTA crystal. At this rotation angle, the energy conversion efficiency is 25.2%
and the intracavity signal energy has a maximum value of 45 mJ. The intracavity
signal energy decreases monotonically as α increases, due to the increasing total
linear cavity loss experienced by the resonating p-polarized signal. The SF-OPO
falls below threshold at α = 90◦ . In the double-pass configuration, the pump depletion could not be measured since the incident and return pump beams almost
overlap each other.
Similarly, for the single-pass crystal-3 SF-OPO, the optimum polarization
rotation angle which maximizes the output sum-frequency energy at an input
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Figure 4.16: (a) Energy conversion efficiency and (b) relative intracavity signal
energy as functions of α of the double-pass SF-OPO based on crystal-3. Pump
energy is held fixed at 20.4 mJ.
pump energy of 30.3 mJ is determined to be 38◦ . At α = 38◦ , the 1064-nm-to627-nm energy conversion efficiency is 19% and the pump depletion is 30%. The
residual cavity loss is calculated to be approximately 2.5%, which is also valid for
the double-pass configuration.

4.4.2

Output Energy versus Input Energy

Figure 4.17 shows the output sum-frequency energy as a function of the input
pump energy for both double-pass and single-pass configurations. The pump
depletion as a function of the pump energy is only shown for the single-pass
configuration. The rotation angle α is held fixed at the previously determined
optimum values of 36◦ and 38◦ for the double-pass and single-pass configurations,
respectively.
For the double-pass configuration, a maximum of 5.8 mJ sum-frequency energy is obtained at a pump energy of 20.3 mJ, corresponding to 28.4% conversion
efficiency. The threshold energy of the double-pass SF-OPO is 7.7 mJ. For the
single-pass configuration, again a maximum of 5.8 mJ sum-frequency energy is
obtained at a pump energy of 30.3 mJ, corresponding to 19.1% conversion efficiency and 30% pump depletion. The threshold energy of the single-pass SF-OPO
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Figure 4.17: Output energies as functions of input pump energy of the doublepass and single-pass SF-OPOs based on crystal-3. Pump depletion as a function
of pump energy of the single-pass SF-OPO is also shown. α is held fixed at 36◦
and 38◦ for the double-pass and single-pass SF-OPOs, respectively.
is 15 mJ. We note that the threshold energy of the double-pass SF-OPO is almost
half of that of the single-pass SF-OPO and a remarkably larger energy conversion
efficiency is achieved using the double-pass configuration.
Similar to the single-pass crystal-2 SF-OPO, for any input pump level, the
output sum-frequency energy of the double-pass crystal-3 SF-OPO can easily be
maximized by adjusting the polarization rotation angle. Figure 4.18 shows the
maximum energy conversion efficiency and the optimum polarization rotation
angle as functions of the input pump energy for the double-pass configuration.
The optimum polarization rotation angle decreases monotonically with decreasing
pump energy.
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Figure 4.18: Optimum polarization rotation angle and maximum energy conversion efficiency as functions of pump energy of the double-pass crystal-3 SF-OPO.

4.4.3

Time Profiles

Figure 4.19 shows the time profiles of the pump and sum-frequency pulses of both
double-pass and single-pass SF-OPOs based on crystal-3. The sum-frequency
pulse profile for each configuration is obtained at the full input energy (20.4 mJ
and 30.3 mJ, for double-pass and single-pass, respectively) and at the optimum
polarization rotation angle for the particular configuration. The pump pulse duration (FWHM) for both cases is 17.8 ns. The pulse durations of the sum-frequency
beam are 14.2 ns and 12.5 ns for the double-pass and single-pass configurations,
respectively. For the double-pass configuration, higher energy conversion efficiency results in a broader sum-frequency pulse.

CHAPTER 4. NANOSECOND SF-OPO EXPERIMENTS

Double−pass

Single−pass
1.0
Relative intensity

1.0
Relative intensity

82

0.8
0.6
0.4
0.2
0.0
20 30 40 50 60 70 80
Time (ns)

0.8
0.6
0.4
0.2
0.0
20 30 40 50 60 70 80
Time (ns)

Figure 4.19: Time profiles of the pump (dashed curves) and sum-frequency (solid
curves) pulses of the double-pass and single-pass SF-OPOs.

4.4.4

Spectrum of the Sum-Frequency

The bandwidth of the pump beam is approximately 0.2 nm. Figure 4.20 shows
the spectra of the sum-frequency output measured at full energy for the doublepass and single-pass configurations with the corresponding bandwidths of 0.16 nm
and 0.2 nm, respectively. The spectral shift in the peak location observed for the
double-pass configuration (∼0.04 nm) is due to a shift in the signal wavelength
resulting from the slight tilt between the propagation axes of the incident and
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Figure 4.20: Spectra of the sum-frequency beam for the double-pass and singlepass configurations.
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Spatial Profiles of the Sum-Frequency Beam

Figure 4.21 shows the spatial profiles of the sum-frequency beam of the doublepass crystal-3 SF-OPO obtained at 56 cm and 96 cm away from the input face
of the crystal. These profiles are measured at the full input energy and optimum
polarization rotation angle. The divergence of the beam is 1.9 mrad (full-angle),
which is similar to that of the single-pass SF-OPO based on crystal-2. The beam
diameter (1/e2 intensity point) at the exit face of the crystal is about 1.9 mm
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Figure 4.21: 3-D plots for the spatial profiles of the sum-frequency beam at
(a) 56 cm and (c) 96 cm away from the input face of the crystal. The corresponding contour plots are shown in (b) and (d).

4.4.6

Simultaneous Phase-Matching Angle and Signal
Wavelengths with Angle-Tuning

For the SF-OPO based on crystal-3, the simultaneous phase matching angle for
parametric generation and SFG was experimentally determined to be θ = 90◦
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and φ = 30.8◦ , which is the angle that maximizes the 1064-nm-to-627-nm energy
conversion efficiency. This angle is quite close to the predicted value of θ = 90◦
and φ = 30.1◦ using the Sellmeier coefficients given in Ref. [129] for parametric
generation and those given in Ref. [131] for SFG.
Figure 4.22 shows the signal wavelengths measured for various values of angle
φ (θ = 90◦ ) for the single-pass SF-OPO based on crystal-3. An output coupler
that has a reflectivity of 85% at the signal wavelength was used for this measurement. Tuning curves of the signal wavelength calculated using the refractive
index data given in Ref. [129] for parametric generation and refractive index data
given in Ref. [131] for SFG are also shown in Fig. 4.22. Measured signal wavelengths are within ±0.5 nm of those calculated using the Sellmeier coefficients
given in Ref. [129].
1532
measured
Fenimore et al. (OPO)
Feve et al. (SFG)

Signal wavelength (nm)

θ=90°
1530

1528

φ=30.1°
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Figure 4.22: Signal wavelengths measured for various values of φ for the singlepass crystal-3 SF-OPO with the R = 85% OC. Tuning curves of the signal
wavelength calculated using the refractive index data reported by Fenimore et
al. [129] for parametric generation (signal is p-polarized) and refractive index
data reported by Feve et al. [131] for SFG (signal is s-polarized) are also shown.
Points corresponding to the predicted and experimentally determined simultaneous phase-matching angles are indicated in the figure.
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Numerical Modelling

Our work on nanosecond OPOs is purely experimental. However, the description
and results of a numerical model for a nanosecond SF-OPO which was reported in
Ref. [104] are also presented here for the sake of completeness. We first review the
previous work that was done for modelling nanosecond OPOs. Next, we briefly
describe the numerical model reported in Ref. [104]. Finally, predictions of the
model and experimental results are compared.

4.5.1

Models for Nanosecond OPOs

Because nanosecond OPOs operate in the transient regime, models developed for
cw OPOs cannot accurately predict their behavior and a dynamic model is necessary [137]. Brosnan and Byer et al. [132] used analytical expressions for predicting
the threshold intensity of a nanosecond OPO. Using the assumption of low pump
depletion, two other models [139,140] added optical cavity modes and crystal birefringence to this analysis. However, the assumption of low pump depletion is not
valid even for pump energy levels slightly higher than threshold energies, therefore
these models are only accurate for predicting the threshold energies or intensities.
A nanosecond OPO model based on numerical integration of the frequency-mixing
equations for plane-waves was proposed [141]. This model was used for modelling
a linear-cavity OPO based on KTP. Although good agreement with the experimental results was achieved by adjusting the nonlinear coefficient deff , the model
is inaccurate since diffraction is neglected. Another numerical model proposed by
Smith et al. [142] includes all the relevant physics such as diffraction, birefringent
walk-off, and pump depletion for a seeded, nanosecond OPO pumped by a singlefrequency pump laser. The predictions of the model were shown to agree quite
well with the observed performance of a KTP ring OPO. The primary limitation
of this model is its assumption of narrow-bandwidth operation, which is valid for
injection-seeded, single-longitudinal-mode devices pumped by single-longitudinalmode pulses. Urschel et al. [143] used the model described in Ref. [142] for the
numerical simulation of the spatio-temporal dynamics of the pulse formation in
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nanosecond OPOs. This method successfully predicted the temporal evolution of
the beam quality factor M 2 during the signal pulse formation of a nanosecond
OPO based on BBO [144].
Most nanosecond OPOs reported in the literature use linear cavities due to
their simple design and are pumped by multimode laser sources. These OPOs exhibit multimode or broad-bandwidth operation. Several theoretical treatments of
multimode OPOs were published [133, 145–149]. The models in Refs. [145–147],
which are based on an early theory of OPOs by Yariv et al. [150], provide a
rate-equation-based approach. These models make use of the assumption of
spatially uniform fields which is invalid for nanosecond OPOs, since even the
resonated signal is nonuniform in these devices due to the relatively high output coupling. Furthermore, these models neglect the group-velocity terms in the
coupled mode-equations, and hence they provide a poor description for multimode OPOs. Another model which allows for nonuniform fields but neglects
group-velocity differences of the waves was reported [148]. More realistic models
described in Refs. [133,149] allow for different group velocities of the waves, however incorporating diffraction and birefringent walk-off into these models results
in a prohibitively large computational cost.

4.5.2

Numerical Model for the SF-OPO

The steady-state plane-wave analysis of SF-OPOs was previously reported [59].
However, nanosecond SF-OPOs operate in the transient regime, hence the temporal evolution of the waves should be taken into account. A numerical model for
nanosecond SF-OPOs was reported in Ref. [104]. This model follows the procedure outlined in [142] with the coupled-mode equations being modified to include
the equations for the simultaneous SFG.
Similar to the model for OPOs described in [142], this numerical model for
nanosecond SF-OPOs assumes narrow-bandwidth operation. However, our SFOPO produces multimode or broad-bandwidth output due to the facts that our
pump laser is not injection-seeded, we did not use spatial filtering or any other
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methods to obtain a pure Gaussian pump beam, our SF-OPO is not injectionseeded and it uses a standing-wave cavity. Nevertheless, there is qualitative
agreement between the predictions of the model for monochromatic waves and
experimental results.
In this model, a Gaussian pulse fitted to the temporal profile of the pump
laser is discretized with a series of time slices separated by the round-trip time
for the SF-OPO cavity. The time integrated transverse profile of the pump beam
measured at the input face of the crystal by a CCD camera is also discretized
with a spatial grid. Since the divergence of the pump beam is relatively low, the
phase-front of the input pump beam is assumed to be flat at the input face of
the crystal. For each time slice, the spatial profile of the pump is propagated
along the nonlinear crystal after proper scaling for calculating the input intensity
of the pump beam at each spatial grid location is performed. Propagation of
the pump and other waves in the nonlinear crystal and in free space are handled
using the Fourier transforms of the fields in the transverse dimension. For each
time slice, the phases and amplitudes of the depleted pump, p-polarized and spolarized signal, idler and sum-frequency fields over their transverse profiles are
calculated at discrete locations along the propagation direction. The p-polarized
signal spatial profile is updated at the input face of the crystal after a propagation
around the cavity with the residual (or useless) cavity loss and loss due to coupling
into the s-polarized signal taken into account. This procedure is repeated for
the duration of the pump pulse. It is assumed that the cavity is purely singlyresonant for the signal. The idler and sum-frequency beams at the crystal input
surface are assumed to be nonexistent and residual reflections of all beams from
optical surfaces are neglected. The s-polarized signal is assumed to be completely
depleted by SFG following a pass through the nonlinear crystal in the forwardpropagation direction.
For each time slice in the temporal profile of the pump, the coupled-mode
equations that describe the simultaneously-phase-matched parametric generation
and SFG processes in the nonlinear crystal of a class-D SF-OPO can be written
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as [59, 142]
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(4.1)
(4.2)
(4.3)
(4.4)
(4.5)

where Am represent the complex field amplitudes of the optical electric field
Em (x, y, z, t) = Re {Am (x, y, z, t) exp[j(ωm t − km z)]}

(4.6)

and m = 1, 2, 3, 4, 6 index the fields idler, signal, pump, rotated signal and
sum-frequency, respectively. In the equations above, dea and deb are the effective
nonlinear coefficients for parametric generation and SFG, respectively. Diffraction terms are included, however beam walk-off terms are neglected since walk-off
angles of the p-polarized beams are relatively small. Transmission losses experienced by the fields at the wavelengths of interest in KTA are negligible, hence
not included.
Fourier transforming Equations (4.1)–(4.5) into the spatial-frequency domain
results in
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=
=
=
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(4.10)
k4
n4 c
ω6 deb
j2π 2 2
(νx + νy2 )Ã6 − j
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where νx and νy are the spatial frequencies in x and y directions, respectively,
Ãm (νx , νy , z, t) (m = 1, 2, 3, 4, 6) are the Fourier transforms of the complex field
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amplitudes, and F Fourier-transforms a function f (x, y, z, t) in the transverse
dimension by calculating
ZZ ∞
f (x, y, z, t) exp [−j2π(νx x + νy y)] dxdy.

(4.12)

−∞

Equations (4.7)–(4.11) are integrated using the Runge-Kutta algorithm [151].
At the beginning of each z step, Ãm (νx , νy , z, t) terms are inverse Fourier transformed to obtain Am (x, y, z, t) and the arguments of the Fourier transform function F in (4.7)–(4.11) are calculated.
In the double-pass configuration, the pump is reflected back into the cavity
by M4. For the return pass, phase-matched parametric generation still occurs
through the interaction of the reflected pump and resonating p-polarized signal,
however there is no SFG under the assumption that s-polarized signal becomes
completely depleted in the forward pass through the crystal. Equations (4.7)–
(4.9) without the term due to SFG (the last term in Equation (4.9)) are integrated
in the return pass to account for parametric generation. The idler is again assumed to be nonexistent at the starting location of the interaction (exit face of
the crystal). For the return pass of the single-pass configuration, it is assumed
that no nonlinear interaction occurs between the waves.
On the return pass, as the p-polarized signal makes a double-pass through
the λ/4 plate and its polarization is rotated by an angle of α, hence the updated
complex field amplitudes of the p- and s-polarized components after rotation are
given by
A02 = A2 cos α and A04 = A2 sin α.

(4.13)

The Gaussian pulse fitted to the time profile of the pump laser which has
a 17.8 ns pulse duration (FWHM) is discretized with 130 time slices each with
a duration of the cavity round trip time of our SF-OPO which is 423 ps. The
transverse spatial grid is typically 32 × 32 or 64 × 64 covering a computation
area of 4.7 × 4.7 mm, which is the active CCD array size. When the output
energy values calculated using a 128 × 128 grid are compared with those obtained
using 32 × 32 and 64 × 64 grids, there are typically differences of 4% and 1%,
respectively, between the results.

CHAPTER 4. NANOSECOND SF-OPO EXPERIMENTS

90

Even when there is no polarization rotation (α = 0), p-polarized signal intensity (or energy) experiences a residual cavity loss. In the model, this loss is
chosen to be the same with the experimentally determined value of 2.5%. Values
that are used for the effective nonlinear coefficients dea and deb are 2.9 pm/V and
3.2 pm/V, respectively. These values are calculated using the recently published
data for the nonlinear tensor of KTA [127] with the correction due to walk-off
included and the dispersion in the nonlinear coefficients taken into account by
employing Miller’s rule [128]. For this calculation, the Sellmeier coefficients given
in Ref. [129] and Ref. [131] are used for parametric generation and SFG, respectively, at the simultaneous phase matching angle of θ = 90◦ and φ = 30.1◦ .
A seed power of 1 nW is used for the signal in the model calculations. This
value represents the spontaneous parametric fluorescence for the value of the
pump power at the first time slice of the time profile [152]. However, this value can
be much larger than the true parametric fluorescence coupled into a cavity mode
which initiates the oscillation. It was also observed that the model calculations are
weakly dependent on the choice of the signal seed power. For instance, decreasing
the seed power by 3 and 6 orders of magnitude resulted in calculated values of
the 1064-nm-to-627-nm energy conversion efficiency that are lower than the value
for 1 nW seed power by 1.2% and 2.4%, respectively. This comparison was done
for the double-pass SF-OPO operated at full input energy and optimum α.

4.5.3

Predictions of the Model and Discussion

Figure 4.23 shows the predictions of the model for the 1064-nm-to-627-nm energy
conversion efficiency as a function of the polarization rotation angle α at a fixed
pump energy of 20.4 mJ for the double-pass configuration. The experimental
results are also shown in the same figure. The model predicts a peak conversion
efficiency of 37.2% calculated at the optimum rotation angle α = 30.3◦ , whereas
the experimental results for the maximum conversion efficiency and optimum α
are 28.7% and 36◦ , respectively.

Energy conversion efficiency (%)
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Figure 4.23: Calculated and measured energy conversion efficiency as a function
of α for the double-pass configuration. Pump energy is held fixed at 20.4 mJ.
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Figure 4.24: Calculated (dashed lines) and measured (filled circles) for the output
sum-frequency energy as a function of pump energy for the double-pass configuration. Pump depletion predicted by the model is also shown. α = 30.3◦ and
α = 36◦ for the model calculation and experiment, respectively.
Figure 4.24 shows the results of the model for the output energy as a function of the pump energy calculated at α = 30.3◦ along with the experimental
results. The model predicts a maximum output energy of 7.6 mJ obtained at
the maximum pump energy used in the experiment, which is 20.3 mJ, whereas in
the experiment a maximum output energy of 5.8 mJ was obtained at this pump
level. The model predicts a pump depletion of 54.2% at the same pump level.
The predicted threshold energy is only 4.2 mJ.
Figure 4.25 shows the temporal profiles of the sum-frequency pulse predicted

CHAPTER 4. NANOSECOND SF-OPO EXPERIMENTS

92

by the model and obtained in the experiment. Both profiles are for the maximum input energy and the corresponding optimum α. The model predicts a
pulse duration (FWHM) of 15.8 ns, whereas 14.2 ns is the value measured in the
experiment.
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Figure 4.25: Calculated and measured time profile of the sum-frequency pulse for
the double-pass configuration.
There are several factors that result in discrepancies between the model calculations and experimental results. Similar to the case for unseeded OPOs [142],
this model predicts generally higher conversion efficiencies than the ones obtained
in the experiment. This is to be expected since the model is for waves of monochromatic nature, hence for narrow-bandwidth operation. Also, an upper limit
for the signal seed power was used in the model calculations. Furthermore, in
the model, no attempt to fit the predictions of the model to the data was made
by adjusting any one of the physical parameters. For instance, the results are
strongly dependent on the value of the effective nonlinear coefficients of the nonlinear processes dea and deb . The values used in the model calculations were
derived from those reported literature using Miller’s scaling, which is only an
approximation for taking the wavelength dependence of the effective nonlinear
coefficient into account. It was observed that even a few percent change in one of
these coefficients may result in up to 10% change in the energy of the resultant
sum-frequency pulse. Nevertheless, the model is the first model reported for SFOPOs operating in the nanosecond regime and is in qualitative agreement with
the experimental results.
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Summary

In this chapter, we experimentally characterized nanosecond SF-OPOs that employ a single KTA crystal for both parametric generation and SFG. Two KTA
crystals with slightly different cut angles are used in these experiments. The
SF-OPOs are pumped by a Q-switched Nd:YAG laser operating at 1064 nm.
The SF-OPO based on crystal-2 is the first demonstration of a nanosecond
upconversion OPO using simultaneous phase matching. This device generates
627 nm pulses with a pulse-width of 10.4 ns and with a pulse energy of 8.3 mJ,
corresponding to a 1064-nm-to-627-nm energy conversion efficiency of 21%, when
pumped in a single-pass configuration. The device is characterized in terms of
its energy output as functions of polarization rotation angle and input pump
energy. Time profiles, spatial beam profiles and spectra of the output are also
given. The simultaneous phase matching characteristics of the device is described.
Similar characterization is also presented when the output mirror of the device is
a partially transmitting mirror at the signal wavelength.
The SF-OPO based on crystal-3 is pumped in both single-pass and double-pass
configurations. The double-pass SF-OPO based on crystal-3 generates 627 nm
output pulses with a pulse-width of 14.2 ns and with a pulse energy of 5.8 mJ,
corresponding to a 1064-nm-to-627-nm energy conversion efficiency of 29%. This
device is characterized in terms of its energy output as functions of polarization
rotation angle and input pump energy, time profiles, spatial beam profiles and
spectra of the output. These results are compared with a similar characterization
performed for the single-pass SF-OPO based on the same crystal. The doublepass pumping scheme proves to be useful for increasing the energy conversion
efficiency. The simultaneous phase matching characteristics of the SF-OPO based
on crystal-3 is shown to be similar to that of the SF-OPO based on crystal-2.
Finally, previous models developed for nanosecond OPOs are reviewed and a
numerical model for nanosecond OPOs is described. The model calculations are
compared with the experimental results for the double-pass SF-OPO. The model
is in qualitative agreement with the experiment.

Chapter 5
Plane-Wave Modelling of
Continuous-Wave Intracavity
Optical Parametric Oscillators
An intracavity optical parametric oscillator (IOPO) is formed by constructing an
OPO inside a laser cavity. Owing to high intracavity laser intensities, these oscillators have been extensively used for generating tunable near- to mid-infrared
radiation with higher power conversion efficiencies compared to the externally
pumped OPOs, especially in the continuous-wave regime. In recent years, several experimental demonstrations of such devices operating in cw [153–163] and
pulsed [119,137,164–179] regimes have been made. In particular, cw operation of
singly resonant IOPOs based on the birefringent nonlinear materials KTP [154]
and KTA [156] and the quasi-phase-matched nonlinear materials periodically
poled LiNbO3 [155,158,159,162,163], RbTiOAsO4 [157,161,163], and KTP [160],
pumped internally by argon-ion-laser-pumped Ti:sapphire lasers [154–157,160] or
diode-pumped Nd:YVO4 lasers [158, 159, 161–163] was demonstrated.
The first theoretical model for a cw doubly-resonant IOPO for which both the
signal and idler fields are assumed to be resonant in the OPO cavity was developed back in early 1970’s [180]. This model used a plane-wave analysis with a
94
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constant resonant field approximation (no spatial variation along the propagation
axis for the laser, signal and idler fields) and a small-signal model for the laser.
Another model extended this theory to include the temporal variation of the laser
population inversion in an attempt to explain the dynamics of doubly-resonant
IOPOs operating in the pulsed regime [181]. A more recent model treated the
dynamics of pulsed IOPOs for which only the signal field is resonant in the OPO
cavity [182]. This model neglected both the time dependence of the idler field
and the spatial variation of the resonant fields (laser and signal) along the propagation axis, however took the spatial variation of the nonresonant idler and time
variation of the resonant fields into account. A later model extended this previous
model to include a multi-frequency intracavity laser field and provided methods
to optimize the signal and idler outputs for cw singly-resonant IOPOs [183]. Another approach for numerical calculation of the temporal profile of the laser and
signal pulses inside a pulsed singly-resonant IOPO was recently proposed [171].
Unlike the previous models, this model accounted for the spatial variation of
the resonant fields (laser and signal) in the propagation direction in the nonlinear crystal along with the spatial variation of the nonresonant idler. A similar
model further included the temporal variation of the phase of the intracavity laser
field [184].
Here, we present a model for end-pumped cw singly-resonant IOPOs. We
employ plane-waves in our model and assume that there is perfect phase-matching
and no walk-off in the nonlinear crystal. We account for the spatial variation of
the intracavity laser field along the propagation axis in the laser crystal and
the spatial variations of the intracavity laser (or the OPO pump), signal and
idler fields along the same axis in the nonlinear crystal. When compared to the
previous model [183] for the cw IOPOs, our model is expected to yield more
accurate results at high pump levels and/or for long OPO crystals with high
nonlinearities.
In our model, we use the pertinent laser and OPA equations describing the
variation of the field amplitudes along the axis of propagation and iteratively
solve them employing an approach similar to the one used by Aytür et al. [58]
and Dikmelik et al. [59] to obtain a self-consistent solution for these amplitudes in
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the laser and OPO cavities. We further determine the useful loss of the optimum
output coupler (OC) of the OPO cavity for the generation of the highest photon
conversion efficiency corresponding to the signal or the idler. We only consider
the travelling-wave IOPOs in our model, however our method can readily be
extended to a model for the standing-wave IOPOs.
Continuous-wave singly-resonant IOPOs based on Ti:sapphire as the laser
crystal [154–157, 160] provide the advantage of tuning the intracavity laser field
or the OPO pump over a wide range of frequencies. In this work, we chose to apply
our method for singly-resonant IOPOs internal to the cavity of a Ti:sapphire laser
end-pumped by an argon-ion laser.
We first present the device configuration of a travelling-wave IOPO and the
assumptions of the model. Next, we present the laser model. The coupled-mode
equations for the OPA and their solutions have been already given in Section 2.6
of Chapter 2, hence will not be repeated. Subsequently, we combine the equations
for the laser and the OPA to obtain the single-pass description of the cw travellingwave IOPO and describe the numerical procedure for solving these equations.
Finally, we present the results of our model.

5.1

Device Configuration, Operation and Model
Assumptions

Figure 5.1 shows the schematic arrangement of the travelling-wave IOPO. The
device is comprised of a laser crystal of length ll , a nonlinear crystal of length ln ,
and a Faraday isolator. A cw external laser longitudinally pumps the laser crystal
through mirror M1 and the resultant intracavity laser field, or OPO pump, pumps
the nonlinear crystal. The Faraday oscillator ensures that both the laser and the
parametric oscillations are unidirectional. The laser and OPO cavities are formed
by mirrors M1 through M4 and M3 through M6, respectively. M1 and M2 are
coated for high transmission at the external pump laser wavelength and for high
reflection at the laser wavelength. M3 is coated for high reflection at both the
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laser and the signal wavelengths. M4 is a high reflector at the laser wavelength,
an OC at the signal wavelength, and it is transparent to the idler beam. M5
and M6 are dichroic beamsplitters coated for high transmission (reflection) at
the laser (signal) wavelength. We assume that there is no residual reflection of
the idler back into the OPO cavity and the idler is absent at the input of the
nonlinear crystal (zn = 0) , hence the OPO cavity is purely singly-resonant at
the signal wavelength.
zl = 0

zl

zl = l l
M2

Pump
Laser
M1

Laser Crystal
Faraday
Isolator

M5

OPO Crystal

Signal
Idler

M6

M3

M4
zn= l n

zn

z n= 0

Figure 5.1: Schematic arrangement of the travelling-wave IOPO.
There are three distinct regions of operation associated with the singlyresonant IOPO depending on the input pump level [153]. In the first region
where the input pump level is lower than the lasing threshold there is neither
lasing nor parametric oscillation. In the second region where the pump level is
higher than the lasing threshold but lower than the OPO threshold the intracavity laser field builds up from noise and in steady state the laser gain provided by
the laser crystal saturates to value that compensates for the laser cavity losses
exactly. In this region, the intracavity laser power increases linearly with the
input power. Since the laser cavity is high-finesse, the values of the intracavity
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laser power at the input and the exit of the laser crystal are approximately equal
to each other.
In the third region where the input pump level is higher than the OPO threshold, both lasing and parametric oscillation occur. In this region, the intracavity
laser field builds up from noise, and in steady state, the laser gain saturates to
a value that exactly compensates for laser cavity losses including the nonlinear
loss presented by the OPO. Similarly, the signal gain provided by the OPO crystal saturates at a point where all OPO cavity losses are exactly compensated
for. With increasing input pump power, the intracavity laser power at the exit
of the laser crystal increases linearly with a much lower slope from its value at
the OPO threshold, when compared to its slope in the second region. On the
other hand, the intracavity laser power at the input of the laser crystal decreases
with a similar slope. In fact, in experiments where moderate input pump levels
are used, the intracavity laser power levels at the input and the exit of the laser
crystal seem to be clamped to a common value, which is the value at the OPO
threshold [153]. Supporting this observation, the authors of the previous model
for the cw IOPO [183] claim that there is perfect clamping of the intracavity
laser power in this region. However, our model calculations show that this is
not the case, especially at high input pump levels where the laser cavity is not
high-finesse anymore due to the nonlinear loss presented by the OPO. In fact,
increasing input pump level can result in appreciably large differences between
the values of the intracavity laser power at the input and exit of the laser crystal.
Our model is based on the steady-state plane-wave equations which characterize the cw singly-resonant IOPO. We assume that all fields involved are of
single-frequency nature and there is perfect phase-matching and no walk-off in
the nonlinear crystal. We combine the steady-state forms of the ideal four-levellaser rate equations with the coupled-mode equations of the OPA [106] to obtain
the single-pass description of the system. We, then, iteratively solve these equations to obtain a self-consistent solution for the field amplitudes in the laser and
OPO cavities [58, 59].
We account for the spatial variation of the resonant signal (laser) field along
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the propagation direction in the nonlinear crystal (in the laser and nonlinear
crystals). At high pump levels and/or for IOPOs with long nonlinear crystals
and high nonlinearities, inclusion of the longitudinal variation of the resonant
fields in the model becomes a necessity for accuracy. Furthermore, unlike the
previous model [183], we do not assume that the OPO cavity has a high finesse,
but it has an OC (M4 in Fig. 5.1) for the signal and we try to optimize the
useful loss of this mirror for optimum photon conversion efficiency for the signal
or the idler. We find that at high pump levels and/or with long nonlinear crystals
having high nonlinearities, the optimum useful loss of the output coupling mirror
may turn out to be too high for the high-finesse OPO cavity assumption to be
valid.
We employ the plane-wave approximation in our model. However, in cw IOPO
experiments [153–163], the input pump beam usually has a Gaussian spatial
profile and is focused at the center of the laser crystal to maximize the pump
intensity. The Gaussian resonator mode that determines the spatial profile of the
intracavity laser beam also has a focus at the laser crystal to match the pump
focus. The intracavity laser beam, which is also the pump beam for the OPO,
has a secondary focus at the center of the nonlinear crystal. The spot sizes of
this beam at the laser and nonlinear crystals may be quite different from each
other. We include the re-sizing of the beam in our equations with a parameter
which is denoted by ηc and ηc = wl /wn , where wl and wn are the waist radii
of the intracavity laser beam at the laser crystal and at the nonlinear crystal,
respectively.
Furthermore, in a typical experiment, the laser cavity has some residual linear
loss (Ll ) at the laser wavelength due to less than unity reflectivities of the cavity
mirrors, imperfect antireflection coatings on the cavity components, such as the
laser and nonlinear crystals and the Faraday isolator (see Fig. 5.1), and due
to the absorption and scattering introduced by these components. We separate
(1)

this loss into three parts: Ll

denotes the linear loss that the intracavity laser

power experiences in the optical path starting at the exit face of the laser crystal
(zl = ll ) and ending at the input face of the nonlinear crystal (zn = 0) while
travelling in the direction set by the Faraday isolator. Another component, which
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(2)

is denoted by Ll , represents the linear loss in the optical path starting at the
input face of the nonlinear crystal and ending at the input face of the laser
crystal (zl = 0), again with a direction of propagation set by the Faraday isolator.
(1)

Apart from Ll

(2)

and Ll , for Ti:sapphire laser crystals, significant loss might be

introduced to the intracavity laser power as a result of absorption at the laser
wavelength [185, 186]. We account for this loss in our model with an absorption
coefficient αl , whose value depends on the crystal growth technique used and the
titanium ion concentration in the Ti:sapphire crystal [187, 188].
Similarly, the OPO cavity has some residual loss, which is denoted by Ls ,
at the signal wavelength. Also, the intracavity signal experiences a useful loss
Loc due to the partial reflectivity of M4. Furthermore, the nonresonant idler may
experience reflection and absorption losses as it propagates through the nonlinear
crystal and exits the OPO cavity through M4. Here, we assume that the losses
experienced by the idler are negligibly small.

5.2

Laser Equations

The laser is assumed to be an ideal four-level system with the energy-level scheme
shown in Fig. 5.2. N0 , N1 , N2 and N3 are the population densities at the corresponding energy levels. An external laser populates the top energy level (level 3),
the population produced in this level relaxes dominantly to the upper laser level
−1
−1
(level 2) with a decay rate of τ32
and to levels 1 and 0 with relaxation rates τ31
−1
and τ30
, respectively. The lifetimes of levels 1 and 3, which are denoted by τ1

and τ3 , respectively, are much shorter than the fluorescent lifetime of the upper
laser level which is denoted by τ2 . Under these assumptions levels 1 and 3 are
nearly empty.
The rate equation for the population density of the upper laser level, which
is also the population-inversion density, can be written as [138, 189, 190]
dN2
σp Ip (z)
N2 (z) σl Il (z)
= ηp
N0 (z) −
−
N2 (z),
dt
~ωp
τ2
~ωl

(5.1)

CHAPTER 5. PLANE-WAVE MODELLING OF CW IOPO

101

N3
τ-1
32

Laser

Pump

N2

N1
τ-1
1
N0

Figure 5.2: Energy-level diagram of the four-level system.
where ωp and ωl represent the frequencies of the pump and laser fields, respectively, z represents the axis of propagation, σp is the transition cross-section at
the pump wavelength λp , σl is the transition cross-section at the laser wavelength
λl , ηp denotes the quantum efficiency of the pump excitation into the upper laser
level, which is the ratio of the relaxation rate of level 3 to level 2 and the overall
−1
relaxation rate of level 3 (i.e., τ32
/τ3−1 ), Ip (z) and Il (z) are the pump laser and

circulating intracavity laser intensities as functions of z, respectively.
Also conservation of atoms requires
N = N0 + N2 ,

(5.2)

where N is total active center concentration.
Using Equations (5.1) and (5.2), the steady-state solution for N2 (z) can be
written as [190]
N2 (z) =

N Ip (z)/Ips
,
1 + Il (z)/Ils + Ip (z)/Ips

(5.3)

where intracavity laser and pump laser saturation intensities are, respectively,
defined as
Ils =

~ωl
~ωp
and Ips =
.
σl τ2
ηp σp τ2

(5.4)

Using Equation (5.3), the z variation of the intracavity laser intensity in the
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laser crystal can be written as
N Ip (z)/Ips
dIl
= N2 (z)σl Il (z) − αl Il (z) =
σl Il (z) − αl Il (z), (5.5)
dz
1 + Il (z)/Ils + Ip (z)/Ips
where αl is the loss coefficient (linear absorption) of the laser crystal at the laser
wavelength.
A similar equation describes the z variation of the longitudinal pump intensity,
which is given as
dIp
N [1 + Il (z)/Ils ]
= −N0 (z)σp Ip (z) = −
σp Ip (z).
dz
1 + Il (z)/Ils + Ip (z)/Ips

(5.6)

Equations (5.5) and (5.6) can also be written in terms of normalized field
amplitudes al (z) and ap (z) such that φl = a2l (z) = Il /~ωl and φp = a2p (z) = Ip /~ωp
represent the photon flux densities of the intracavity laser field and the pump field,
respectively. Thus,
·
¸
N σl (ap (z)/aps )2
1
dal
1
=
al (z) − αl al (z),
2
2
dz
2 1 + (al (z)/als ) + (ap (z)/aps )
2
·
¸
2
N σp [1 + (al (z)/als ) ]
dap
1
= −
ap (z),
dz
2 1 + (al (z)/als )2 + (ap (z)/aps )2

(5.7)
(5.8)

where a2ls and a2ps are the intracavity laser and pump laser saturation photon flux
densities, respectively, which are given by
a2ls =

5.3

1
1
and a2ps =
.
σl τ2
ηp σp τ2

(5.9)

Travelling-Wave IOPO Equations

For the IOPO, the pump for the OPO is the intracavity laser field. Equations (5.7)–(5.8) and Equations (2.53)–(2.55) for the OPA (see Section 2.6 of
Chapter 2) can be rewritten to form the set of single-pass equations for the
travelling-wave IOPO, which is given as
¸
·
dal
1
1
N σl (ap (zl )/aps )2
=
al (zl ) − αl al (zl ),
2
2
dzl
2 1 + (al (zl )/als ) + (ap (zl )/aps )
2

(5.10)
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·
¸
1
N σp [1 + (al (zl )/als )2 ]
= −
ap (zl ),
2 1 + (al (zl )/als )2 + (ap (zl )/aps )2

(5.11)

= κa3 (zn )a2 (zn ),

(5.12)

= κa3 (zn )a1 (zn ),

(5.13)

= −κa1 (zn )a2 (zn ),

(5.14)

dap
dzl
da1
dzn
da2
dzn
da3
dzn
with

³
´1/2
(1)
a3 (zn = 0) = ηc 1 − Ll
al (zl = ll ),

(5.15)

where indices 1, 2, and 3 represent the idler, signal, and OPO pump, respectively,
φi = a2i (i = 1, 2, 3) are the corresponding photon flux densities, zl is the distance along the laser crystal of length ll , zn is the distance along the nonlinear
(1)

crystal of length ln (see Fig. 5.1), and Ll

and ηc are the loss term and beam

re-sizing parameter, respectively, as defined in Section 5.1. Expressions for a2ls
and a2ps are as given in Equation (5.9) and κ is the coupling constant as defined
in Equation (2.46) with ω3 being the frequency of the intracavity laser field, that
is, ω3 = ωl .
By scaling the normalized field amplitudes, al , ap , a1 , a2 , and a3 with κln
to obtain Al , Ap , A1 , A2 , and A3 , respectively, Equations (5.10)–(5.15) can be
written in terms of unitless quantities in the following form
·
¸
Γ1 (Ap (ξl )/Aps )2
dAl
1
1
=
Al (ξl ) − L Al (ξl ),
2
2
dξl
2 1 + (Al (ξl )/Als ) + (Ap (ξl )/Aps )
2
·
¸
2
dAp
1
Γ2 [1 + (Al (ξl )/Als ) ]
= −
Ap (ξl ),
dξl
2 1 + (Al (ξl )/Als )2 + (Ap (ξl )/Aps )2
dA1
= A3 (ξn )A2 (ξn ),
dξn
dA2
= A3 (ξn )A1 (ξn ),
dξn
dA3
= −A1 (ξn )A2 (ξn ),
dξn
with

´1/2
³
(1)
Al (ξl = 1),
A3 (ξn = 0) = ηc 1 − Ll

(5.16)
(5.17)
(5.18)
(5.19)
(5.20)

(5.21)

where ξl = zl /ll , ξn = zn /ln , and the following definitions are used:
Al (ξl ) = κln al (zl ), Ap (ξl ) = κln ap (zl ), Ai (ξn ) = κln ai (zn ) i = 1, 2, 3,

(5.22)
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Γ1 = N σl ll , Γ2 = N σp ll , and L = αl ll ,

(5.23)

Als = κln als and Aps = κln aps .

(5.24)

The input parameter for the travelling-wave IOPO is the normalized field amplitude of the pump laser at the input facet of the laser crystal, ap (zl = 0), which is
given in the following unitless form
Ap (ξl = 0) = κln ap (zl = 0).

(5.25)

Equations (5.16)–(5.17) (laser equations) are numerically solved by employing the adaptive-stepsize Runge-Kutta finite-differencing method [151]. Furthermore, using Equations (2.56)–(2.63) (see Section 2.6), exact solutions to Equations (5.18)–(5.20) (unitless OPA equations) are obtained in terms of Jacobi elliptic functions in the following unitless form
p

C10 cn(Za0 | m0a ),
p
A2 (ξn ) =
C20 dn(Za0 | m0a ),
p
A3 (ξn ) =
C10 sn(Za0 | m0a ),

A1 (ξn ) =

(5.26)
(5.27)
(5.28)

where C10 and C20 are the unitless Manley-Rowe conserved quantities given as
C10 = A21 (ξn ) + A23 (ξn ) = A23 (ξn = 0),

(5.29)

C20 = A22 (ξn ) + A23 (ξn ) = A22 (ξn = 0) + A23 (ξn = 0),

(5.30)

and
m0a = C10 /C20 ,
Za0 = K(m0a ) −

p

(5.31)
C20 ξn ,

(5.32)

where K(m) is the definition of the quarter-period of the Jacobi elliptic functions
given in Equation (2.63).
Having obtained the single-pass numerical and exact solutions of the laser and
OPA equations, respectively, we use numerical iteration to determine the field amplitudes for the travelling-wave IOPO for a given input pump level Ap (ξl = 0).
We start out with initial intracavity laser and OPO signal photon flux densities
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to represent the spontaneous emission of the laser crystal and the parametric fluorescence of the nonlinear crystal, respectively. We then iterate these through the
system several times by using these single-pass solutions until the self-consistency
condition in the laser and OPO cavities is satisfied, that is, until the saturated
laser and OPO gains exactly compensate for the laser and OPO cavity losses,
respectively [58, 59].
For each iteration the input parameter, Ap (ξl = 0), is kept fixed and the initial
conditions for Al (ξl = 0) at the input facet of the laser crystal and A2 (ξn = 0) at
the input facet of the nonlinear crystal are updated as follows
³
´1/2
(i)
(2)
(i−1)
Al (ξl = 0) = (1/ηc ) 1 − Ll
A3 (ξn = 1),
(i)

(i−1)

A2 (ξn = 0) = [(1 − Ls )(1 − Loc )]1/2 A2

(ξn = 1),

(5.33)
(5.34)

(2)

where i is the iteration number and Ll , Ls and Loc are the loss terms introduced
in Section 5.1.
Upon specification of the input parameter: Ap (ξl = 0), and the system para(1)

(2)

meters: Γ1 , Γ2 , L, Als , Aps , ηc , Ll , Ll , Ls , and Loc , the signal and idler outputs
of the travelling-wave IOPO, which are given by
Aout
2 =

p
Loc A2 (ξn = 1) and Aout
1 = A1 (ξn = 1),

(5.35)

respectively, where the losses experienced by the idler are assumed to be negligibly
small, can uniquely be determined when the iterative process converges or the selfconsistency condition in both the laser and OPO cavities is satisfied. The pump2
2
to-signal and pump-to-idler photon conversion efficiencies are (Aout
2 ) /Ap (ξl = 0)
out
2
out 2
[or φout
2 /φp (zl = 0)] and (A1 ) /Ap (ξl = 0) [or φ1 /φp (zl = 0)], respectively. For

modelling an experiment with ηc 6= 1, the beam sizes of the input pump, signal
and idler beams should be taken into account and the pump-to-signal or pump-toidler photon conversion efficiencies are not simply the ratios of the corresponding
photon flux densities, but they are the ratios of the corresponding photon fluxes
in units of photons/s, which can be approximately calculated by multiplying the
photon flux densities with their corresponding beam areas.
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Results and Conclusions

In this section, we present sample results of our model for the cw IOPOs. The parameters of the laser system based on a Ti:sapphire crystal are shown in Table 5.1.
These parameters are held fixed for the examples presented.
The residual absorption coefficient αl for the laser wavelength depends on
the Ti3+ concentration and the crystal production technique. In general, for a
fixed production method, this coefficient tends to increase with increasing Ti3+
concentration. For instance, Ti:sapphire crystals having 0.01 ≤ αl ≤ 0.27 cm−1
for 2.3 × 1019 ≤ N ≤ 13.5 × 1019 cm−3 were reported [188]. However, it is also
possible to encounter two Ti:sapphire crystals with similar Ti3+ concentrations
but quite different αl values due to different production techniques employed in
crystal growth [186, 188]. In the examples presented in this section, the Ti3+
concentration is held fixed at the value shown in Table 5.1 and in the first two
examples αl = 0.01 cm−1 [188] is used, whereas in the last example both αl =
0.01 cm−1 and αl = 0.07 cm−1 [186]1 are used for comparison.
λp
λl
σp at λp (p-polarization)
σl at λl (p-polarization)
ηp
τ2
N (Ti3+ )
ll
(1)
(2)
Ll , Ll

514 nm
800 nm
6 × 10−20 cm2 [185]
3 × 10−19 cm2 [185, 191]
≈ 1 [138, 186]
3.2 µs [185]
19
3.3 × 10 cm−3 (typical) [188]
2 cm (typical)
1%, 1% (typical)

Table 5.1: Parameters of the laser system based on a Ti:sapphire crystal.

We first present the results for an IOPO based on KTA as the nonlinear crystal
with different output coupling losses Loc . Next we present an example where the
beam re-sizing parameter ηc is varied for this KTA IOPO. Lastly, we present the
1

In Ref. [186], this value was reported to be the loss coefficient of the Ti:sapphire crystals
used in the commercial lasers, Tsunami (Spectra-Physics) and Mira (Coherent).
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results of the optimization of Loc for maximum signal and idler output for a range
of input photon flux densities and OPO crystal nonlinearities. In these examples,
the maximum input photon flux density is chosen to be 3.2 × 1024 photons/cm2 -s.
This photon flux density is equivalent to the flux density of the 35-W output
beam of an argon-ion laser operating at 514-nm which is focused to a spot with
a diameter of 60 µm.

5.4.1

Example-1

We first consider a KTA OPO placed internal to the cavity of a Ti:sapphire
laser with the specifications given in Table 5.1 and αl = 0.01 cm−1 . The KTA
crystal is cut along θ = 90◦ and φ = 0◦ for noncritical phase matching the
type-II parametric interaction where a p-polarized (horizontal, fast axis) signal
beam at 1145 nm and an s-polarized (vertical, slow axis) idler beam at 2655 nm
are generated from the p-polarized pump beam at 800 nm. For this interaction,
deff = 3.33 pm/V yielding κln = 1.35 × 10−13 cm-s1/2 for ln = 2 cm. The residual
loss for the OPO cavity is Ls = 2% and the beam re-sizing parameter is chosen
to be ηc = 1.
Figure 5.3 shows the intracavity laser photon flux densities at the input and
exit of the Ti:sapphire laser crystal and signal and idler photon flux densities at
the output of the OPO cavity as functions of the input photon flux density for
Loc =1%, 10%, and 20%. The input pump photon flux density [φp (zl = 0)] at
the laser threshold is as low as 3.3 × 1022 photons/cm2 -s and φp (zl = 0) values at
the OPO threshold are 1.1 × 1023 , 3.3 × 1023 , and 6.1 × 1023 photons/cm2 -s for
Loc =1%, 10%, and 20%, respectively.
As it is evident from Fig. 5.3-(a) and (b), at large input power levels, it is
not possible to state that the intracavity laser power is clamped to its threshold
value and the assumption of high-finesse laser cavity of the previous model [183]
is not valid. In Figure 5.3-(a) and (b), starting at the laser threshold and with
increasing φp (zl = 0), the intracavity laser photon flux densities at the input and
exit of the laser crystal, φl (zl = 0) and φl (zl = 2 cm), rise linearly and their values
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Figure 5.3: Intracavity laser photon flux densities at the (a) input and (b) exit
of the Ti:sapphire laser crystal and (c) signal and (d) idler photon flux densities
at the output of the OPO cavity as functions of the input photon flux density
for Loc =1%, 10%, and 20%. For these calculations, in addition to the laser
parameters given in Table 5.1, αl = 0.01 cm−1 , ηc = 1, κln = 1.35 × 10−13 cms1/2 , and Ls = 2%.
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are approximately equal to each other due to the high-finesse nature of the laser
cavity, which is only valid when the OPO is below threshold. As φp (zl = 0) is
further increased, the OPO threshold is surpassed and φl (zl = 0) [φl (zl = 2 cm)]
decreases [increases] but with a much smaller rate compared to the one before the
OPO threshold. However, at large values of φp (zl = 0), the values of φl (zl = 0)
and φl (zl = 2 cm) can be appreciably different from their values at the OPO
threshold. For instance, for the IOPO with Loc =1%, φl (zl = 0) [φl (zl = 2 cm)]
at the maximum input photon flux density is about 60% [40%] smaller [larger]
than its value at the OPO threshold, hence the saturated gain provided by the
laser crystal [φl (zl = 2 cm)/φl (zl = 0)] is as high as 3.5. As Loc increases, the gain
is less, but still quite large. For the IOPOs with Loc =10% and Loc =20%, the
gains are about 1.5 and 1.2, respectively. A large saturated gain indicates that
the nonlinear loss presented by the OPO is large, hence the laser cavity cannot
be described as high-finesse.
Further conclusions can be drawn by considering Fig. 5.3-(c) and (d). When
φp (zl = 0) > 6.1 × 1023 photons/cm2 -s, hence the OPO is above threshold for all
three Loc ’s, at input pump photon flux densities within the range of 6.1 × 1023 <
φp (zl = 0) < 2.2 × 1024 photons/cm2 -s and 2.2 × 1024 < φp (zl = 0) < 3.2 × 1024
photons/cm2 -s, one would choose the OC with Loc = 10% and the OC with Loc =
20%, respectively, among these three OCs for achieving the largest signal output
possible. Similarly, at input pump photon flux densities within the range of
6.1×1023 < φp (zl = 0) < 8.4×1023 photons/cm2 -s and 8.4×1023 < φp (zl = 0) <
3.2 × 1024 photons/cm2 -s, one would prefer to use the OC with Loc = 1% and the
OC with Loc = 10%, respectively, for achieving the largest idler output possible.
This is an indication of the fact that the optimization of the signal and idler
outputs may require the use of different OCs depending on the input pump level.
Such an optimization for the signal and idler outputs also depends on the value
of κln , as it will be explained in the last example of this section.
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Example-2

In this example, we use the same KTA IOPO of the previous example with
the laser system specifications given in Table 5.1. We also use the following
parameters: αl = 0.01 cm−1 , κln = 1.35 × 10−13 cm-s1/2 (ln = 2 cm), Ls = 2%,
and Loc = 20%.
Figure 5.4 shows the intracavity laser photon flux densities at the input and
exit of the Ti:sapphire laser crystal and signal and idler photon flux densities at
the output of the OPO cavity as functions of the input photon flux density for
different values of the beam re-sizing parameter, ηc = 0.5, 1.0, and 1.5. The input
pump photon flux density [φp (zl = 0)] at the laser threshold is as low as 3.3 × 1022
photons/cm2 -s, which is the same as the one obtained in the first example and
φp (zl = 0) values at the OPO threshold are 2.3 × 1024 , 6.1 × 1023 , and 2.9 × 1023
photons/cm2 -s for ηc = 0.5, 1.0, and 1.5, respectively. Hence, a 3-fold increase
in ηc results in an almost 8-fold reduction in the threshold value of the IOPO.
This is as expected, since ηc is the ratio of the radius of the intracavity laser
beam at the laser crystal to the radius of the same beam, or OPO pump, at the
nonlinear crystal and the intensity is inversely proportional to the square of the
beam radius.
Considering Fig. 5.4-(c), it is possible to obtain more than 2-fold and 26fold larger signal photon flux densities with ηc = 1.5 compared to those with
ηc = 1.0 and ηc = 0.5, respectively, at the maximum input pump photon flux
density. However, it should be noted that when ηc is included in the model,
the pump-to-signal photon conversion efficiency is no longer simply the ratio of
the photon flux density of the signal to that of the input pump. Instead, in an
experimental situation, the beam sizes of the input pump and the signal should be
taken into account to determine the ratio of the photon fluxes (not flux densities)
of the signal and input pump beams which will yield the true photon conversion
efficiency. Furthermore, in cw IOPO experiments [153], the confocal parameters
of the intracavity laser beam at the laser and nonlinear crystals are usually chosen
to be similar to the lengths of the corresponding crystals to keep the intensity
of the beam large enough along the whole length of the laser/nonlinear crystal,
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Figure 5.4: Intracavity laser photon flux densities at the (a) input and (b) exit of
the Ti:sapphire laser crystal and (c) signal and (d) idler photon flux densities at
the output of the OPO cavity as functions of the input photon flux density for
ηc = 0.5, 1.0, and 1.5. For these calculations, in addition to the laser parameters
given in Table 5.1, αl = 0.01 cm−1 , κln = 1.35 × 10−13 cm-s1/2 , Ls = 2%, and
Loc = 20%.
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hence, to minimize the reduction in intensity due to the diffraction of the beam.
Also, the laser crystal usually has the same length as the nonlinear crystal or
shorter, which is usually the case, since the laser crystal should only be long
enough to absorb almost all the input pump power, whereas the nonlinear crystal
length should be as long as possible for high conversion efficiencies with the
assumption that the limit for backconversion is not reached. With these two
arguments, ηc . 1.0 in cw IOPO experiments.

5.4.3

Example-3

In this example, we assume that the the laser system specifications given in
Table 5.1 are fixed. Also, ηc = 1.0 and Ls = 2%. We determine the optimum
values of Loc for maximum signal and idler photon conversion efficiencies for
given values of φp (zl = 0) and κln . We do these calculations for two cases:
αl = 0.01 cm−1 and αl = 0.07 cm−1 .
The range for input pump flux density is chosen as 7.9 × 1021 ≤ φp (zl = 0) ≤
3.2 × 1024 photons/cm2 -s. As mentioned before, the maximum input photon flux
density is equivalent to the flux density of the 35-W output beam of an argon-ion
laser operating at 514-nm which is focused to a spot with a diameter of 60 µm.
From Equation (5.25) for the unitless input parameter, A2p (ξl = 0) = κ2 ln2 a2p (zl =
0) = κ2 ln2 φp (zl = 0), hence in presenting our results, we use κ2 ln2 rather than
κln . We consider three nonlinear crystals with relatively low, high and quite
high deff values, which are LBO, KTA, and PPLN, respectively. For parametric
generation of 1145 nm (signal) and 2655 nm (idler) from 800 nm (pump) in a
type-I configuration, an LBO crystal (cut along θ = 90◦ and φ = 22.8◦ ) has
deff = 0.74 pm/V, hence a 2-cm-long crystal would have κ2 ln2 = 1.3 × 10−27 cm2 s. For the same wavelengths, a 2-cm-long KTA that is mentioned in the first
example would have κ2 ln2 = 1.8 × 10−26 cm2 -s. A 2-cm-long PPLN crystal would
have deff = 16 pm/V for quasi-phase matching the same interaction with all fields
polarized along the z-axis of the crystal, yielding κ2 ln2 = 2.5×10−25 cm2 -s. Hence,
we have chosen the κ2 ln2 range as 1 × 10−27 ≤ κ2 ln2 ≤ 5 × 10−25 cm2 -s.
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Figure 5.5 shows the contour plots for the maximum pump-to-signal photon
conversion efficiency and the corresponding Loc as functions of φp (zl = 0) and
κ2 ln2 , when αl = 0.01 cm−1 . For instance, for the IOPO based on the PPLN
crystal mentioned above, it is possible to obtain a maximum of 73% pump-tosignal photon conversion efficiency with the optimum Loc = 77% at φp (zl = 0) =
2.5 × 1024 photons/cm2 -s. It is evident that for large values of φp (zl = 0) and
κ2 ln2 the assumption of high-finesse OPO cavity cannot be valid when optimum
OCs, whose useful losses can be quite large, are used.
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Figure 5.5: Contour plots for the maximum pump-to-signal photon conversion
efficiency and the corresponding Loc as functions of φp (zl = 0) and κ2 ln2 . For
these calculations, in addition to the laser parameters given in Table 5.1, αl =
0.01 cm−1 , ηc = 1.0, and Ls = 2%. The values shown on the contours are in
percent.
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Figure 5.6 shows the contour plots for the maximum pump-to-signal photon
conversion efficiency and the corresponding Loc as functions of φp (zl = 0) and
κ2 ln2 , when αl = 0.07 cm−1 . In this case, maximum achievable conversion efficiencies are lower than the case with αl = 0.01 cm−1 . For instance, for the
IOPO based on the same PPLN crystal, it is possible to obtain a maximum of
50% pump-to-signal photon conversion efficiency with the optimum Loc = 50%
at φp (zl = 0) = 2.5 × 1024 photons/cm2 -s.
αl=0.07 cm−1, max. photon conversion efficiency contours (signal)
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Figure 5.6: Contour plots for the maximum pump-to-signal photon conversion
efficiency and the corresponding Loc as functions of φp (zl = 0) and κ2 ln2 . For
these calculations, in addition to the laser parameters given in Table 5.1, αl =
0.07 cm−1 , ηc = 1.0, and Ls = 2%. The values shown on the contours are in
percent.
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Figures 5.7 and 5.8 show the contour plots for the maximum pump-to-idler
photon conversion efficiency and the corresponding Loc as functions of φp (zl = 0)
and κ2 ln2 , when αl = 0.01 cm−1 and αl = 0.07 cm−1 , respectively. The plots
for the maximum pump-to-idler conversion efficiency (top plots in these figures)
contains straight lines as the contours, rather than curves. This means that at
a certain input photon flux density, the maximum photon conversion efficiency
stays constant for changing values of κ2 ln2 . Similar to the case for the signal
photon conversion, with increasing αl , lower efficiencies are achievable at given
values of φp (zl = 0) and κ2 ln2 .
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Figure 5.7: Contour plots for the maximum pump-to-idler photon conversion
efficiency and the corresponding Loc as functions of φp (zl = 0) and κ2 ln2 . For
these calculations, in addition to the laser parameters given in Table 5.1, αl =
0.01 cm−1 , ηc = 1.0, and Ls = 2%. In both plots, the values shown on the
contours are in percent and in the top plot, only the values corresponding to
Loc > 0.2% are shown.
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Figure 5.8: Contour plots for the maximum pump-to-idler photon conversion
efficiency and the corresponding Loc as functions of φp (zl = 0) and κ2 ln2 . For
these calculations, in addition to the laser parameters given in Table 5.1, αl =
0.07 cm−1 , ηc = 1.0, and Ls = 2%. In both plots, the values shown on the
contours are in percent and in the top plot, only the values corresponding to
Loc > 0.2% are shown.

Chapter 6
Conclusions
In this thesis, we have presented the results of our experiments on nanosecond
OPOs and upconversion OPOs that are based on KTA crystals and pumped by
a Q-switched Nd:YAG laser operating at 1064 nm. We have also presented our
model for cw IOPOs and results of this model.
In Chapter 3, we have presented the experimental results of our nanosecond
OPOs. We used three different KTA crystals with different cut-angles in these
experiments: crystal-1, 2, and 3. The highest pump-to-signal energy conversion
efficiency obtained in these experiments is 22.9%, which is achieved with the
OPO based on crystal-1. Maximum energy conversion efficiencies obtained with
the OPOs based on crystal-2 and crystal-3 using the OCs with reflectivities of
R = 85% and R = 74% are 19.5% and 18.2%, respectively. In general, the
conversion efficiencies achieved with the OPOs based on crystal-2 and crystal-3
are lower and energy thresholds are higher than those with the OPOs based on
crystal-1. Possible reasons for the better performance of the crystal-1 OPO is
its slightly larger deff (3.0 pm/V for crystal-1 versus 2.8 pm/V for the other two
crystals) due to the larger propagation angle φ in this crystal, possible differences
in the manufacturing processes used for the crystals, and the slightly larger signal
wavelength generated by the crystal-1 OPO (∼6 nm larger than the others) and
the corresponding change in the cavity residual losses. However, among these
factors the change in the deff coefficient is usually the dominant factor and even
118
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a few percent decrease in this coefficient can lead to up to a decrease which is in
the order of 10% percent in the output signal energy.
In Chapter 4, we have presented a new technique for highly efficient red beam
generation. We have successfully implemented nanosecond SF-OPOs based on
KTA crystals that are simultaneously phase matched for optical parametric generation and SFG. The detailed characterization of these devices is presented in
terms of their energy output as functions of polarization rotation angle and input pump energy, time profiles, spatial beam profiles, and spectra of the output.
In particular, the SF-OPO based on crystal-2 is the first demonstration of a
nanosecond upconversion OPO using simultaneous phase matching. This device
generates 627 nm pulses with a pulse-width of 10.4 ns and with a pulse energy
of 8.3 mJ, corresponding to a 1064-nm-to-627-nm energy conversion efficiency
of 21%, when pumped in a single-pass configuration. The double-pass SF-OPO
based on crystal-3 generates 627 nm output pulses with a pulse-width of 14.2 ns
and with a pulse energy of 5.8 mJ, corresponding to a 1064-nm-to-627-nm energy
conversion efficiency of 29%.
There are several advantages associated with our technique for red beam generation. Our devices are simpler in design compared to other devices converting
the nanosecond Nd:YAG laser radiation into red wavelengths. With its small
size, a typical device can easily be shaped into a module to be placed in front of
widely-used Nd:YAG lasers and high energy red pulses can be achieved. Unlike
the OPOs based on poled crystals, our devices have energy scalability, hence the
energy per pulse of the pump laser can be increased along with the beam size
to achieve higher-energy red pulses without reaching the limit for the intensity
damage threshold of the KTA crystal. Unlike some OPOs based on PPLN, our
devices operate at room temperature and temperature stabilization is not necessary due to the relatively large temperature acceptance bandwidth of KTA.
Furthermore, the damage threshold of KTA is larger than most of the widelyused nonlinear crystals. The damage threshold of a KTA crystal is usually set
by the damage threshold of the surface coatings, since both the surface and bulk
damage thresholds of uncoated KTA are relatively large. Improvements in the
surface coating deposition techniques will probably push the limit for the damage
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threshold to larger values, thereby making the KTA crystal even more valuable
for use at larger pump intensities and energy conversion efficiencies.
In our SF-OPOs, accurate determination of the simultaneous phase-matching
angle is essential for achieving high conversion efficiencies. For both SF-OPOs
based on crystal-2 and crystal-3, we determined that this angle is quite close
to the theoretically predicted value of θ = 90◦ and φ = 30.1◦ . We have also
observed that the sum-frequency output is conveniently maximized by adjusting
the rotation angle of the intracavity retarder plate inside the cavity. Moreover, the
output energy of the device varies rather slowly with a change in the polarization
rotation angle at around the optimum. The double-pass pumping scheme proves
to be useful for boosting the energy conversion efficiency. In fact, with this
pumping scheme, the threshold energy is almost 50% of the value obtained with
the single-pass pumping scheme and the energy conversion efficiency is almost
50% larger. For the double-pass pumping scheme, the use of a Faraday isolator for
preventing the return pump beam from reaching the pump laser may be necessary
if the the distance between the pump laser and the SF-OPO is relatively small.
As future work, the device can be manufactured as a monolithic optical device
on a single KTA crystal for which the mirrors can be realized by anti-reflection
coatings deposited onto the faces of the crystal. A thin retarder plate, whose
rotation angle is set beforehand, with one of its faces coated for high reflection
and the other for high transmission at the signal wavelength can be attached onto
the crystal thereby minimizing the total cavity length and decreasing the energy
threshold. Another interesting demonstration would be the cw operation of the
device. In this case, the output beam of a cw Nd:YAG laser should be tightly
focused into KTA and the cavity mirrors should be selected accordingly to enable
the matching between the spatial profiles of the pump and the fundamental cavity
modes. Another possible demonstration could be the use of a tunable pump laser
and hence obtaining tunable output.
In Chapter 5, we have described our method for modelling cw IOPOs. In this
method, unlike the previous models for cw IOPOs, the spatial variation of the
resonant fields, intracavity laser and signal, along the direction of propagation is
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taken into account. We have shown that the clamping behavior of the intracavity
laser power that is predicted by the previous models for cw IOPOs is not valid for
high input pump levels and nonlinear crystals with relatively large nonlinearities.
Furthermore, the optimization of the output coupling loss at large input pump
levels and/or nonlinearities for maximum output signal and idler efficiencies has
revealed that optimum output coupling losses can reach large values (> 10%),
hence the assumption of the previous models that the OPO cavity has a high
finesse also becomes invalid. We have applied our method for OPOs placed internal to the cavities of Ti:sapphire lasers and obtained results which could serve
as a guideline when designing IOPOs based on Ti:sapphire lasers for generating the maximum pump-to-signal and pump-to-idler conversion efficiencies for a
given nonlinear crystal and at an available input pump power. The method is
general and can easily be applied to IOPOs based on other laser crystals. As future work, this method can be modified for modelling IOPOs based on nonlinear
crystals that are simultaneously phase-matched for multiple processes.
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