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Abstract

Passive techniques for optical bandwidth control, in the form of intracavity frequency se-
lective elements, were investigated in quasi-phase matched optical parametric oscillators
(OPOs). When pumped by narrowband laser sources, periodically poled LiNbO3; (PPLN)
and periodically poled KTiOPO,4 (PPKTP) OPOs were operated on a single longitudinal
mode with optical bandwidths typically below 250 MHz, limited by the resolution of the
detection system. Two configurations were developed: intracavity étalons, and grazing
incidence diffraction gratings.

Compared to free running OPOs, the insertion of an intracavity étalon approximately
doubled the oscillation threshold, but yielded similar slope efficiencies. A 1.064 pm
pumped étalon narrowed PPLN OPO generated up to 130 pJ broadband and 83 1] sin-
gle longitudinal mode signal pulse energy, while the output energy of a 532 nm pumped
PPKTP OPO was reduced from 149 yJ to 44 ;1] on insertion of an étalon. The étalon used
to became ineffective in reducing the optical bandwidth when the gain bandwidth of the
OPO diverged close to degeneracy.

The diffraction grating at grazing incidence (Littman—Metcalf) configuration was suc-
cessfully applied to PPLN and PPKTP OPOs to yield single longitudinal mode opera-
tion. The high effective output coupling and long cavity lengths yielded high oscillation
thresholds so that the OPOs could be operated only to around 1.5 times threshold. Sin-
gle mode signal pulse energies of 150 xJ and 370 p1] were measured in PPLN and PPKTP
OPOs. A large aperture PPKTP optical parametric amplifier (OPA) was used to generate
2.15m] of signal radiation at 1.69 um, and 1.18 mJ of idler at 2.88 ym. A solid state dye
laser amplifier generated 115 p] single longitudinal mode radiation at 615nm. The spec-
tral behaviour of a 532 nm pumped monolithic PPLN OPO was investigated by injection
seeding using a single mode semiconductor diode laser.

A diode pumped, high repetition rate Nd: YAG pump source was constructed and
used to pump high repetition rate PPLN OPOs. The free running laser optical band-
width was reduced to two longitudinal modes separated by 600 MHz using a passive
prelase technique and an intracavity étalon. The laser, which generated 10.7 W power
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under free running, continuous wave (cw) conditions, provided 400 1] at 1.064 xm when
Q-switched at 5kHz, and 300 pJ at 532 nm when Q-switched at 1 kHz and frequency dou-
bled in LiB3Os.

Thermal lensing of a diode pumped cw Nd : YVOy, laser with intracavity periodically
poled RbTiOAsO,4 OPO was investigated. The thermal lensing was found to be most sig-
nificantly influenced by thermal loading of the pump radiation in the laser rod. Using
resonator modelling, a system insensitive to thermal lensing in both laser and nonlin-
ear optical crystals was designed, yielding improved idler output power stability. The
intracavity singly resonant OPO generated up to 215 mW one-way idler at 3.50 pm.
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Chapter 1

Introduction

Nonlinear optical frequency conversion has become established as an important tool for
accessing wavelengths that cannot be generated by conventional laser sources. In par-
ticular, optical parametric oscillators (OPOs), such as those investigated in this thesis,
provide tuneable radiation in the near to mid-infrared spectral region, which includes
important molecular absorption features, and also has potential applicability in the ar-
eas of fibre optics, telecommunications, atmospheric and remote sensing, and infrared
countermeasures. The high nonlinearity of materials such as periodically poled LiNbO3
(PPLN) and KTiOPO,4 (PPKTP) make these attractive for compact, efficient sources with
emission energies in the 100 uJ to 10m] range. However, the free running gain band-
widths of OPOs are often too broad for certain applications, particularly high resolution
spectroscopy, so that optical bandwidth control measures must be implemented.

In this thesis, passive methods of optical bandwidth control, using intracavity étalons
and diffraction gratings applied to quasi-phase matched OPOs, are reported. The work
represents initial investigations and includes several first reports of these techniques in
OPOs based on PPLN and PPKTP. The publication of similar investigations by other
authors during the course of the work attested to the relevance and timeliness of this

research.

1.1 Lasers

The OPO laser pump source influences many aspects of the OPO performance, including
the spectral and temporal characteristics of the output as well as the efficiency of the sys-
tem. The invention of the laser, first demonstrated in 1960, has had a tremendous impact
on society, from providing scientists with a powerful new tool to probe the chemical and

physical composition and behavioural characteristics of materials, to making digital en-
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tertainment media and high-speed telecommunications links commonplace and readily
affordable. From the initial demonstration of amplification by stimulated optical emis-
sion in a flashlamp pumped ruby (Cr: Al,O3) laser [1], a wide variety of laser gain media
have been developed, each with unique characteristics making them suitable for different
applications. These include gas discharge lasers such as CO,, Ar™, and transition metal
vapour lasers that typically, with the notable exception of the helium—neon laser, give
high continuous-wave (cw) powers but require large discharge tubes; liquid dye lasers,
offering wide tunability and high gain at the expense of somewhat complex system ar-
chitectures; and solid state lasers including semiconductor diodes and transition metal
ion doped media like Nd : YAG, used in the work presented here, and Ti : sapphire.

Solid state lasers based on ionic impurities doped into crystalline or amorphous hosts
commonly include the trivalent ions Nd, Ti, Cr, Er, Yb, Ho, and Tm, doped into hosts
such including YAG, YLF, YVOy, sapphire, and various glasses [2]. The spectroscopic
characteristics of the laser gain medium are determined principally by the active ion im-
purity, modified by the host field (see, for example, figure 2.5 on page 24), while the host
dictates the mechanical and thermal properties as well as possible mechanical configu-
rations. These are often chosen based on thermal management considerations arising
from heat deposited by pump sources, with microchips, fibres, rods, and slabs providing

relatively efficient heat removal for increasing power levels.

Nd:YAG

Nd:YAG, emitting at 1.064 um, has become one of the most widely used solid state
laser media and has been successfully applied to operating regimes including cw and
various laser pulsing strategies such as Q-switching, and modelocking [2, 3]. Due to a
combination of good optical and thermo-mechanical characteristics, efficient, high power
Nd: YAG lasers are useful for numerous applications including material processing, tis-
sue manipulation, and laser ranging. Nd:YAG is an important pump source for both
laser and nonlinear optical frequency conversion chains such as those used in this work;
modest, diode pumped frequency doubled systems have recently been demonstrated to
offer a viable alternative to Ar™ lasers as an optical pump source [4]. Besides the strong
1.064 pm Nd : YAG transition, useful output powers have been recently demonstrated at
946 nm [5, 6], 1.123 um [7, 8], and 1.33 pum [9].

Pulsed laser operation allows access to high peak powers with modest average pow-
ers and pump requirements. Active Q-switching and modelocking has been routinely
used for many years [2], including in commercial systems such as the pump lasers used

in chapters 5, 6, and 7, and recent research has focused on advanced methods in active
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and passive Q-switching and modelocking. A form of prelase Q-switching, initially de-
veloped by Hanna et al. [10], was used in the laser constructed in chapter 7. In this tech-
nique, a partially opened Q-switch allows a cw field to build up before the laser pulse, re-
sulting in narrowband, or even single longitudinal mode [11-13], self seeded pulses with
reduced temporal jitter, improved polarisation characteristics [14], and actively damped
relaxation oscillations that permit higher repetition rates [15]. Passive Q-switching by
saturable absorption yields particularly simple system configurations with no active el-
ements. The saturable absorber typically takes the form of an unpumped laser material,
such as Cr*": YAG [16-19]. The laser pulse repetition frequency and pulse energy are in
this case governed by the interplay between the population dynamics of the saturable ab-
sorber and laser gain medium [16, 20-22]. Passive Q-switching was tested in this work,

but unsuccessfully, and no results are presented.

The performance of Nd : YAG lasers may be adversely affected by energy transfer up-
conversion [23, 24], excited state absorption [20, 21, 25], the formation of colour centres
[26], and, more commonly, thermal lensing [6, 24, 27-32]. The refractive index, thermal
conductivity, and thermal expansion coefficients of Nd : YAG have unfavourable temper-
ature dependence [24, 33], and strong thermal lensing and depolarisation losses may be
observed under high thermal loading. Improved performance is typically observed with
more efficient cooling of the laser rod, or operation at cryogenic temperatures. Thermal
lensing effects are discussed in section 2.1.

These thermal issues in Nd: YAG have contributed to interest in research of other
laser media. Nd : YLF [34, 35] has similar gain due to an almost identical o7, product, but
alower susceptibility to thermal lensing and reduced depolarization losses due to natural
birefringence [36, 37]. A long upper state lifetime and low thermal lensing of Nd: YLF
make it an attractive material for multiwatt diode-pumped, Q-switched solid-state lasers
with good beam quality [24], such as the high repetition rate laser developed in chapter 7.
Although Nd : YLF rods were tested in that laser, catastrophic crystal damage prevented
the application of the Nd: YLF laser as a pump source for OPOs. For cw lasers emitting
in the ~10 W range, such as the laser head used in chapter 8, Nd: YVO, has been found
to be superior to Nd: YAG, primarily due to a high stimulated emission cross-section
and strong absorption of semiconductor diode pump lasers [38]. This has facilitated the
development of ultracompact microchip and mini lasers [39] and stimulated interest in
lower doping concentrations [40, 41]. Despite the short upper state lifetime, Nd: YVOy,
may also be Q-switched, with Du et al. [42] recently demonstrating 5.6 m] pulses at 10 kHz
from an electro-optically Q-switched Nd: YVO; laser.
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Semiconductor Diodes

Solid state semiconductor diode lasers offer high electrical to optical efficiencies, and
choice of the semiconductor composition, typically combinations of In, Ga, Al, As, and
P, permits the emission wavelength to be selected. Common wavelengths include 635-
670nm, 780nm, 808 nm, 980nm, 1.3 um, and 1.5 um. Of particular importance to this
work are the InGaAlAs diodes emitting around 808 nm, which may be used to diode
pump Nd:YAG on a strong absorption peak (see figure 2.6 on page 25) with high effi-
ciency and modest thermal loading [9, 43]. Catastrophic material damage due to heat-
ing often limits the power emitted by single diode junctions to a few hundred mW, but
arrangement into arrays, bars, and stacks offers a convenient pathway to power scal-
ing. Current state of the art 100 W cw diode bars available are from Coherent Inc. Beam
confinement within the short resonators results in diode lasers emitting astigmatic and
highly diverging beams, so that beam reshaping is normally required for pumping solid
state lasers. Fibre coupling of diode bars offers benefits including beam reshaping, isola-
tion of thermal loads, and convenient replacement of pump source, such as in the lasers
described in chapters 7 and 8. In addition, 635 nm AlGalnP diodes were used separately
to injection seed a monolithic OPO, as outlined in section 7.3. Before the advent of diode
pumping, lamp pumping of Nd: YAG lasers employed Xe, Kr or tungsten-iodide arc or
flashlamps [2], and the pump source used in chapters 5, 6, and 7 was pumped by a flash-
lamp, powered by the discharge of a high-voltage capacitor bank via a suitable pulse

forming network.

Solid State Dyes

Liquid dye lasers comprise large organic molecules in solvents such as methanol, glyc-
erol, or water [44]. Recent efforts have been made to suspend the dye molecules within
solid host matrices such as poly(methyl-methacrylate) (PMMA) and sol-gel [45]; one such
dye amplifier was used in chapter 6. Dyes are characterised by wide absorption and emis-
sion profiles, resulting in broadly tuneable laser output and allowing optical pumping by
short pulse flashlamps or another laser. Laser pumping is typically necessary to sustain
cw dye laser operation due to extremely short (~ns) upper state lifetimes [46]. As ob-
served in chapter 6, poor output beam quality can arise from large thermal gradients of
the dye suspended in the host matrix; in addition, dye molecule degradation, in the form
of bleaching or triplet state formation, necessitates replenishing of the dye. Besides the
Perylene red dye used here, an extensive array of laser dyes has been developed and in-

vestigated, with emission wavelengths ranging from the blue of Coumarin dyes to the
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near-infrared of the polymethine family [44].

Perylene red, a large, non-ionic, nonpolar dye, has limited solubility in many com-
monly used liquid solvents, but dissolves readily in methyl methacrylate. Excited state
absorption restricts the laser efficiency of Perylene red to below that of most other com-
monly used dyes in the orange-red spectral region, but it remains one of the most pho-
tostable dyes available. The normalised photostability of Perylene red has been quoted
to be 80 + 15G] mol ! in PMMA when pumped by 6 ns pulses [45], although a number
of studies have shown that the photostability depends on many different operating pa-
rameters, including pump fluence, pump repetition rate, and doping concentration. The
laser damage threshold of PMMA has been published to be around 0.2 G] cm 2 [45].

1.2 Nonlinear Optics

The strong electric fields generated by focused high intensity laser beams led to the early
discovery, in crystal quartz, of the nonlinear optical generation of optical harmonics [47].
As described in chapter 3, nonlinear optical processes including harmonic generation,
difference frequency generation, parametric generation and oscillation, and Raman shift-
ing can be used to yield radiation that retains many of the advantageous properties of
laser radiation at otherwise inaccessible wavelengths.

The development of nonlinear optics was, for some time, hindered by the lack of
large, high quality nonlinear optical crystals, and of suitable pump sources. Advances
in pump lasers, especially diode laser pumped solid state lasers, have led to renewed
research interest in the field of nonlinear optics. Nonlinear optical crystals, such as (-
BaB,0O4 (BBO) [48-50], LiNbO3 (LN) [51-53], KTiOPO4 (KTP) [54], and LiB30Os5 (LBO) [55],
with high purity, high damage thresholds, and low absorption were developed, whose
high nonlinear optical coefficients somewhat relaxed the energy requirements placed on
the pump lasers. Increased crystal size and high power cw pump lasers, combined with
novel interaction geometries, made feasible the development of cw nonlinear optical sys-
tems.

For high conversion efficiency, the nonlinear optical interaction must be phase
matched. The traditionally common birefringent phase matching technique relies on for-
tuitous refractive index properties, which limits the range of interaction wavelengths.
More recently, research has concentrated on quasi-phase matching (QPM), which any in-
teraction, subject to absorption and fabrication constraints, to be phase matched with the
highest nonlinear optical coefficient [56, 57]. Quasi-phase matching has been achieved
by stacking polished plates, diffusion bonded wafers, controlled growth conditions [58],
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electron beam scanning, and periodic poling.

Periodically Poled LiNbO;

In the early 1990s, the successful periodic poling of the ferroelectric material LiNbO3, by
the application of high voltage pulses via patterned electrodes, was demonstrated [59,
60], and numerous applications of PPLN were rapidly developed [56, 61]. Field poling
has since been demonstrated in LiTaOj3, attractive for its short wavelength cut-off [62-65];
KNbO; [66]; KTP [67-70], and its isomorphs RbTiOAsOy4 (RTA, [71]), RbTiOPO, (RTP
[72]) and KTiOAsO, (KTA [73]).

After initial reports of PPLN used for of second harmonic generation (SHG) [59, 60,
74-76], the first PPLN OPOs were demonstrated by Pruneri et al. [77] and Myers et al.
[56] in 1995. In rapid succession, OPOs pumped by a diode pumped high repetition
rate Q-switched Nd:YAG laser, a long pulse Nd: YAG oscillator-amplifier, and a cw
semiconductor diode oscillator-amplifier system, were demonstrated [61]. Even during
these early experiments, thresholds as low as 12 ], in good agreement with the thresh-
old model of Brosnan and Byer [78], were measured for a nominally singly resonant
OPO pumped by 7ns pump pulses, although imperfect mirror coatings resulted in some
pump and idler enhancement. Reductions in OPO thresholds by as much as a factor
of 3 have been observed on double-passing of the pump [79]. The flexibility of domain
patterning resulted in multiple grating crystals being developed [77, 80]. In 1997, Jundt
used the phase matching wavelengths of PPLN OPOs to establish an accurate Sellmeier
equation for n, of LiNbOj [81]. Ultrafast PPLN OPOs, synchronously pumped by mod-
elocked lasers, have been reported with pulse durations as short as 60 fs and average
output powers of up to 1W [82-88]. Although the crystal length is typically limited by
group delay dispersion considerations, pumping directly by modelocked diode lasers
has been demonstrated, with up to 78 mW generated in 8 ps pulses at a repetition rate of
2.5GHz [89].

The thickness of crystal that can be electric field poled is limited by the ionic conduc-
tivity. PPLN wafers have been poled to 1 mm thickness, but the effective aperture has
been enlarged by diffusion bonding a stack of PPLN plates. In one result, a 3 mm thick
stack allowed the generation of 2m] pulses when pumped with up to 22m] of pump
pulse energy [90], although up to 7.4m] (3.6 m]) signal (idler) pulses have been gener-
ated in a 1 mm thick monolithic PPLN OPO [91]. Scaling plane parallel OPOs to larger
crystal apertures comes at the expense of a deterioration in beam quality [91] due to
larger signal mode waist and simultaneously increased beam divergence as the range of

signal spatial modes that can be phase matched increases with the higher cavity Fresnel
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number. Non-collinear phase matching, at the same time, broadens the spectral output
of the OPO.

The high gain in PPLN makes it possible to construct optical parametric generators,
amplifiers, and monolithic oscillators. Agnesi et al. [92] demonstrated a travelling wave
ps OPG-OPA configuration by double passing the same crystal, while a two-crystal con-
figuration was used by Aniolek et al. [93]. Monolithic resonators, where the crystal end
faces are coated to form the resonant cavity, are particularly attractive due to their sim-
plicity [91] and potentially efficient conversion [94-97]. In a comparative study between
50 mm long PPLN OPGs and 20 mm long monolithic OPOs, Missey et al. [98] found the
devices to exhibit similar performances. In chapter 7, results are presented of a PPLN
crystal whose Fresnel reflectivities supported monolithic oscillation.

A significant factor limiting the applications of PPLN is its susceptibility to photore-
fractive effects, arising from refractive index variations due to photo-generated carriers
via the electro-optic effect. Taya et al. presented a model [99] of photorefractive effects
in which the space charge concentration is reduced by longitudinal currents arising from
the field between the poled domains. A more comprehensive study, taking into account
the photovoltaic effect, and drift and diffusion of photo-generated electrons, was pre-
sented by Sturman et al. [100]. Although the effects have been observed to be less severe
in PPLN than in bulk LiNbO3, the crystals are commonly maintaining at an elevated
temperature above 100°C as a precaution [56, 61, 101]. Doping PPLN with MgO has also

been demonstrated to avert photorefractive damage.

Periodically Poled KTiOPO, and RbTiOAsO,

Second harmonic generation in field poled PPKTP gained prominence in the mid-1990s
and was developed rapidly [67-69, 102-106]. The coercive field of KTP is an order of
magnitude lower than that of LiNbO3; and the highly anisotropic crystalline structure
prevents domain broadening, allowing crystals of 1-3 mm thickness to be poled [107-
109]. In addition, the absence of photorefractive effects in PPKTP allows this material
to be operated at room temperature, simplifying the experimental configuration [8, 105,
107, 110]. Using 8 mm long PPKTP crystals, Pasiskevicius et al. [107] have demonstrated
81 mW of cw, 1.34 W of modelocked, and 0.4 m] of Q-switched SHG output using extra-
cavity frequency doubling of Nd : YAG lasers. Intracavity doubling of a 946 nm Nd : YAG
laser yielding 750 mW at 473 nm was reported by Pierrou et al. [8]. More recently, Woll
et al. [110] reported frequency doubling of an InGaAs oscillator-amplifier, yielding up to
250 mW of 460 nm radiation by single-pass frequency doubling of 13 ps pulses at a pulse
repetition frequency of 4.8 GHz.
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Difference frequency generation in PPKTP was first demonstrated in 1998 by Gib-
son et al. [111] and independently by Fradkin et al. [112, 113]. Around the same time,
PPKTP was applied to OPOs, initially in synchronously pumped systems [108], and sub-
sequently in cw [109, 114-116] and Q-switched pumped [117] OPOs. The OPOs investi-
gated by Hellstrom et al. were similar to those presented in this work. Pumping at 3.5m]
in 5ns pulses, a total signal plus idler combined output energy of 1.8 mJ] was measured
in a 25mm long plane—plane cavity [117]. Fresnel reflections were observed to support
monolithic oscillation. In a more recent study [118], the authors generated 12.5m] uni-
directional output within a 3mm thick PPKTP crystal, limited by the available pump
energy, and a similar OPO was pumped at up to 15 times threshold [118]. These results
may be compared to the 18 mJ reported in chapter 5 from an OPO pumped at 18 times
threshold.

Periodic poling of RTA was first demonstrated in 1996 by Karlsson et al. [119], and in-
dependently by Hu et al. [120], for SHG of Ti: sapphire lasers. The first PPRTA OPO was
demonstrated by Reid et al. in 1997 using a fs Ti:sapphire pump laser [121] and PPRTA
has since been employed in OPOs in the cw [122, 123], ns [124], ps [125], and fs [126] time
domains. The relatively recent development of PPRTA, which built on extensive experi-
ence gained from poling of KTP, meant that few performance improvements have been
reported since the initial demonstrations. Poling to 3 mm apertures allowed a Nd : YVO4
pumped PPRTA OPO to generate 1.3 W average output power for a pump power of 8W
at 20kHz, and single pulse energies of 18 m] when pumped by 56 m] from a flashlamp
pumped Nd: YAG laser [127]. Virtually identical results had been reported in the initial

demonstration two years previously [124].

Continuous-Wave and Intracavity OPOs

The large nonlinearities accessible by quasi-phase matching, particularly in PPLN, al-
lowed the development of cw OPOs with modest pump sources [61, 128], including di-
rect pumping by tuneable diode lasers [129, 130]. These narrowband tuneable cw devices
are particularly suited for chemical detection [130, 131]. For example, Strofsner et al. [132]
recently demonstrated a remarkable tuning range, between 550 nm and 2.83 pm, of a sin-
gle frequency (20 kHz optical bandwidth) cw OPO based frequency conversion system
that generated up to 800 mW output power using either PPLN or PPKTP. Early demon-
strations of cw OPOs employing birefringent phase matched nonlinear optical crystals
were most commonly doubly resonant [133, 134]; theoretical treatments of these have
been presented by a number of authors [94, 135, 136]. Low thresholds have allowed
these devices to be pumped directly by semiconductor oscillator-amplifier systems [137]
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and diode lasers [138, 139]. The spectral sensitivity of doubly resonant OPOs, due to
the multiple resonance constraints, can be mitigated by employing dual cavity configu-
rations [137, 140]. Pump enhanced OPOs have also been shown to give low thresholds
and efficient conversions [141-143], with the theoretical aspects being treated by Schiller
et al. [144].

The intracavity, singly resonant OPO (ICSRO) configuration, used in chapter 8, was
initially applied to fs [145], and subsequently Q-switched systems [17, 146, 147]. In
1996, Colville et al. reported the first demonstration of a cw ICSRO using bulk KTP in-
tracavity to a Ti:sapphire laser [148]. This was followed in 1997 by the first multiple-
parameter tuned ICSRO by Turnbull ef al. [149], using a 19 mm long PPLN crystal within
a Ti:sapphire laser cavity. Significant thermal lensing in PPLN was observed. Subse-
quently, Edwards et al. extensively investigated intracavity OPOs in Ti:sapphire lasers,
including the nonlinear optical materials KTA [150], which generated 0.8 W idler output
power with 90% conversion efficiency; PPRTA [122], which generated 270 mW idler at a
reduced conversion efficiency of 43% due to focusing requirements in the short nonlin-
ear optical crystal; and PPKTP [116], which generated up to 455 mW at the non-resonant
idler wavelength.

The intracavity OPO configuration was thereby shown to be feasible for both bire-
fringent and quasi-phase matched nonlinear optical materials. A theoretical treatment
of intracavity doubly resonant oscillators was given in an early paper by Oshman and
Harris [151], followed by an analysis of the cw conversion efficiencies and optimum fo-
cusing conditions of intracavity singly resonant oscillators by Tran-Ba-Chu and Boyer
[152]. Colville et al. [148] found the conditions required for an optimum 100% conver-
sion efficiency by solving the laser and coupled nonlinear optical rate equations under
steady state. A more exhaustive treatment was presented by Turnbull et al. [153], includ-
ing relaxation oscillations and power stability with a multi-frequency laser field. Under
steady state, the authors showed that below the ICSRO threshold, the system operates
as a conventional laser cavity, whereas above OPO threshold the laser field is clamped at
the threshold value. Different expressions optimising idler power, signal power, and total
power were derived in terms of laser cavity and ICSRO threshold pump powers. Analytic
and numerical analysis of relaxation oscillations in ICSROs demonstrated a substantially
increased damping time with the OPO above threshold. Turnbull et al. investigated such
transient dynamics and found the numerical treatment to agree with the experimental
results of a PPLN OPO intracavity to an Nd: YVOy laser [154]. The dynamics of ICSROs
under pulsed operation were investigated by Debuisschert et al. [147].

A cw ICSRO based on system similar to the one in chapter 8 of this thesis was used
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by Stothard et al. [123], who were able to generate up to 70mW of idler power using
a 50mm long PPLN crystal driven by a 1 W-diode pumped Nd:YVO, minilaser. This
configuration was used in a comparative study between PPLN and PPRTA [155], and the
results of a PPRTA-Nd : YVO, cw ICSRO pumped by a 3W diode was recently presented
by Carleton et al. [156].

1.3 Optical Bandwidth Control

A number of authors have presented spectroscopic measurements using the output from
pulsed, tuneable OPOs. The free-running optical bandwidths of birefringently phase
matched (~10cm™!) or quasi-phase matched (~5cm™!) ns pulsed OPOs are typically
too broad for all but the coarsest spectroscopic features [157], and useful devices have,
in the past, been based primarily on cw or injection seeded OPOs [158]. Photoacoustic
and direct absorption spectroscopy of a number of pollutant molecules, including CHy
[109, 131, 159-162], CO, [158, 163], C,H; [157, 158], N,O [130], and NO [158], has been
demonstrated. The short, high energy pulses of seeded OPOs have been shown to be
suitable for differential absorption lidar of atmospheric methane [164] and water [165].
Other spectroscopic applications include coherent anti-Stokes Raman and cavity ring-
down spectroscopy [166].

Narrowing the optical bandwidth of OPOs using active techniques such as injection
seeding [167] can lead to complex system architectures [168]. In this work, optical band-
width control using passive frequency filters, including étalons and diffraction gratings,
are investigated, resulting in narrowband radiation that would be suitable for applica-
tions previously demonstrated using OPOs.

In two early papers on intracavity étalon OPOs, Kreuzer [169] and Young et al. [170]
demonstrated single mode and narrowband, respectively, output from bulk LiNbOj3;
OPOs. Such OPOs are still of interest for high pulse energy work, and étalon narrow-
ing was used by Long et al. [171] in a bulk LiNbO3; OPO-OPA system to generate up to
180 m] of narrowband (<1.5 GHz) radiation. Robertson et al. [172] narrowed the optical
bandwidth of an excimer laser pumped birefringently phase matched 3-BaB,O, OPO us-
ing two intracavity étalons. The authors observed a significant increase in threshold on
insertion and tilting of the étalons. This may be attributed to losses introduced by the
étalon [173], in terms of walkoff and build-up time effects, which may also reduce the
effective finesse [174]. In a more recent publication, Richman et al. [162] reported on a
ring cavity PPLN OPO that included an air spaced étalon; simultaneous sweeping of the

étalon spacing and cavity length allowed 10 cm~! continuous frequency tuning. The sys-
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tem provided up to 10 i] of tuneable output pulse energy, which was used to measure a
cavity ring-down absorption spectrum of methane. In cw OPOs, thin, low finesse étalons
are often used to select the resonating wavelength, and the output power is usually not
greatly affected by the insertion and angle tuning of these étalons [128, 130, 143, 163].

The first grazing incidence diffraction grating cavities were independently demon-
strated in dye lasers by Shoshan et al. [175] and Littman and Metcalf [176]. Subsequent
studies, also performed with pulsed dye lasers, showed the importance of short cavity
lengths [177] and the choice of tuning mirror pivot point for synchronous tuning of cav-
ity length and tuning mirror angle [178]. The grazing incidence cavity has since been
used successfully to narrow the optical bandwidth of Ti:sapphire lasers [179] as well as
OPOs based on bulk KTP [180], BBO [181, 182], and PPLN [161]. Due to the low output
efficiency of the grazing incidence cavity, nonlinear optical amplifier chains have been
implemented [183, 184], resulting in m]J-class, reliable, practical systems suitable for spec-
troscopy. A grazing incidence KTP OPO and amplifier chain has been commercialised by

Continuum Inc.

The key operating parameters of a grazing incidence OPO were investigated by
Gloster et al. [181] using a walkoff compensated BBO OPO, pumped by the third har-
monic of a Nd: YAG laser. The optical bandwidth of the pump laser was found to be
critical in determining the optical bandwidth of the OPO, with a single frequency pump
being necessary to achieve single longitudinal mode OPO oscillation. Other passively
line narrowed OPOs have agreed with this observation, but single longitudinal mode
signal output has also been demonstrated under broadband pumping [169, 170, 183].
Nonetheless, Gloster et al. [181] could not achieve reliable single mode operation un-
der broadband pumping, which could be explained by the geometric considerations pre-
sented by Kangas et al. [179].

A grazing incidence PPLN OPO similar to the one presented in chapter 5 was re-
ported by Yu and Kung [161] shortly after the experiments reported in section 5.2.4 had
been completed. The authors demonstrated the suitability for such OPOs as spectro-
scopic sources by the successful measurement of photo-acoustic absorption spectra of
CHy. The OPO optical bandwidth was reduced to 9 GHz in that case, with 50 1] of output
energy. These values may be compared to those reported in chapter 5, where a diagnostic
instrument limited optical bandwidth of <250 MHz and signal output pulse energies of

up to 170 ] were measured.
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1.4 Thesis Outline

The thesis is arranged into two parts: theoretical background and experimental results.
Chapters 2, 3 and 4 review the theoretical foundations for lasers, nonlinear optics, and the
passive methods of optical bandwidth control used, with emphasis on areas of relevance
to the experimental work. Summaries of important properties of the laser and nonlinear
optical media used are presented in sections 2.2 and 3.4.

The second part of the thesis presents results from experimental work carried out
on quasi-phase matched OPOs. The results are divided into 10 Hz OPOs pumped at
1.064 um (chapter 5); 10Hz OPOs pumped at 532nm (chapter 6); OPOs pumped by a
high repetition rate laser, both at 1.064 ym and 532nm (chapter 7); and the design and
construction of a thermal lensing tolerant cw intracavity OPO pumped at 1.064 ;xm (chap-
ter 8). The pulsed OPO chapters include performance results of OPOs based on PPLN
and PPKTP, incorporating either intracavity étalons or diffraction gratings as a means to
obtain single mode or narrowband operation. An overall summary and general conclu-
sions drawn from the experimental results are presented in chapter 9.

A list of publications arising from the work presented in this thesis is given in ap-
pendix A, while the circuit diagram used to generate an error signal from a scanned
grazing incidence PPLN OPO described in section 5.2.5 is included in appendix B.



Chapter 2

Laser Sources

The theoretical foundations for the laser were formulated in the 1920s by Einstein, but
it was not until 1960 that the first optical frequency laser was demonstrated [1]. Lasers
have since become invaluable to many fields of research, including nonlinear optics. Sec-
tion 2.1 describes the laser rate equation models for both continuous-wave (cw) and Q-
switched modes of operation, and the method by which thermal lensing may be calcu-
lated. Relevant properties of laser gain materials used are briefly outlined in section 2.2,
and the ABCD law and its application to resonator design is summarised in section 2.3.

2.1 Laser Theory

2.1.1 Rate Equations

The performance of lasers can be predicted with remarkable accuracy using semi-
classical equations as derived in optics texts [2, 46, 185-187]. In a system of ideal

four-level atoms, with energy levels as illustrated in figure 2.1, the population density

— | )

L |E)

Figure 2.1: Atomic system comprising four levels | Z;). A pump source R, excites the atoms from
the ground state | %) to the upper laser level via a band of pump levels |E;). A radiation field
I(w) may be amplified by stimulated emission between the upper | ,) and lower | Z;) laser levels.

13
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rate equations for the upper N, and lower Nj transition states may be written as the sum

of pumping, decay, and stimulated transition terms as

dNZ — RP _ & _ <U_(j> |:]\]2 — g_2N1:|
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Here, o is the transition cross-section; g; is the degeneracy of state |Z;), which has energy
E;; Tji is the characteristic relaxation lifetime from level |;) to |%;); and 1/7; = 5, 1/7j;
is the total level decay rate. The atoms interact with a radiation field of intensity I and
angular frequency w, assumed to be close to the atomic transition frequency wy = (£, —
) /.

In equations (2.1), Ry, is an effective pump rate density from the ground state into the
upper laser level |%,). For an ideal laser material with a branching ratio 73/73, = 1, an
optical pump source of absorbed power P, injected into a pumped volume V), yields a

pump rate of

labs
pu— 2-2
p h p‘rp 9 ( )

where w,, is the angular frequency of the pump radiation. Optical pumping can assume
many forms, including flashlamp and diode laser pumping as discussed in chapter 1,
and efficiency coefficients may be introduced to account for imperfect spectral and spatial
overlap [2].

To simplify the notation, it is customary to define a population inversion density
N = [N; — (32/£1)N1] where N ~ N, in four-level laser systems. Under equilibrium
conditions, we may set the temporal derivatives d/dt = 0 and solve equations (2.1) for
the steady-state inversion density. Assuming ideal lifetime, branching, and degeneracy

ratios [186], the steady-state inversion density is

T Rp
N=_—"1r7—, 2.3
141/ Isa @3)
where the saturation intensity
fiw
Lsat = — (2.4)
0Ty

is the field intensity required to deplete the inversion to half of its small-signal value.
The saturation intensity is found to be an important figure of merit for comparing laser

media.
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2.1.2 Atomic Lineshape

The laser transition of Nd:YAG is homogeneously broadened, principally by phonon
collision dephasing processes. We may use a plausibility argument to derive the ho-
mogeneously broadened lineshape of the stimulated emission cross-section o(w) by con-
sidering the one-dimensional equation of motion of the polarisation P(t) induced by an
applied electric field E(t) in a system of A dipoles [185],

LP(H) . AP N2

where e and m are the electronic charge and mass, and Aw the linewidth. For a monochro-

E(t), (2.5)

matic applied electric field of frequency w ~ wy;, the complex atomic susceptibility can
be derived as xat = P(t)/E(t)  1/(w3, — w? + iwhAw) [185]. The imaginary part of yat
is related to the strength of the transition lineshape, which, under typical lasing condi-
tions, is the dominant factor determining the frequency dependence of the cross-section
o(w). A more detailed derivation of the stimulated emission cross-section results in the
Lorentzian distribution
22 4/Dw

8mn’my |1+ {2(w —wy)/Dw}? |’

(2.6)

o(w) =

where ) is the laser wavelength. The spontaneous emission lifetime 7, may, at least in
principle, be derived from quantum mechanics [46, 185].

The natural transition linewidth Aw in equation (2.6) arises from the Fourier transform
of the spontaneous emission decays via the damping term in equation (2.5). In Nd : YAG,
the contribution from the 7, = 230 us lifetime is overwhelmed by phonon broadening,
resulting in a typical pulsed free-running spectral width of Aw’/27 ~ 30 GHz. Under cw
conditions, the combination of gain saturation and homogeneous broadening results in
narrowband laser output, whereas injection seeding or frequency selective filters may be
used to control the optical bandwidth of Q-switched systems [2].

2.1.3 Continuous-Wave Operation

A laser material with a suitable population inversion may act as a laser amplifier, or,
when placed within a resonant cavity, a laser oscillator. Analogously to equations (2.1),

we may write a rate equation for the intracavity field intensity I,

dl I I
— =——+ —coNI )
7 - + LCCU , 2.7)

where spontaneous emission has been neglected. The ratio between crystal /. and cavity

L. lengths accounts for the intensity experiencing gain only within the laser crystal on
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each round trip. The cavity photon lifetime is denoted 7.. The intensity gain v per unit

length is defined as
o Ry

1+ 1/ Isat

in steady state using equation (2.3). The losses experienced by the field are due to the

oN =

¥ (2.8)

output coupler reflectivity R and a cavity loss coefficient L, to which absorption and
scattering losses contribute. The round trip intensity survival factor is R(1 — L)e?le =
20~ with an effective loss coefficient o per unit length within the crystal of

~In[RA — L)]

o (2.9)

Under steady-state conditions, dI/dt = 0 and v = «, which leads to an expression for the
cavity lifetime 7. = L. /I.ca.

Below threshold, there exists a negligible intensity within the cavity and the gain
coefficient in equation (2.8) reduces to the small-signal gain coefficient, denoted v, =
o72Rp. The laser oscillation threshold is reached when 7y = «, and combining equations

(2.2), (2.8) and (2.9) gives the pump power required to maintain threshold [2],

- _hprp
p-thr 2l.0my

In[R(1 — L)]. (2.10)

For low losses L < 1, this may be simplified using —In[R(1 — L)] = L —InR, yielding a
linear relationship between P, y,, and —In R. This provides a method for experimentally
determining the resonator cavity losses L by measuring the threshold power for varying
output coupler reflectivities R, as first outlined by Findlay and Clay [188].

Above threshold, the intracavity intensity grows until gain saturation depletes the
gain coefficient y. Under steady-state conditions, the intracavity intensity is given by
I = (v0/a — 1)Iss from equation (2.7). This is the sum of counter-propagating field com-
ponents, and for low output coupling approximately —(InR)/2 of the intensity is trans-
mitted as useful laser output [2]. Provided the losses L are known, the equation for the

output power
—InRV, Y omR,

= Cm_l Leat 2.11)

Pout =

can be used to find the optimum output coupler reflectivity.

The performance of the diode-pumped Nd:YAG laser reported in chapter 7 was
modelled using the following parameters: pump volume V, = 1.5mm?; crystal length
Ic = 10mm; cavity length L. = 250 mm; output coupler reflectivity R = 0.8; and cav-
ity round trip loss coefficient L = 0.1. Equation (2.10) predicted a threshold power
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of Py, = 0.95W, while an absorbed pump power P,,s = 24 W led to an output power
Pout = 11.9W. Both values are in good agreement with the values measured experimen-
tally. A more detailed analysis of a diode-pumped Nd:YVOj laser, including Findlay—
Clay and output power analyses of the cavity losses and optimum output coupling, is
presented in chapter 8.

214 Q-Switching

One method for increasing the peak power levels for applications such as the nonlinear
optical frequency conversion investigated in this thesis is to store energy in the form of
a population inversion within a high-loss cavity in which laser oscillation is suppressed,
followed by rapid depletion of the inversion and simultaneous generation of an intense
laser pulse by switching the cavity losses L (cavity Q factor). The evolutions of the popu-
lation inversion density N(t) and the intracavity laser intensity I(t) are still governed by
the coupled rate equations (2.1) and (2.7), but time-dependent functions are substituted
for the pumping rate Ry (t) and the cavity losses «(t).

Approximate analytic evolution solutions can be found by partitioning the Q-switch
pulse into build-up, emission and decay time periods [185]. During inversion build-up,
integration of equation (2.1) with I = 0 and a constant pumping rate R, yields a popula-
tion inversion density that grows as N(t) = 7 R,(1 — e~t/™), limiting the useful build-up
time to a few fluorescence lifetimes 7,. After the Q-switch is opened, the radiation field
grows exponentially at a rate determined by v, until the gain begins to saturate, and in-
tensity growth continues until the inversion density is reduced below the cw threshold
inversion density Ny,, = a/o. The final part of the pulse comprises an exponential tail
I(t) < e~!/7 as the intracavity intensity decays due to cavity losses.

In the period during which the Q-switched laser pulse is emitted, the rate equa-
tions (2.1) and (2.7) may be manipulating to yield a differential equation of the form
dI(t)/dN(t) < [Ny /N(t) — 1]. Integration leads to [185]

I(t) :hwci—i N; — N(t) = N In % , (2.12)
where N; is the population inversion density when the Q-switch is opened. This expres-
sion may be used to calculate the inversion density N remaining after the Q-switch pulse
has finished, and it is found that for initial inversions in excess of ~2Ny,,, virtually all of
the stored inversion is converted into photons [2]. The output pulse energy U is given by
the useful fraction of these photons,

In(R
Uout :hva(Ni_Nf)ln ( )

MR- D) (2.13)
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Figure 2.2: Modelling of a diode-pumped high repetition rate Nd : YAG laser performance. (a)
Laser output pulse evolution obtained by numerical integration of equations (2.1) and (2.7). (b)
Output pulse energy as a function of repetition rate. Squares, experimental data reported in
chapter 7; solid line, theory from equation (2.13). For further information, see text.

The peak output power Py ok is generated when the inversion is reduced to the cw
threshold value, N(t) = Ny,;, and may be calculated directly using equation (2.12). An
estimate of pulse duration can then be found from the ratio Uout/ Pout,pk- For systems
pumped well above threshold, the pulse duration approaches the cavity lifetime 7.. Com-
bining the expressions for the inversion build-up and output pulse energy, the average
Q-switched power Pyyg ata laser repetition rate f can be related to the cw output power
Pout by [35]

Pavg & Pounaf (1 —e /7). (2.14)

Numerical integration of the population (2.1) and intensity (2.7) rate equations is
required to obtain accurate pulse shapes. Such a model was developed for the diode-
pumped Nd: YAG laser reported in chapter 7, with most of the parameters as outlined
at the end of section 2.1.3. Figure 2.2 (a) shows the output power evolution after the Q-
switch is opened obtained using such calculations, which included a low intracavity seed
field from which the laser pulse started. The output pulse energy as a function of repe-
tition frequency is shown in figure 2.2 (b) together with experimentally measured values
reported in chapter 7. To obtain agreement between the theoretical model and experi-
ment, the round trip loss coefficient L was set to 0.4. The corresponding cavity lifetime
T, = 2ns was in agreement with the pulse decay tails of experimentally recorded pulses,
and the high loss coefficient was attributed in part to the introduction of an intracavity
aperture, used to ensure fundamental transverse mode oscillation. The durations of the
modelled pulses shown in figure 2.2 (a) were consistently ~5 times shorter than those
measured in the laboratory. Introducing into the model switching times of around 50 ns,
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comparable to the beam traverse time of a sound wave in silica, reduced the predicted
output pulse energies due to inefficient extraction of the population inversion but did not
match the experimentally measured pulse durations.

The pulse build-up time can be reduced by injection seeding, as shown by the dashed
line in figure 2.2 (a), or by lowering the cavity losses, which also modifies the decay con-
stant of the pulse tail. Minimisation of the build-up time can thus be used experimentally
to optimise resonator alignment and to ensure successful seeding. The rate equations
(2.1) and (2.7) can be extended to include other phenomena, such as injection seeding,
variable pumping and hold-off, excited state absorption (ESA) [20], energy transfer up-
conversion (ETU) [23], and the influence of intracavity components such as saturable

absorbers [21], intracavity frequency doubling, or OPO crystals [153].

Acousto-Optic Q-Switching

The high repetition rate Nd : YAG laser described in chapter 7 employed an acousto-optic
Q-switch, in which an acoustically induced Bragg grating causes a beam deflection. The
acousto-optic effect arises from an acoustic wave, generated by an rf-driven transducer,
inducing a strain wave that modifies the refractive index within the material via the pho-
toelastic, or strain-optic, coefficient p. It can be shown [187] that the magnitude of the
change in refractive index is given by An = /M, /2, where I; is the sound wave inten-

sity and
p2nb
M = e (2.15)

is a material figure of merit parameter. In equation (2.15), p is the mass density of

the medium and v, the velocity of sound. Typical figures of merit are around M ~
1x 10~ ¥ m2/W.

In deriving the resulting Bragg diffraction, the strain-induced refractive index grating
is assumed to be stationary during the radiation transit time, as shown in figure 2.3. A
beam incident at the Bragg angle 05, where sinfg = \/2/\; with X the optical and A, the
acoustic wavelength, is partially reflected. A detailed power diffraction calculation [187]

leads to an expression for the power reflectivity R of the deflected beam,

R = sin? [2”””\5 M IS] , (2.16)

A2 2

where L is the length of the Q-switch. The extinction ratio is thus determined by the
applied rf power, with typical diffraction efficiencies of around 1-5% per Watt of rf power
[14, 187].
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Figure 2.3: Acousto-optic Q-switch of length L. An rf signal applied to a transducer generates an
acoustic wave of wavelength A, which induces a refractive index grating. A beam incident at the
Bragg angle 0 is partially reflected by the grating.

The switching time is determined by the transit time of the acoustic wave across the
beam diameter, and the hold off of acousto-optic Q-switches is often insufficient for high
gain lasers. However, the modest power requirements and low insertion losses (~0.5%)
make these switches ideal for cw-pumped solid-state lasers.

An alternative method for obtaining Q-switched pulses relies on the electro-optic
effect in birefringent media. Electro-optic Pockels cell Q-switches are commonly de-
signed to give an orthogonal polarisation after a round trip, which is rejected by the
polariser, and a quarter wave voltage applied to the Q-switch to open it. Electro-optic
Q-switches require fast, high voltage drive circuits, but offer higher extinction ratios
and faster switching times than acousto-optic Q-switches. The commercial flashlamp
pumped Nd: YAG lasers employed as pump sources in chapters 5 and 6 were electro-
optically Q-switched.

Prelase Q-Switching

The variable diffraction efficiency of acousto-optic Q-switches determined by the applied
rf power may be used as a variable output coupler to optimise the laser Q-switching
efficiency and beam quality [12], to enforce unidirectional oscillation in a ring cavity [12,
189], or to control the transient build-up of the laser intensity within the cavity before the
laser pulse is emitted [10, 15].

In the last of these, which is known as prelase Q-switching and has also been demon-
strated using electro-optic Q-switches [10, 13, 189], the hold off is adjusted to maintain
a low seeding intensity within the resonator before the Q-switch is opened for the laser
pulse. Gain saturation of this cw prelase results in a narrowing of the optical bandwidth
of the emitted laser pulse, as well as improved amplitude and temporal stability. Inten-
sity spiking and relaxation oscillations during the prelase period are often suppressed

with electronic feedback [15]. A form of prelase Q-switching without feedback was im-
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Figure 2.4: Thermal distribution T(r) generated within an infinitely long rod by a uniform heat
load Q per unit volume. The resulting temperature distribution is quadratic, leading to a spherical
thermal lens. The rod has radius ry and surface temperature Tj.

plemented as described in chapter 7 by tilting the acousto-optic Q-switch to reduce the
hold-off. The spectral narrowing was, in this case, observed at the expense of somewhat

degraded temporal and amplitude stability.

2.1.5 Thermal Lensing

Within the laser crystal, thermally induced changes in the refractive index cause phase
front deformations. For extreme heat loads with inadequate cooling, thermally induced
stresses can lead to catastrophic crystal damage [2]. In moderate power solid-state lasers
end-pumped by semiconductor diode lasers, the thermal load arises largely from the
pump quantum defect w,/w, whereas in other configurations additional heat loads due
to absorption and spectral or spatial matching of the pump and laser may contribute [2].

Under steady state thermal loading, a heat flux V - h(r) = Q(r) is generated [190] by
the heat load Q(r). The heat flux is related to the temperature distribution by h(r) =
—kmh VT(r), where Ky, is the material thermal conductivity, from which we may write

the heat conduction equation [190]
v [mw(r)] + Q@) =0. (2.17)

To simplify the calculation, we assume constant x1, and a heat load Q = P,,s/V uni-
formly distributed within an infinitely long laser rod of radius ro, as illustrated in figure
2.4. The thermal gradients are then purely radial and the radially symmetric temperature

distribution is given by [2]
AT(r) = T(r) — T(rp) = K& (rg - r2) . (2.18)

This quadratic temperature profile gives rise to a spherical thermal lens due to spatial

variations in the refractive index arising through the material dn/dT coefficient, thermal
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stresses leading to stress-induced changes in the refractive index via the photo-elastic
effect, and bulging of the crystal ends due to the coefficient of thermal expansion cy,.
The effective focal length may be calculated by treating the rod as a thick lens [2], which
yields

1 Pabslc 1dn 3 OéThT"()(TZO - 1)
— i C LU S A 2.19
frn kmV |2dT + arhCrpmy + I ; (2.19)

where each of the terms on the right hand side corresponds to a contributing lensing
process. The radial and azimuthal components of the photoelastic coefficient C, 5 may
be derived from the laser material stress optic tensor and have values C, ~ 0.017 and
Cy ~ —0.0025 in Nd: YAG [2]. The unequal values result in a polarisation dependent
lens. This effect is usually dominated by surface bulging in end-pumped configurations
[27], or the dn/dT term in flashlamp and side-pumped geometries [190], but can lead
to thermal depolarisation losses. Knowledge of material parameters allowed equation
(2.19) to be used directly to calculate the thermal lens in the diode pumped Nd: YAG
(yielding fr, ~ 75mm) and Nd:YVOy (fr, ~ 150mm) lasers, described in chapters 7
and 8, respectively.

Thermal lensing within laser rods has been extensively modelled both analytically
[28, 32, 190] and numerically [23, 27, 31, 191], and results have been compared to experi-
mental measurements of beam distortions arising from thermal effects [43]. In Nd : YAG,
the quantum defect places a lower limit of (1 — w,/w) = 24% on the fractional thermal
heat load [192], whereas values of up to 40% have been measured experimentally [29,
30]. Thermal distortions have been observed to be substantially stronger under nonlas-
ing conditions applicable to the pulse build-up period of Q-switched systems [24, 192]
as compared to cw lasing conditions. Comparison between face and edge cooling ge-
ometries [32, 191] have shown that the centre-to-edge temperature gradient is reduced
in face cooled configurations, and the contribution to the thermal lens due to bulging of
the end faces can be substantially reduced by diffusion-bonded, undoped end caps [27,
193]. In general, thermal lensing and the risk of fracture can be mitigated by reducing
the absorbed power density, by lowering the dopant concentration [41, 194], dual-end
pumping [32], or by distributing the pump across multiple laser rods within the same
cavity [27].

2.2 Laser Gain Materials

The Nd3* active laser ion has been doped into numerous hosts, including Nd: YAG,
Nd:YLF and Nd : YVOy, discussed in the following sections. Since the active 4f electrons
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Table 2.1: Properties of laser media [2, 24, 38, 41, 46, 185, 191, 192].

Nd:YAG Nd:YLF Nd:YVO,
Property T o T o
Pump Wavelength A\, (nm) 808.7 797 808.5
Pump Absorption (cm ™!, 1% at.) 9.1 4.5 31 10
Laser Wavelength A (nm) 1064.2 1047 1053 1064.3 1066
Fluorescence Lifetime 7, (us) 230 480 520 98
Cross-Section o (x10~'? cm?) 2.8 1.8 1.2 15.6
Refractive Index n 1.82 1.47 (n.) 1.45(n,) 2.17 (n.) 1.96 (n,)
dn/dT (x107°K™1) 7.3 —4.3 -2.0 3.0 8.5
Thermal Expansion ar, (x1076 K1) 7.5 8(c) 13 (a) 11 (c) 4 (a)
Thermal Conductivity s, (W/mK) 14 5.8 7.2 5

are partially shielded from the host surroundings by the 5s> and 5p? shells, the materials
exhibit similar energy level structures, shown in figure 2.5. By contrast, the thermo-optic
and mechanical properties, summarised in table 2.1, are determined largely by the host
crystal, making the different materials attractive for different applications. The proper-
ties of Nd: YAG have been widely researched in many operating regimes including the
cw and Q-switched applications used here, making it a benchmark material with excel-
lent and reliable performance. Due to its lower propensity to thermal lensing, Nd: YLF
was investigated for the high repetition rate laser reported in chapter 7, and Nd: YVO,
was chosen for the cw laser results presented in chapter 8 because it offers superior cw

laser efficiency and pump absorption characteristics.

22,1 Nd:YAG

Since the first report in 1964 [3], Nd : YAG (Nd:Y3Al50;;) has become the most widely
used solid state laser material. Its widespread success for many diverse applications
including scientific, medical, industrial, and commercial uses is due to the combination of
favourable bulk material characteristics of the YAG host and the excellent laser properties
of the Nd** active centre [2]. The cubic YAG garnet host is naturally isotropic, and offers
a high thermal conductivity suitable for high power applications. Due to its mechanical
hardness it can be machined well, resulting in high quality crystal faces. Typically 1% of
the Y>T lattice sites are replaced by Nd>*; higher impurity concentrations lead to heavily
strained crystals due to the ~3% size difference between the ions.

A number of pump bands, in particular around 730 and 810, are available for pump-
ing Nd:YAG. The absorption spectrum for the latter is illustrated in figure 2.6 and
808.7 nm semiconductor diodes are often employed for pumping to the *F; /» manifold.
From these levels, excited atoms decay rapidly to the metastable upper *F; /2 laser level,
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Figure 2.5: Energy level diagrams for Nd: YAG, Nd: YLF and Nd: YVOj, laser gain materials [2,
24, 34, 186, 195]. Pump diodes at ~0.8 um raise atoms from the *I, /> ground level to the 4F; /2
pump band, whence they decay to the *F; , upper laser level. The ~1 um laser transition occurs
between the *F; /> and 4 /2 manifolds, shown in detail at right; in the uniaxial Nd:YLF and
Nd:YVO, crystals, lasing occurs on two discrete polarisations, labelled 7 and o. Other laser
transitions terminating on the *I;5 J2s 4L, /2 and 4, /> manifolds occur at wavelengths ~2.0 um,

~1.3 ym and ~0.9 pm, respectively.
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Figure 2.6: Absorption coefficient ,ps per atomic doping percent in Nd: YAG, as a function of
wavelength A, near the 808 nm band commonly used for optical pumping by semiconductor
diodes. (Litton data sheet.)

which has a lifetime 7 = 230 us.  Laser transitions ending on a number of different
lower states have been demonstrated, including I;5 /2 (A =1.74-2.13 um), 415 /2 (1.319-
1.356 i), *I1; p (1.052-1.226 yum) and I, (890-946 nm). The thermal population of the
4, /> terminal level results in a quasi-three level laser system at this wavelength that re-
quires bleaching and is subject to reabsorption losses [6]. The strongest transition, em-
ployed in the work presented here, occurs between sublevels R; and Y3, at a wavelength
of 1.064 ;um. The lower level decays rapidly (71 ~ 30 ns [186]) to the ground level, making
this Nd : YAG transition close to an ideal four-level laser system.

222 Nd:YLF

In diode pumped Q-switched and cw systems such as those described in chapter 7, the
improved thermal lensing properties of Nd : YLF (Nd: YLiF4) make it an attractive alter-
native to Nd: YAG [35, 37, 196]. Despite a lower thermal conductivity, partial cancella-
tion between the negative dn/dT and positive end-face contributions to the thermal lens
in equation (2.19) results in reduced thermal aberrations [191]. Depolarisation losses are
also reduced due to the strong natural birefringence of the uniaxial YLF crystal host [2].
An intracavity polariser can be used to discriminate between the higher gain 7 transition
at1.047 um (electric field E || ¢ axis) and the lower lensing o transition at 1.053 ym (E L c).
The cw thresholds for Nd : YLF are lower than comparable Nd : YAG systems on account
of the slightly larger o product [197]. Under Q-switched operation, a longer upper
state lifetime can lead to an enhanced energy storage capability [37]. Careful attention
must be paid to heat removal from Nd: YLF, and detuning the pump diode wavelength
by up to 8nm may be used to reduce the absorbed power density [198]. Nonetheless,
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thermal fracture prevented an experimental realisation of a Q-switched Nd : YLF laser in

this work.

223 Nd:YVO,

Nd:YVO; offers laser characteristics that are uniquely suited to cw diode end pumped
lasers in the ~10 W domain [38]. Nd: YVOy, has a strong pump absorption coefficient of
Qaps = 31cm™! for 1% at. doped Nd : YVOy [41] and a reduced Stark splitting in the 4F, /2
pump manifold (see figure 2.5), leading to an absorption some 20 nm wide, both broader
and smoother than Nd:YAG [38]. Typical Nd:YVO;, crystals need thus only be a few
millimetres long for good pump absorption and the temperature stability tolerance on
the pump diodes is substantially eased. The short crystal length allows high brightness
TEMyy modes to be generated with high efficiencies, since the resonated mode radius
need be constrained over only a short length [95]. In addition, like Nd:YLF, natural
birefringence overwhelms thermal induced birefringence, reducing the susceptibility to
depolarisation losses.

The cross-section for the w-polarised 1.064 um transition in Nd : YVOy is greater than
for the corresponding transition in Nd : YAG, leading to lower thresholds in Nd : YVO4
systems. Crystals doped with up to 3% at. Nd** [39, 41] have been demonstrated, allow-
ing Nd : YVO,4 microchip and minilasers to be constructed [39], including minilasers with
intracavity nonlinear optical frequency conversion with excellent spatial qualities [95]. In
recent years, upconversion and thermal problems, associated with the high thermal load-
ing of highly doped Nd: YVOj, crystals and a low thermal conductivity, have resulted in
crystals with lower doping levels of around 0.5% at. to be increasingly favoured [39-41,
194]. The short upper state lifetime 7, = 98 us, shown to be dependent on doping con-
centration [41], makes Nd :YVOy less attractive for pulsed systems due to the limited
energy storage, although both modelocked and Q-switched pulsed operation have been
demonstrated [88, 95], with up to 5.6 m] at 10 kHz [42].

2.3 Resonator Design

For the intracavity OPO design work reported in chapter 8, the ABCD matrix formal-
ism of optical cavities was used to find cavity configurations that remained stable even
in the presence of thermal lensing in the laser and nonlinear optical crystals. Geometric
ray tracing optics describes each optical element by a 2 x 2 matrix M, with unity deter-

minant AD — BC =1 [185]. The transfer matrix M for a system comprising a sequence
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Table 2.2: Useful Gaussian beam propagation formulae relating the 1/¢? radius w(z) and the wave-
front curvature R(z) at propagation distance z from the beam waist, with the waist radius wq at
z=0.

w?(z) = w3

A\ 2 5 27—1
Z 2 __ 2 Tw

R(z) =z

of elements M, My, ..., M; may be obtained by pre-multiplying the individual element
transfer matrices, M = M; X --- X My x Mj.

Diffractive beams in resonators may be treated by expanding in terms of Gaussian
modes, of which the fundamental TEMy is often of most interest [185]. At a given longi-
tudinal coordinate position z, this mode is characterised by a 1/e? beam spot radius w(z)
and a wavefront curvature R(z). Separation of the lowest order Gaussian beam mode into

transverse and longitudinal spatial functions gives rise to the complex beam parameter

1 1 . A
T <W) . (2.20)

Its evolution in free space from the beam waist value gy where z = 0, w(0) = wy, R(0) = oo,

q(z), defined as

is given by gq(z) = qo + z, from which we can derive a number of useful formulae, listed
in table 2.2, relating the propagated parameters to the values at the waist. The evolution
of a complex beam parameter g to g’ through a system with transfer matrix M can be
calculated using the matrix elements as

1 C+ %D

qg A+%B'

(2.21)

If M is the transfer matrix for a complete round-trip of a resonator, then a self-consistent
solution with g’ = ¢ leads to an expression for g at the reference plane of [199]

1_Db-A_ I AT arDR (2.22)

g 2B 2[B

Equations (2.21) and (2.22) facilitate numerical calculations of resonant mode dimensions,
with unstable resonators readily identified as having (A + D)? > 4. For the cavity design
process described in chapter 8, cavity round trip transfer matrices were calculated for a

range of parameters, from which resonator mode spot sizes at the laser rod and nonlinear
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optical crystal were determined using equations (2.20) and (2.22). The same principles
may be extended to higher order Gaussian beams by the introduction of the M? beam
quality parameter [200] and the replacement A — M?2) in the equations above.

2.4 Conclusion

Modelling of laser performance as described in this section was applied to the lasers
developed in chapters 7 and 8. Numerical modelling of Q-switched pulses are compared
to experimental data measured for a high repetition rate Q-switched Nd: YAG laser in
chapter 7. The threshold predictions of equation (2.10) and the output power modelling
of equation (2.11) were applied to the cw pump laser for the intracavity OPO constructed
as described in chapter 8, the cavity configurations for which were designed using the
techniques of section 2.3. Generally, good agreement between the theory and measured

data was found.
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Nonlinear Optics

In this chapter, the theoretical foundations for nonlinear optical processes are presented.
In section 3.1, Maxwell’s equations are solved with a nonlinear polarisation term, leading
to coupled energy transfer equations and phase matching (section 3.2). Threshold and
acceptance bandwidths of optical parametric oscillators are derived in section 3.3, and

relevant properties of the nonlinear optical materials used are summarised in section 3.4.

3.1 Nonlinear Optics

This section investigates the second order nonlinear polarisation term that gives rise to
the nonlinear optical processes discussed in this thesis. In centro-symmetric crystals that
feature inversion symmetry, a crystal symmetry results in a zero x? coefficient and third
order nonlinear optical phenomena such as an intensity-dependent refractive index, Kerr
lensing, self-focusing, two-photon absorption, and stimulated Raman scattering may be

observed.

3.1.1 Origin of Susceptibility

The instantaneous electric field-induced polarisation at position r and time ¢ may be ex-

pressed in its most general form as a Volterra expansion [201]
oo
Pr.) = POwH+ Y so/dvl/dtl---/dvn/dtn
n=1
x XUty byt ) B, B) Bl B), - (3)

where ™ is a tensor of rank 1 + 1 that characterises the noninstantaneous and nonlocal

dependence of P on E within the material, and ¢ is the permittivity of free space. The in-

29
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trinsic polarisation term P() can exist without an external field, but at optical frequencies
only dipole fluctuations contribute and the average value of this term vanishes.

In order to apply equation (3.1), we assume that the region of nonlocality is small
compared to the wavelength of the electric field, eliminating r. Causality leads to the
polarisation P(t) being influenced only by the electric field E(t) at times t; < t and the ma-
terial response function ™ depending only on the response time 7; = t — t;. Transform-
ing into the more convenient frequency domain, we write the electric field in terms of
positive and negative frequencies as E(t) = [ dw E®(w)e™™! with EM(w) = [EC) (—w)]*
to guarantee that E = } [E®") + E7)] is a real-valued function. Applying analogous re-
lations to P and a two-dimensional Fourier transform to the second-order susceptibility
x? yields

PAW) =20 [ duf xP(wiw], 0 — W) E@)EW — ) 62
—00

The notation x"(w;wy, . ..,w,), with w = Y1 wj, is introduced to emphasise the con-
strained relationship between w and the w s and, since both E(w) and P(w) are real, we
have that Y™ (w; w1, . ..,wy) = [X"(—w; —wr, ..., —w)]*

Using the Einstein tensor notation listing vector components explicitly, it can be
shown [57, 201] that the second order susceptibility obeys the symmetry relation
Xl(.JZ.IZ(w;wl,wz) = X%(w;wz, w1), which reduces the number of independent elements in
Xfiz from 27 to 18. It is therefore customary to introduce a contracted 3 x 6 element no-

tation XEIZ) that allows the second-order nonlinear polarisation components to be written

explicitly as
- E% -
2 E?
Pa(cz) di dip diz diy dis die E%
PP | =2e0 | dy don dos doy dos dag z ; (3.3)
v 2E,E.
p? d31 dzp dzz das dis dse SELE
x4z
L 2E+Ey |

where, in common with experimental nonlinear optics, we have introduced the nonlinear
optical coefficient d = x? /2. In the case of second harmonic generation, the factors of 2
in of the compound electric field vector must be omitted, since in that case the interacting
fields are indistinguishable [202].

Crystal symmetries, i.e., mapping operations that reproduce the crystal structure,
force a number of d elements to be zero. Two crystal classes of relevance to the work
presented in this thesis are the uniaxial 3m point group, of which LiNbOj3 is a mem-
ber, and the biaxial mm2 point group, of which KTiOPO,, RbTiOAsOy, and LiB3Os are
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members. It can be shown that [202-204]

0 0 0 0 dys —dn

0 0 0 0 dys O

agm? = 0 0 0 dy 0 O (3.4)
L d31 d32 d33 0 0 0

(3m)
dil

An additional symmetry condition, formulated by Kleinman [205, 206], holds when the

spectral range covered by the interacting frequencies does not include a crystal absorp-
@
ijk
these permutations are effectively removing the significance of the frequencies of the re-

tion band, and permits all elements of x>’ to be freely permuted with i, j, and k. As
spective electric fields, this is equivalent to neglecting dispersion of the nonlinear optical
coefficient. In the collapsed notation of equation (3.3), Kleinman’s symmetry yields the
following simplifications [202, 204, 207]: d1p = da; d13 = dss; d1a = d3e = dos; do1 = die;
doz = day; d31 = dy5; and d3p = dyg.

For a given nonlinear interaction geometry, the multiplication of equation (3.3) can
be performed to establish an effective nonlinear optical coefficient d.g, such that P =
2e0deE1Ep, rendering the interaction essentially one-dimensional with implied polar-
izations. The algebraic expression for de; will be determined by crystal class, phase
matching geometry, and field polarisations of the interaction, and its definition may be
extended to include quasi-phase matching, as discussed below.

We may consider the effect on the polarisation of a polychromatic field containing fre-
quency components +w; and +w,. The integration in equation (3.2) becomes a sum over
the positive and negative frequencies that includes terms at the second harmonics (used
for second harmonic generation, SHG) as well as the sum (sum frequency generation,
SFG) and difference (difference frequency generation, DFG) of the incident frequencies.
In addition, steady state terms proportional to |E j|* account for the electro-optic effect of
the material. Optical parametric oscillation may be regarded as a process analogous to
sum frequency generation where a pump wave at frequency ws generates the signal w,
and idler w; frequencies via the x®(w3;wy, w1) term, such that

w3 = Wy +Wwq. (35)

3.1.2 Coupled Rate Equations

The induced polarisation, in turn, affects the electric field, so that Maxwell’s equations

must be solved including the nonlinear term P term. In a lossless material, they may
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be expressed as

V-D = p (3.6)
0B

VXE+5 = 0 (3.7)
VB = 0 (3.8)
oD

VxH-S =] (3.9)

We consider a nonmagnetic material that is non-conducting (J = 0) and without free
charges (p = 0). The magnetic field is then H = B/ 1, with po the magnetic permeability

of free space. The electric displacement D = (¢oE + P) may be rewritten as
D = ¢ps,E+ PP, (3.10)

where the relative permittivity ¢, = (1 4 x) incorporates the linear polarisation term from
equation (3.1). Higher order nonlinear terms may be included on the right hand side of
equation (3.10).

The standard derivation of Maxwell’s equations is followed [204, 208, 209]. The curl
of equation (3.7) is taken, the identity V x V x E = (VV - E — V2E) is employed; it is
assumed that the order of temporal and spatial derivatives may be exchanged freely and
that V - E = 0. The terms of the resulting expression are replaced using (3.9) and (3.10),
which leads, after some rearranging, to

2 0 @
VE:M@§k¢£+P}. (3.11)

In the absence of the P® nonlinear term, equation (3.11) simplifies to Maxwell’s famous
wave equation whose general solution is a superposition of real-valued electromagnetic
waves of the form .
Emnzziﬁﬁw@*whmc}, (3.12)
]

where C.C. denotes the complex conjugate and ensures E(r, t) is real. Upon substitution,
we find that the propagation constants k; = |k;| are related to the material property pa-

rameters implicitly included in Maxwell’s equations as

ko — n]wj _ 27‘(‘1’1]‘

=~ N (3.13)

where the refractive index n; = [1 + YD (w ]-)]1/ 2 and the speed of light ¢ = (g9 o) /2.
We simplify the solution of the nonlinear wave equation (3.11) with the nonlinear
term P included by reducing the problem to a single spatial dimension. From the fre-

quency cross-terms discussed above, we are motivated to propose a solution of the form
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(3.12) consisting of a superposition of three frequency components satisfying equation
(3.5), whose amplitudes E (z) vary with distance z through the material. Substitution of
the trial solution into equation (3.11) results in a large number of terms of the possible
frequency combinations. In order for (3.11) to be satisfied over all z and ¢, individual fre-
quency components must independently satisfy the wave equation. For the component
at ws = (w1 + wy), equation (3.11) yields

d*E5(z)
dz2

dE3(z)
dz
_Mog()f;»w% Es(z)expi(ksz — wst) (3.14)

+ 2dppegE1(2) Ea(z) (w1 + wr)? expil(ky + k2)z — (w1 + w))t].

— K3E3(z)| expi(ksz — wat) =

+ ik,

In general, E3(z) will be changing sufficiently slowly with z for the slowly varying enve-
lope approximation d?E3/dz? < k3dE3/dz to be valid [202]. The temporal dependence in
(3.14) may be thus eliminated by dividing both sides by exp(—iw3t) = exp i[—(w;1 + wy)t]
to yield an equation that describes the evolution of E3(z) as a function of the other two
field amplitudes, and ,uoeosrwg = k% may be identified. Following a similar procedure for
the other two components, w; = (w3 — wy) and wy = (w3 — wy), yields a set of equations

known as the coupled rate equations,

dEl(Z) ,wld

_ = * ilkz
e = lnlc Es3(z)E5(z)e
dEz(Z) . .u)zd % iNcz
1z = lnzc E;(z)Ei(z)e (3.15)
dE3(Z) .w3d

e —ilkz
e = ln3c E1(z2)Ex(2)e

where the wave vector mismatch Ak, generalised to a vector relation, is defined by
Ak = k3 — ky, — k. (3.16)

The coupled rate equations (3.15) can be extended to include losses due to spatial mis-
matching of the interacting waves, incorporated by a multiplicative mode overlap factor
g [78], and crystal absorption, by the inclusion of decay terms —« JEj [56]. Equations
(3.15) may be combined to yield a set of equations known as the Manley-Rowe relations
[210], with the physical interpretation of photon conservation, with each pump photon
destroyed resulting in the generation of one pair of signal and idler photons, or vice

versa.
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3.1.3 Parametric Gain

The coupling of the field amplitudes by the rate equations (3.15) results in nontrivial gen-
eral solutions that cannot be expressed in terms of algebraic functions unless approxima-
tions can be made. To find the small-signal gain in an optical parametric amplifier (OPA),
we make the assumptions that pump depletion is negligible, so that dE3(z)/dz = 0, and
that the gain is sufficiently small that the signal or idler field may be approximated by
the incident amplitude E;(0). Equations (3.15) may then be integrated directly over the
crystal length L, with the first yielding an idler field gain

E{(L) — E41(0) = %LQE;(O) sinc (AkL/2), (3.17)
where sinc (x) = (sinx)/x. A similar relation may be derived for E;(L). The OPA intensity
gain thus varies as sinc?(AkL/2), and efficient nonlinear optical conversion necessitates
matching of the phases such that |AkL| < 7.

For a phase matched interaction Ak = 0, the evolution of the signal and idler fields
through the gain medium, in the negligible pump depletion approximation, can be found
by combining the coupled rate equations (3.15) to obtain second-order differential equa-
tions for E; and E, of the form d°E;/dz* — [E j(z) = 0. The parametric gain coefficient I
is related to the nonlinear interaction coefficient, denoted x, by [211]
M2 2wjwd?

K=
Iy nynpnzegcd’

(3.18)

where I; = %n3500|E3|2 is the pump intensity. The general solutions have the form
Ei(z)=a jeirz + a;e_irz with the integration constants 4, a;- determined by the boundary
conditions. In a typical OPA configuration we may assume no initial idler field, E;(0) = 0,
and some weak initial signal field E;(0) arising from the I, ~ 1070w quantum noise
within the cavity. Numerical OPO models tend to not be sensitive to the exact value

[212]. These boundary conditions lead to the solutions [78, 201, 204, 213]

1/2
. [ N1 E3 % .
Ei(z) = 1 —E3(0)sinh Tz
1( ) (1’110&)2) ’E3’ 2( )

E»(z) = E»(0)coshlz (3.19)

so that the intensity gain for large z is approximately proportional to e Z.
To include a phase mismatch Ak # 0, we propose trial solutions of the form e(Q+iA/2z,

whereupon the substitution into the equations (3.15) yield the relation Q = £/, where

2
r—Jr_ <%"> (3.20)
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represents the gain coefficient reduced by the phase mismatch. The solutions for the
fields Ej(z) are formally similar to those of equation (3.19), with multiplicative phase
factors e¥2/2 introduced in the trial solutions [201, 204].

3.2 Phase Matching

Normal dispersion typically yields a nonzero phase mismatch Ak for waves satisfying
the energy conservation equation (3.5), precluding efficient nonlinear optical conversion.
Compensating for dispersion, termed phase matching, may be achieved, for example, in
anisotropic crystals by careful choice of the polarisation and crystal angle [214, 215], or
by quasi-phase matching (QPM) [57].

3.2.1 Birefringent Phase Matching

In anisotropic media, there exists a selection of coordinate axes, in the representation of
which Xz(-Jl-)/ or equivalently the refractive index #;;, is diagonal [206]. The diagonal ele-
ments in this frame, which is parallel to the principal dielectric axes and may be mapped
to the crystallographic axes by a suitable tensor transformation, are denoted 7y, n, and
n,. The mapping of crystal frames is the subject of some discussion in the literature [216]
but common practices will be followed here [207].

The number of independent 1;; elements allows crystals to be classified into isotropic
(all n;; equal), uniaxial (n, = n, # n;) and biaxial (n, # n, # n;). In order to visualise
the distribution of the refractive index tensor, we may use the bilayer index ellipsoid
construction, applicable to orthogonal polarisations, defined by the parametric equation

2P 2
—+5+=5=1 3.21
n2 + n + n2 (321)

and illustrated in figure 3.1 for uniaxial and biaxial crystals. Uniaxial and biaxial crystals
are classified into positive (1, > n,, or ny > n, > n;) or negative (1, < 1y, or ny < ny, < ny).

Optic axes are defined by propagation directions for which the refractive index is
independent of the polarisation. In a uniaxial crystal such as LiNbO3, there exists one
optic axis that is parallel to the Z axis. The refractive index n¢(0) for an extraordinary ray,
polarised within the principal plane, follows an ellipse with axes 1, and n,,

1+ tan?6 1/2

e 9 —
n(0) = o 1+ (n,/n.)? tan? 0

(3.22)

whereas the refractive index for the ordinary ray is constant at n,, as shown in figure
3.1 (a). Biaxial crystals such as KTiOPO, have two optic axes at angle V; to Z in the XZ
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Figure 3.1: Index ellipsoids in anisotropic crystals. (a) Negative uniaxial crystal (n. < n,) with
optic axis parallel to Z. (b) Positive biaxial crystal (1, > n, > n,); the angle between the optic axis
and Z is defined as V. The field propagation vector is k.

plane, with V; < 45° for positive biaxial crystals. To simplify the discussion, it is common
[202, 207] to consider interactions in biaxial crystals only in the principal XY, XZ and YZ

planes, whereupon the interactions become analogous to those in uniaxial crystals.

Under some circumstances, the appropriate choice of polarisations and interaction
direction allows dispersion to be cancelled by birefringence so that Ak = 0 in equation
(3.16), either with all three k; parallel (collinear interaction) or nonparallel (non-collinear
interaction). The choice of polarisations allows interactions to be further categorised into
type I and II. For example, a type I interaction in a negative uniaxial crystal is denoted
eoo since the components at w3, wy, wy respectively e, 0 and o polarised; while type II
interactions are eoe or eeo. The wavelengths of critically phase matched interactions in

anisotropic crystals may be tuned by the crystal temperature or by the crystal angle 6.

The application of Maxwell’s equations (3.7) and (3.9) to a monochromatic plane wave
in nonmagnetic and nonconducting anisotropic media shows that the wave vector k and
Poynting vector S = E x H are generally not parallel for an e-polarised wave [202]. This
phenomenon, termed Poynting vector walkoff, places an upper limit on the interaction
length for critically phase matched interactions in birefringent crystals [217]. Poynting
vector walkoff may be avoided by phase matching along the principal axes, termed non-
critical or 90° phase matching, but this is not always possible. Alternatively, non-collinear
phase matching [218] or geometries using two walkoff compensating crystals [183, 219]

may be used to partially compensate for the walkoff.
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Figure 3.2: Conversion efficiency for quasi-phase matching. Dashed line, no phase matching;
dotted line, ideal phase matching with Ak = 0; solid line, first order quasi-phase matching.

3.2.2 Quasi-Phase Matching

For a given phase mismatch Ak, the ez factors in the coupled rate equations (3.15)
result in a cycling of growth and decay (backconversion) of the frequency components,
illustrated by the dashed line in figure 3.2, as dispersion shifts their relative phases. If
the relative field phases are reset after every coherence length 7 /Ak, the generated wave
experiences monotonic growth, a configuration termed first-order quasi-phase matching.
The phase reset may be achieved by the periodic reversal, or modulation, of the nonlinear
coefficient d with distance z. The periodicity may be formalised by expressing d(z) as a
Fourier series [56, 59]

d(z) = dy, § Ge Knz, (3.23)

Mm=—00

where 4y, is the effective nonlinear optical coefficient for the bulk material interaction,
derived as outlined in the previous section. The Fourier component vectors are given by
Ky, = m(2m /), where A is the period of the modulated d(z) coefficient.

Since only one phase matched Fourier component G,, contributes significantly to the
nonlinear optical interaction, we may neglect the other terms in the sum of equation
(3.23) and write, for interactions over many grating periods A, an effective nonlinear
optical coefficient as dopy = d, Gy [56]. The parameter m is then termed the order of the
quasi-phase matched interaction. For a complete periodic reversal of d(z), such as that
imparted by periodic poling, the Fourier coefficient G, for order m may be written G, =
(2/mm)sinmmD, where D is the duty factor of the poled grating [59]. It can be seen that
for odd-order interactions, the effective nonlinear optical coefficient dgpys is maximised

with a 50% duty factor. The largest dgpy is accessible in first order interactions, used in
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the OPOs reported in this thesis, for which
2
dopyt = —dy. (3.24)

In practice, the conversion efficiency may be lower than that predicted using equation
(3.24) due imperfect poling or domain errors [59], which can arise by domain broadening
due to the tangential electric field under the patterned electrode [220].

The periodicity of d(z) expressed by equation (3.23) may be conveniently incorporated
into the coupled rate equations (3.15) by the modified definition of the phase mismatch

applicable to quasi-phase matched interactions,

2mm
Dkopy = k3 —ky — kg — N (3.25)

This expression emphasises the engineering flexibility imparted by the choice of grating
period A, which permits any frequency interaction within the material transparency to
be noncritically phase matched using the highest material d;; coefficient, with Akgpy = 0.
In addition, the flexibility in grating design has been exploited for applications such as
smooth wavelength tuning using fan-out gratings [75, 131, 163], phase matching OPO
and SHG interactions in the same crystal [221, 222], broadening of the acceptance band-
width [76], and simultaneous SHG and pulse compression of fs pulses using a chirped
grating [223]. A chirped grating has also been used to obtain pulses of 3 um radiation
only five optical cycles long [224].

3.3 Optical Parametric Oscillation

An optical parametric oscillator (OPO) is constructed by placing an OPA within a reso-
nant cavity. A strong pump wave at frequency w3 generates signal and idler waves at
wy and wq, with enhanced conversion due to the resonator feedback. The devices used in

this work, termed singly resonant OPOs, employed feedback only at the signal frequency.

3.3.1 Oscillation Threshold

Near threshold, the negligible pump depletion assumption made in deriving equations
(3.19) applies. A temporal model presented by Brosnan and Byer [78] can be used to cal-
culate approximate pulsed OPO threshold pump fluences. The time dependent pump
intensity I3(f) may be conveniently expressed as a time-dependent parametric gain coef-
ficient [(t) = Fe~ /7, with I" as defined in (3.18), representing a Gaussian time profile of
duration 7.
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The signal power P, j, at frequency w, after j round trips may be calculated using
equation (3.19). Under the assumption that the pump intensity stays constant on a single

round trip, we may write the recursive relation
Pz,,j = P27(]'_1) R€74aL COSh2 (FLe’(tf/T)z)} s (3-26)

where « is the linear absorption within the nonlinear optical crystal; R the power reflec-
tivity of the output coupler, which may be extended to include the effects of reflections
from other cavity optics and the crystal faces; and L the crystal length. In birefringently
phase matched interactions, the effective interaction length may be reduced from the
crystal length by beam walkoff and overlap effects [78].

Equation (3.26) may be integrated by numerical methods to find a threshold pump
intensity. An approximate analytic expression for the pump threshold fluence ], may
be found by assuming a flat top pump temporal profile of duration 27. An iterative
method is used to find the pump pulse energy required to yield a power to noise ratio
In(P,, / Py) = 33 during the pump pulse, corresponding to a signal energy of around 100 1J.
The threshold is then given by [78]

2.2 L. . P 1 2
J.thr = ST | Le mF” +2aL+1In 7R +In2| , (3.27)
0

kgoL2 | 27¢C VR

where L, is the cavity length and « is defined in equation (3.18). The signal mode cou-
pling coefficient is given by ¢, = w3 /(w3 + w3), where gain guiding and resonator mode
considerations determine the signal mode waist w; [78]. The terms on the right hand side
may be identified as contributions to the threshold arising from build-up time, crystal
absorption loss, and output coupling, while the In2 term arises from the singly resonant
operation. Despite its broad simplifications, equation (3.27) is often in reasonable agree-
ment with measured OPO thresholds and has been used to determine approximate d
values for periodically poled nonlinear optical crystals where a qualitative assessment of
poling fidelity was difficult [117].

Threshold calculations are modified when focussed Gaussian beams are used. Guha
et al. [225] used a Green'’s function approach in the calculation of cw OPO thresholds and
found that the lowest threshold was, in general, achieved with unequal confocal param-
eters. The Brosnan and Byer model was extended by Terry et al. to include focusing and
unequal absorption effects [226], with thresholds determined by integrating the modified
gain equations over the duration of the pump pulse. The model predicted the measured
performance of a bulk KTP more accurately than the Brosnan and Byer model, but an ap-

proximate analytic solution, such as that given by equation (3.27), was not established.
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Figure 3.3: Numerical integration of the coupled rate equations (3.15) for a pulsed PPLN OPO. (a)
Pump depletion (solid line) and OPO output energy (dashed) as a function of pump level above
threshold. (b) Temporal profiles of incident pump (dotted line); depleted pump (dashed); signal
(solid); and idler (dash-dot); at 1.4 times threshold.

Models such as those presented in references [78] and [226] assume no pump deple-
tion, and OPO behaviour above threshold typically requires the coupled rate equations
(3.15) to be integrated directly using numerical methods. A simple model was developed
to simulate a free running, 1.064 yum pumped PPLN OPO similar to those described in
chapter 5, with a 20 mm long crystal and a cavity output coupler reflectivity of 60% at the
signal wavelength. Results are shown in figure 3.3. A pump threshold energy of 90 yJ
was established, compared to 300 yJ predicted using equation (3.27) and 220 ;] measured
in chapter 5. The modelled pump depletion and OPO output energy are shown in figure
3.3 (a) as a function of pump level. To a good approximation, the fractional pump deple-
tion at N times threshold is given by 6E3/E3 o (1 — 1/N), although this approximation
neglects pulse build-up time effects [226]. The roll-over in the pump depletion was due
to backconversion, as can be seen in the temporal profiles shown in panel (b), modelled at
1.4 times threshold. Qualitatively, the results of the numerical model of figure 3.3 agreed
with experimental results, although absolute output energies and thresholds differed by
factors of two or more. The differences may be due to a number of factors, including the
plane wave approximation of the model, which tended to predict lower thresholds and
higher output energies than the experimental devices pumped by Gaussian spatial dis-
tributions. The performance of a ns pulsed, injection seeded, bulk KTP ring OPO were
modelled by Smith et al., whose spatially resolved model included birefringence walkoff,
diffraction, and absorptive losses in the crystal [212]. The model accurately predicted
efficiencies, spectral profiles, beam quality, and spatially resolved temporal profiles in
close agreement with measured data. Backconversion, the existence of which has been
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established directly in a dual-wavelength seeded pulsed 3-BaB,O4 OPO [227], was found
to limit OPO efficiency and significantly influence all aspects of the OPO performance.
Backconversion may also lead to self-focusing of the pump beam [228].

3.3.2 Acceptance Bandwidth

The phase mismatch tolerance of |AkL| < 7 discussed in reference to the OPA intensity
gain equation (3.17) leads to acceptance bandwidths for interaction parameters such as
wavelength, temperature, or angle. Quasi-phase matched interactions tend to have larger
acceptance bandwidths compared to critical phase matching, since the interactions are
noncritically phase matched with parallel polarised waves [59].

The OPA full width acceptance bandwidth AC with respect to a general parameter ¢
can be derived by expanding equation (3.16), or equation (3.25), as a Taylor series about
Ok =0,

0Nk 1620k

Ak(C) = 8—CAC + 20

and, to first order, setting AkL = 27, where L is the crystal length [59, 78, 201, 208, 213].
For example, the temperature acceptance bandwidth AT may be calculated by setting

A+ .., (3.28)

o 1 81/13 1 81/12 1 81/11 OTh
2m =27L <>\3 8T 2 0T N T + A AT. (3.29)
Using the Sellmeier equations of Jundt [81], we may calculate a temperature acceptance
of ATL ~ 20°Ccm for a general 1 ym pumped PPLN OPA.

The signal spectral acceptance bandwidth Aw for a monochromatic plane wave pump
may be calculated in a similar fashion. Since empirical Sellmeier equations are typi-
cally expressed as functions of the wavelength ), identifying the group velocity index
c(dk/dw) = [n — X(dn/d\)] leads to a useful form of the spectral acceptance bandwidth,
-1
dn

Ny — 1y + /\15

dn
— Ay
M di

2
Aw:ﬂx

. (3.30)

A2

The spectral acceptance depends strongly on the wavelength and diverges as the OPO
approaches degeneracy. An example of the spectral acceptance bandwidth of a 1.064 um
pumped PPLN OPO is shown in figure 5.11 on page 78. The OPA acceptance bandwidth
is further broadened by the divergence and optical bandwidth of the pump radiation,
since different wavevector components can phase match different wavelengths [59, 213,
225,229, 230].
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Table 3.1: Properties of nonlinear optical crystals used in this work [55, 211, 231-239].

Parameter LiNbO; KTiOPO, RbTiOAsO, LiB;0s5
Point Group 3m mm 2 mm 2 mm 2
Transparency (um) 0.33-5.5 0.354.4 0.35-5.3 0.16-2.6
Refractive Index n, or 1, at 1 um and 25°C 2.16 1.83 1.88 1.61
Thermal Conductivity £, (W/mK) 4.6 2.8 3.5
Thermal Expansion ary, (x1076 K1) 15.4 6.9 15.1
Damage Threshold (MW /cm?) 270 900 800 600
Figure of Merit d%; /n® (x107**m?/V?) 29 14 15 0.17
Nonlinear Coefficients (pm/V) dis 4.4 3.7 1.4 0.71
dx 2.1 0 0 0
ds 4.4 3.7 1.4 —0.67
dsp 4.4 2.2 3.8 0.83
ds3 27.2 14.6 15.8 0.04

3.4 Nonlinear Optical Materials

Good nonlinear optical materials, besides having large nonlinear optical coefficients d;;,
should have a good transparency range without absorption, which could lead to heating
and thermal focusing, and a high optical damage threshold, which scales approximately
with 71/2 for a pulse duration 7 [78, 213]. For birefringent phase matching, the mate-
rial must possess sufficient birefringence to permit phase matching but not so large as to
restrict the acceptance bandwidths [213]. Nonhygroscopic materials are preferred since
this eases operating environment requirements. Relevant crystal properties of the mate-
rials used in this work are summarised in table 3.1. Periodically poled LiNbO5; (PPLN),
KTiOPO, (PPKTP), and RbTiOAsO, (PPRTA) were used for various OPO interactions
reported in the chapters 5-8, and bulk LiB;O5 was used to frequency double a high rep-
etition rate Nd : YAG laser as reported in chapter 7.

3.4.1 Lithium Niobate

The negative uniaxial crystal LiNbOj3 offers one of the highest nonlinear optical coeffi-
cients d33 = 27.2pm/V [78, 211] of any material suitable for 1 yum pumped OPO, and was
the first electric field poled material to gain prominence [60]. The damage threshold for
lithium niobate has been measured to be 2.7]/cm? in a 10ns pulse, with higher values
measured for SiO, coated crystals on account of oxygen diffusion [78]. A relatively high
coercive field of 21kV/mm limits the thickness of periodically poled wafers to around
1 mm [61].

Sellmeier equations for congruent lithium niobate ([Li] /[Nb] = 0.946) were presented
by Edwards et al. [240]. Based on their refractive index data, figure 3.4 (a) illustrates differ-
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ent degenerate OPO, or, equivalently, SHG, interactions in quasi-phase matched PPLN,
together with the effective nonlinear coefficient for each configuration. The heavy line in-
dicates the phase matching periods for the type I quasi-phase matched interaction used
in this work, employing the large d33 coefficient. At the expense of reduced nonlinearity,
type II quasi-phase matched interactions can offer some benefits, especially for SHG to
the blue and ultraviolet spectral region where short poling periods are required for first
order type I phase matching. The longer periods ease fabrication tolerances and allow
thicker, more uniformly poled crystals to be obtained, and the larger acceptance band-
widths permit the use of longer crystals, thereby compensating, in part, for the lower ef-
fective nonlinear coefficient [66, 241]. The use of off-diagonal tensor coefficients allowed
Yu et al. to demonstrate broadband SHG in PPLN [242]. From figure 3.4 (a), birefringent
phase matching is possible where A — oo for the e — 0 + o, type I birefringently phase
matched interaction.

Improved long wavelength accuracy and temperature dependence of n, was pro-
vided by the equation of Jundt [81] using phase matching wavelength measurements
of mid-infrared PPLN OPOs,

0.100473 +3.862 x 1078 f

2 _ -7
n, = 5.35583+4.629 x 10" f + 22— (0.20692 — 0.89 x 10-8f)?2

100 +2.657 x 1075 f
A2 — 11.349272

where ) is the wavelength in ;m and the temperature parameter f = (T —24.5°C)(T +

—1.5334 x 1072)2, (3.31)

570.82°C). The thermal expansion in lithium niobate may be described more accurately
by adding a quadratic term 5.3 x 10~(T — 25°C)? to the linear expression given in ta-
ble 3.1. The Sellmeier equations and thermal expansion expression have been found to
accurately predict phase matching periods for as long as 6.6 um [243], and were found
to agree with experimentally measured wavelengths in this work. However, some pub-
lished work has indicated that under short wavelength, high temperature conditions, the
Sellmeier equations of Edwards et al. remain more accurate [132]. Other compositions
of lithium niobate, such as stoichiometric, lithium-rich, or MgO-doped, exhibit different
refractive index dependences [244].

Tuning curves for 1.064 ym and 532nm pumped PPLN OPOs are shown in figures
3.4 (b) and (c), with the shaded regions showing the wavelength ranges accessible with
the crystals used in this work. The curves were obtained by calculating, for a given
set of frequencies satisfying equation (3.5), the corresponding first-order (m = 1) phase
matched period A by setting Akgpy = 0 in equation (3.25). The thermal expansion of A

was taken into account, and refractive indices given by equation (3.31) were used.
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Figure 3.4: Quasi-phase matched interactions in PPLN. (a) Grating period A for degenerate OPOs
(lower axis) or SHG (upper axis) for different interactions in LiNbOj3 at 160°C, and the effective
nonlinear coefficient for each. (After [56].) (b) Theoretical PPLN tuning curves for OPOs pumped
at 1.064 um, and (c) at 532 nm, as a function of poling period A. The interaction used in this work
is marked with a heavy line in (a), while the shaded regions in (b) and (c) indicate periods and
wavelengths accessible through crystals available for the work presented here.
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The high nonlinear optical gain in PPLN has enabled oscillation even under strong
idler absorption. Generation of ps and fs idler pulses beyond 5 ym was demonstrated by
Burr et al. [84] and Lefort et al. [87, 245]. An idler wavelength of 6.6 um was generated
by pumping with a Q-switched laser by Sato et al. [243], who found that the attenua-
tion coefficient in LINbO; drops from o = 40cm ™! at A = 5.7 yum to a ~ 10cm ™! around
6.2 um. At such wavelengths, the transmission of the extraordinary polarisation was de-
termined to be better than the ordinary [80]. The longest wavelengths generated in the
work reported here were typically around 4.5 ym, where idler absorption was less severe
[80].

3.4.2 Potassium Titanyl Phosphate

KTP is a member of the orthorhombic mm 2 family of isomorphs MTiOXO,4, where M
can be K, Rb, Tl, NH4 or Cs, and X can be P or As [235, 237], the members of which
typically offer high nonlinear optical d33 coefficients and a high optical damage threshold.
KTP offers good transparency over the visible range, with an absorption coefficient of
0.5%cm™! at 1.064 um [246], but with an infrared cut-off around 4.4 um [235, 247] and
strong absorption features at 2.8 ym, due to OH™ absorption [248], and at 3.5 um, due to
PO, overtones [249]. The arsenates, such as RTA, exhibit a longer wavelength infrared
cut-off of around 5.3 ym and reduced absorption features around 3.3 um [71, 239, 248,
250]. KTiOAsO4 (KTA) has properties similar to RTA, but a higher ionic conductivity [73,
115, 248, 251]; while RbTiOPO, (RTP) is less readily available but potentially offers the
highest nonlinear optical coefficient of the family [72, 237].

The availability of high quality bulk KTP has resulted in the properties being gen-
erally well researched. The values for thermal conductivity ~1,, and expansion ary, pre-
sented in table 3.1 are averages over the published values, parallel to the a,b, c axes, of
krh = 2,3,3.3W/mK and ag, = 11,9,0.6 x 107°K~! [211, 231, 235]. The value for the
d33 nonlinear optical coefficient has been variously published to be between 10.7 pm/V
and 18.8 pm/V [102-104, 110, 118, 235-237, 252, 253]; the value d33 = 14.6 pm/V shown
in table 3.1 is taken from the comprehensive study of nonlinearities presented by Shoji
et al. [236].

A number of KTP dispersion relations, determined either by direct measurements us-
ing specifically cut prisms or by fitting experimentally observed phase matching wave-
lengths, as well as refractive index temperature derivatives, have been published in the
literature. Table 3.2 summarizes the published coefficients for the n, component of the
refractive index of KTP. The Sellmeier equation of Fradkin et al. [112],
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Table 3.2: Published Sellmeier equation coefficients for 7, of KTP (A in pm).

Sellmeier Coefficient

Reference (Authors, Year) Eq. ay ar as ay as ag ay ag
Fan et al. [254] (1987) (a) 2.25411 1.06543 0.05486 — — — — 0.02140
Liao et al. [255] (1988) (a) 0.1494 3.1315 0.0236 — — — — —
Kato [256] (1988) (b) 3.3209 0.05305 0.05960 — — — — 0.01763
Anthon et al. [257] (1988) (b) 2.006239 1.2965213 0.04807691 1.1329810 100 — — —
Vanherzeele et al. [258] (1988) (a) 2.3136 1.00012 0.0567917 — — — —  0.01679
Dyakov et al. [259] (1988) (a) 1.94460 1.36170 0.04700 — — — — 0.01491
Kato [247] (1991) (b) 3.3134 0.05694 0.05658 — — — —  0.01682
Boulanger et al. [260] (1997) (a) 1.6539 1.6482 0.038825 0.34767 29.378 — — —
Fradkin et al. [112] (1999) (@) 2.12725 1.18431 0.00514852 0.6603 100.00507 — —  0.00968956
Katz et al. [261] (2001) (@) 1 1.71645 0.013346 0.5924 0.06503 0.3226 67.1208 0.01133
Kato et al. [262] (2002) (b) 4.59423 0.06206 0.04763 110.80672 86.12171 — — —
Kato [263] (1992) (c) 0.3896 —1.3332 2.2762 2.1151 — — — —
Wiechmann et al. [264] (1993)  (c) 1.2415 —4.4414 5.9129 1.2101 — — — —
Kato et al. [262] (2002) (d) —0.5523 3.3920 —1.7101 0.3424 — — — —
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Figure 3.5: Theoretical PPKTP tuning curves for OPOs pumped at (a) 1.064 ym and (b) 532 nm, as
a function of poling period A. The Sellmeier equation of Fradkin et al. [112] was used in conjunc-
tion with the temperature dependence of Kato [263]. The shaded regions indicate periods and
wavelengths accessible through crystals available for the work presented here.

1.18431 0.6603

2
= 2.1272
"z > 15148252 x 10 2/32 " 1=100.00507/ 12

—9.68956 x 1073\2, (3.32)

together with the temperature derivative of Kato [263],

=\ T x )

dn, 0.3896 —1.3332 2.2762
aT i

+2.1151> x 1072 K1, (3.33)

was found to provide the best fit to the experimental data. Tuning curves for 1.064 ym
and 532nm pumped OPOs are presented in figure 3.5 as a function of poling period.
At elevated temperatures, the more recent temperature dependent Sellmeier equation of
Kato et al. [262] was found to give satisfactory agreement between predicted and mea-
sured wavelengths.

Laser induced photochromatic damage, commonly termed grey-tracking, has been
observed in KTP with high intensity, short wavelength pulses. Proposed mechanisms
for the formation of grey tracks include the formation of colour centres at Fe and Ti ion
sites and two-photon absorption [265, 266]. The relaxation time for grey tracks can be
accelerated by heating, and at crystal temperatures above ~150°C the formation of grey
tracks is typically suppressed [265]. In common with published reports pumping PPKTP

under similar conditions [117], grey tracking was not observed in this work.

3.4.3 Rubidium Titanyl Arsenate

Of the KTP isomorph family, RTA is perhaps the most widely researched; nonetheless, its

properties are much less accurately known. A low ionic conductivity, due to the larger
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Figure 3.6: Theoretical PPRTA tuning curve for OPO pumped at 1.064 ym as a function of poling
period A. The Sellmeier equation of Fradkin-Kashi et al. [250], was used in conjunction with
the temperature dependence of Peltz et al. [127]. The shaded region indicates the period and
wavelengths accessible with the crystal used in the work presented here.

size of the Rb ion compared to K, allows high quality bulk crystals to be periodically
poled with thicknesses up to 3mm [72, 121, 124, 127, 239, 267], and, unlike KTP, no pre-
treatment is required for room-temperature poling [250]. A number of different Sellmeier
equations have been published for RTA [124, 234, 237, 250, 268]. The equation of Fradkin-
Kashi et al.,

1.307519 0.354743

2 _
"z = 2182068+ 776 228244/ 02 T T— (9.010959/ )2

—0.008921)2, (3.34)

determined using phase matching measurements of DFG in PPRTA [250], was found to
agree most closely with wavelengths measured in this work. Of the published expres-
sions for the n, temperature variation [124, 127], closest agreement with measurements
was found using the equation of Peltz et al. [127],

dn, (O.1867 13.2760  12.2556

anz _ —6 -1
IT € + 2 h\ —|—arb.)><10 K™ (3.35)

The PPRTA tuning curve is shown in figure 3.6 for a 1.064 um pumped OPO. Additional
properties are summarised in table 3.1 [234, 237].

3.4.4 Lithium Triborate

The growth of the negative biaxial, orthorhombic crystal LiB3Os (LBO) was first reported
in 1989 [55]. The material is particularly attractive for upconversion to visible and ultra-
violet frequencies due to low absorption and a high damage threshold, and it has been
widely used, for example in section 7.3, for SHG of the 1.064 ym Nd:YAG transition,

which can be noncritically phase matched (yzz-polarised) with large acceptance angles
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at 151°C [55]. For frequency doubling of 1.3 zm Nd : YLF, LBO was found to be superior
to KTP due to reduced walkoff [269]. Sum frequency generation [270], optical parametric
amplification [271] and oscillation [272] have also been demonstrated in LBO.

Dispersion relations have been published by a number of authors, [55, 238, 273], most
recently by Mao et al. [271],

0.011289

2 2 4

= 245414+ - — 0.014591\ — 0.000066.\

e T X=0.011%5
0.012711

2 2 4

= 2.53907 + 5 — 0.01854 0002 :

n; 53907 + 150 012523 — 0-01854A" +0.0002) (3.36)
0.013099

o= 2586179 4 15— oas — 0.017968)7 — 0.000226\"

The temperature derivatives have been published to be dnyy,; /dT =
(—1.8,-13.6,—6.3) x 107°°K~! [55]. Additional properties are summarised in table
3.1[55, 232, 233, 238].

3.5 Conclusion

This chapter summarised the theoretical aspects of nonlinear optics. In practice, OPO
design relies on the selection of an appropriate nonlinear optical crystal, chosen for high
nonlinearity and damage thresholds as outlined in section 3.4. The crystal properties de-
termine the range and acceptance bandwidths of interactions that can be phase matched
with Ak = 0 in equation (3.16), or (3.25) in quasi-phase matched materials, while satisfy-
ing the energy conservation equation (3.5). Subsequently, OPO resonators are designed
to yield a suitable combination of threshold and output power or energy at the desired
wavelength, for which modelling of the coupled rate equations (3.15) is an invaluable

tools.



50



Chapter 4

Optical Bandwidth Control

In the devices investigated in the subsequent chapters, the free running optical paramet-
ric oscillator (OPO) optical bandwidth was reduced by the implementation of passive
intracavity frequency selective filters. Two types of filters were investigated, étalons and
diffraction gratings. In this chapter, the narrowing of the OPO optical bandwidth due to
the filter pass bandwidths, as well as multiple passes through the crystal and filters, are
discussed. A review of the literature of the development and practical implementation
of these techniques in OPOs was given in section 1.3.

The chief advantage of using passive filters lies in their simplicity. A minimal number
of optical components is required so that compact and robust cavity configurations are
maintained. However, passive band pass filters typically increase the effective cavity
losses, resulting in increased thresholds and reduced output energies, especially if an
extension of the cavity length, and a corresponding reduction in the number of cavity
round trips, is necessary to accommodate the optical elements. Coupled cavities, not
discussed in this work, can be constructed to partly compensate for the reduced OPO
efficiency [274].

41 OPO Gain Bandwidth

The free-running optical bandwidth of an OPO depends on a number of parameters in-
cluding the refractivity, dispersion, and absorption of the crystal, and the bandwidth, di-
vergence, pulse duration and energy of the pump [157, 158, 227]. The single pass optical
bandwidth of an optical parametric amplifier (OPA) may be estimated using a procedure
similar to the acceptance bandwidth calculations in section 3.3. The gain bandwidth
is broadened from the monochromatic plane wave pumped signal spectral acceptance

given in equation (3.30) by the pump optical bandwidth Aws as well as the pump full
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angle beam divergence Af;. The resulting expression for the crystal gain bandwidth is
[230, 275]

1 [2mc 2mwcOns
Ave=|— | — + A A 4.1
B o G JORT W @
where the group velocity index dispersion coefficient 3;; is given by
dk; dk;
Bi=c| =2 —=—| |. (4.2)
/ dw w, dwl,,

In a free-running OPO, multiple passes through the crystal result in a narrowing of the
optical bandwidth [78, 161, 213]. For M passes of a Gaussian gain profile, the bandwidth
is narrowed to Aw, y = Aw,/M'/2. A potentially more accurate approximation that em-
phasises the significance of the pump divergence contribution to the optical bandwidth,
by replacing the crystal length L with an effective length Loy = M'/2L, was found by
Haub et al. to give better agreement with free running optical bandwidths of 3-BaB,0O,
OPOs [230]. Under free running pulsed conditions, the intensities of the OPO output
spectral components are determined by starting conditions, typically resulting in irregu-
lar spectra that vary from pulse to pulse.

The introduction of an intracavity spectral filter with a single pass filter bandwidth
of Awy, such as an étalon or diffraction grating, causes a reduction in the OPO optical
bandwidth. The characteristics of the individual band pass functions are discussed in the
sections below. Multiple traverses contribute to additional narrowing, and the multiple
pass filter bandwidth is also given approximately by Awy ys = Awy/ M2 [78,161].

Using these multiple pass gain and filter bandwidth expressions, the line narrowed
OPO optical bandwidth can be written as [78]

1 1 1
- 4.3
Awopo \/chz M + ij% M (43)

where terms corresponding to additional band pass mechanisms may be added to the
series within the radical. For the OPOs described here, the spectral filter term dominates.
For example, the single pass gain bandwidth for a 20 mm long PPLN crystal, pumped
at 1.064 um to generate signal and idler wavelengths of 1.5 yum and 3.66 m, may be
calculated to be Aw, /27 ~ 400 GHz (13 cm™!) using equation (4.1). During a typical 5ns
OPO pulse, the crystal is passed M ~ 30 times, assuming a physical cavity length of
L. = 50 mm, narrowing the free running OPO optical bandwidth to around 70 GHz. This
value was in reasonable agreement with measurements of single shot spectra recorded

for a free running PPLN OPO, such as those shown in figure 5.2 (a) on page 65. By
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contrast, the multiple pass bandwidth of an intracavity étalon or diffraction grating was
calculated as outlined below to be around Awy v /27 ~1GHz.

The OPO output spectrum is constrained by the frequency comb of standing wave
modes of the OPO cavity. For most of the experiments reported in this work, the output
coupler reflectivity was around R ~ 0.7, from which a cavity finesse of # = 8 may be
calculated. The cw cavity mode bandwidth for a 50 mm long cavity is then 250 MHz.
This width may be broadened by the reduced effective pulsed finesse effects described
by Daussy et al. [174], as well as reduced by the multiple cavity round trips. A compre-
hensive study of the relative magnitude of these effects was not undertaken here. The
narrowest optical bandwidth resolvable by the Fabry—Pérot interferometers used as mea-
surement devices was 250 GHz, which was sufficient to verify the desired single longitu-
dinal mode oscillation, but not to yield high precision optical bandwidth measurements.

Some studies have reported that a single longitudinal mode signal can be achieved
using passive line narrowing with a multi-mode pump, resulting in a broadband idler
[78, 170]. Gloster et al. found that, although some of the excess pump bandwidth may be
carried away by the non-resonant wave, a single longitudinal mode pump was required
for single mode operation of a grazing incidence OPO [181, 219]. In the work presented
here, single mode operation could not be achieved with broadband pumping. By con-
trast, cw pumped OPOs reach the limit of large M, and saturation commonly results in
oscillation on a single mode, even with a multiple mode pump and no frequency selective
elements [115, 128, 169].

4.2 Fabry-Pérot Etalon

One example of a frequency selective filter is the Fabry—Pérot étalon, where interference
between successive internally reflected beams results in transmission occurring prefer-
entially at specific wavelengths. The intensity transmission function, normalized to the
incident intensity Iy, is determined by the interference between multiple reflections, and
is given by [187, 208]
19) _ 1
b 14 (27)sin? (%)

(4.4)

known as the Airy function. The relative phase between successive interfering fields at

angular frequency w in an étalon of refractive index n and thickness [ is given by

_ 2nlcost;

¢=——uw, (4.5)

[
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Relative Frequency w

Figure 4.1: Normalised étalon transmission (Airy) function, defined in equation (4.4), as a function
of relative frequency w. The dotted, solid and dashed lines correspond to finesses F = 0.7, 12, and
35. The étalon fringe optical bandwidth Aw 7 is indicated for the = 12 case, and Awrsg denotes
the étalon free spectral range.

where the internal angle ¢; is related to the external incident angle 6; by Snell’s law. The
period of the Airy function in frequency space is termed the free spectral range (FSR) and
is given by Awgsgr = 2m(c/2nl cos 6;). The Airy function is shown in figure 4.1.

The finesse parameter ¥ introduced in equation (4.4) is related to the intensity reflec-
tivity of the étalon faces R by [187]

/R

F=1"x

(4.6)

As can be seen from figure 4.1, the finesse determines both the contrast Iy/ I, and the
optical bandwidth Aw of each étalon fringe. For étalons with 2> 72 /2 (corresponding
to R > 25%), the width of the fringes is approximately given by [187]

A

F

The transmission contributions in an étalon narrowed OPO are sketched in figure 4.2.

Dwp = . (4.7)

The conditions illustrated were chosen to model the experimental results presented in
chapter 5, where single longitudinal mode operation of pulsed 1.064 ym pumped PPLN
and periodically poled KTiOPO, OPOs was demonstrated using an intracavity étalon.
A typical crystal gain bandwidth of Aw./27 = 400 GHz, shown by the dotted line, was
assumed to be narrowed by M = 30 cavity round-trips to yield an OPO gain bandwidth
as shown by the dashed line. The product of gain and transmission of an intracavity
étalon of free spectral range Awpsr/2m = 30 GHz and a finesse # = 12 is shown as the
solid line in the lower panel, and may be regarded as a net gain-loss curve. Finally,

the longitudinal cavity modes supported by the resonator, separated by Aw,,oqe/2T =
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Figure 4.2: Combined OPO gain and cavity transmission characteristics with intracavity étalon.
The crystal gain bandwidth (dotted line) is narrowed (dashed) by multiple passes and filtered by
the intracavity étalon transmission function (solid) and the cavity modes (vertical strokes). For
further discussion, see text.

¢/2L" = 2.1 GHz, where L’ is the optical length of the cavity, are shown as vertical strokes

in the lower panel.

Under pulsed illumination the étalon transit time restricts the number of interfering
fields, reducing the effective finesse if the number of étalon passes becomes small, as
calculated by Daussy et al. [174]. In the experiments presented here, the ratio of cavity
to étalon round trip times was usually in excess of 15, and an explicit summation of
interfering fields yielded a pass bandwidth within 10% of the cw case. The residual
finesse effects were assumed to be small, allowing the cw Airy function characteristics

to be used in the bandwidth analysis.

The success of an étalon in narrowing the optical bandwidth of an OPO to a sin-
gle longitudinal mode depends on a number of factors. It can be seen in figure 4.2 that
an increase in the OPO gain bandwidth will decrease the relative losses of cavity modes
that simultaneously satisfy the étalon transmission requirement. Especially under pulsed
conditions, where gain saturation is typically not reached, above a certain OPO gain
bandwidth there will be many modes that experience comparable gain, and the OPO
output spectrum will be determined by incidental factors. An intracavity étalon is thus
anticipated to become ineffective where the free-running OPO bandwidth diverges, such
as near degeneracy. This was observed as reported in section 5.3. The periodicity of

the Airy function potentially permits hopping between étalon modes if they shift rela-
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tive to the cavity modes, such as when the étalon is tilted. Experimentally, such effects
were observed but not investigated, and fine angle adjusts were typically necessary to
obtain stable single longitudinal mode operation. Under broadband pumping, an étalon
was expected be unable to restrict the signal optical bandwidth to a single mode due to
frequency cross-terms between the broadband idler and the pump modes.

Insertion of an intracavity étalon results in higher thresholds, reduced output effi-
ciencies, and lower pump depletions due to walkoff losses, acceptance angle constraints,
and intensity build-up delays within the étalon [78, 172-174, 276, 277]. The round-trip
loss coefficient L arising from multiple reflection walkoff within the étalon is given in the

low-loss approximation by [173]

2R [210:\?

where w, the spot size perpendicular to the rotation axis. This approximation was not
valid for the intracavity étalon configurations implemented in chapters 5 and 6, charac-
terised by R ~ 0.8, | = 3mm, §; = 11 mrad, n = 1.5 and a resonated mode volume radius
wp ~ 200 um. The beam distortion caused by walkoff of successive reflections within the
étalon was calculated numerically, and round trip losses of up to ~35%, subject to uncer-
tainties in the spot size and divergence of the resonated signal wave, were calculated, in
agreement with the modelling results presented by Leeb [173].

From equation (4.5), it can be seen that ¢ is determined the incident angle 6;, the
étalon thickness /, and the illumination wavelength A\. The dependence of ¢ on |/ and
6 allows étalons to be used as frequency analysis tools, typically called Fabry—Pérot in-
terferometers. The angular dependence of ¢ gives rise to the characteristic concentric
rings of interference fringes when an interferometer is illuminated by a diverging source,
and this effect was used to obtain the interference fringes presented in the results chap-
ters of this thesis. The analysing interferometers comprised solid fused silica substrates
in-house coated with silver to yield approximately constant reflectivity coefficients over
the wavelength range used. The finesse in each case was determined by measurements of
the injection seeded OPO pump laser, whose quoted optical bandwidth of around 10 kHz

was substantially below the resolution limit of the interferometer.

4.3 Diffraction Grating

The general treatment of diffraction, which is somewhat lengthy, is given in many stan-
dard optics texts [185, 208, 209]. The normalised diffracted intensity distribution for N
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Figure 4.3: Intracavity diffraction grating configurations. (a) Littrow configuration, where the first
diffracted order is coupled back into the gain medium. (b) Littman-Metcalf or grazing incidence
configuration adopted for the work presented in this thesis.

illuminated grooves of width b and spacing 4 may be written as

1) _

Imax

sin Nov\ 2

2

— 4.9
where a = md(sin; + sinf,,) and § = (b/d)a. The angles of incidence 6; and diffrac-
tion ¢, are measured with the same sense relative to the grating normal. Since the
groove spacing d exceeds the groove width b, the principal maxima are determined by

the (sin N/ sin «)? term and occur at
d(sinf; + sin@,,) = mA, (4.10)

where m is the diffraction order. In many practical situations the groove spacing d is
chosen such that only one diffraction order is physically possible in the range of |6; ,,| <
90°, which eliminates the spatial overlap of adjacent free spectral ranges in étalons and
allows diffraction gratings to be used for line narrowing even close to OPO degeneracy
[278].

Figure 4.3 shows the two intracavity diffraction grating configurations that have most
commonly been used for wavelength selectivity. In the Littrow configuration illustrated
in figure 4.3 (a), the first order of diffraction is used directly as feedback into the cavity,
constraining the incidence and diffracted angles to be equal [277-279]. The minimum
resolvable wavelength difference is inversely proportional to the illumined grating width
[176], so that the resolution of a diffraction grating in the Littrow configuration is limited
by the beam diameter. The resolution may be improved by the use of beam expansion
optics, usually at the expense of additional losses and increased resonator lengths [78,
277].

The Littman-Metcalf, or grazing incidence, configuration was adopted for the work
presented here [175, 176]. The diffraction grating was inserted into the cavity with a high
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incidence angle, §; > 85°, and a separate tuning mirror completed the resonant cavity as
illustrated in figure 4.3 (b). In this geometry, the number of illuminated grooves can be
controlled by the grating angle, independent of the wavelength. A fortuitous advantage
of the large incidence angle is a reduced risk of laser induced grating damage, since the
beam is distributed across a large area of the diffraction grating.

The single pass resolution of a grazing incidence diffraction grating illuminated by
a Gaussian beam of width w,, limited by the divergence of the incident beam, is given
by AX = A\? /mw, tan6; [161, 175]. This expression remains valid until the beam fills the
width of the grating L, and it can be shown that the highest resolution is achieved when
the grating is placed at the Rayleigh length from the focus [176]. In this case, and the

minimum resolvable wavelength difference becomes

2V2

TLg(sin; 4 sinfy,)

Aw = 2mc (4.11)

The efficiency of a diffraction grating depends on the shape of the individual grooves,
independently of the diffraction equation (4.10), allowing blazed gratings with improved
efficiencies at specific wavelengths and angles to be manufactured [208, 280]. In the work
of this thesis, holographic gratings with sinusoidal grooves were used, which have no
blaze angle. For this groove profile, the s polarisation, perpendicular to the grooves, is
diffracted more efficiently than the p polarisation [280]. The specular reflection (zeroth
diffraction order) has the highest power efficiency and constituted the OPO output. On
one cavity round trip, the resonant beam was diffracted twice, so that the effective output
coupling of the cavity was estimated to be around ~90%, increasing with increasing grat-
ing angle 60; [161]. In addition, physical constraints when constructing the cavity mean
that long average cavity lengths are required for large tuning mirror angles ,,,. From the
results presented in chapters 5 and 6, the grazing incidence cavity was found to be suited
mainly to high gain, low output energy systems operating at < 1.5 times threshold, which

were also used as seed sources for amplifiers.

Cavity Length Stabilisation

Tuning in the grazing incidence configuration is accomplished by tilting of the tuning
mirror. This changes both the cavity length and angle 6,,, and continuous single-mode
tuning requires that the pivot point of the tuning mirror coincides with the end mirror
of the optical cavity [178, 219, 281]. In practice, a cavity length servo is often used both
for continuous tuning and to stabilise the single mode output against mechanical distur-
bances [183, 282].
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A cavity stabilisation scheme proposed by Raymond et al. [282], and previously im-
plemented in a bulk KTP [183] OPO, detects small changes in output pointing direc-
tion that result from detuned wavelengths resonating within the cavity. A wavelength
detuned by AX from A, for which the grating equation (4.10) results in a closed path
through the cavity, will exit the grazing incidence cavity with an angular deviation
NG =~ 2A\/d cos 0;, where the factor of 2 arises from the beam being diffracted twice [282].
These angular deviations may be detected using a suitably placed split photodiode and
processed to generate an error signal to lock the grazing incidence cavity to a single lon-
gitudinal mode. An adjacent cavity mode, separated by A\ = \?/2L/, will be separated
by angular deviation

22

Almode L'dcos®;

(4.12)

Raymond et al. proposed that the beam deflection would be more difficult to detect if
the beam divergence )\ /7w, exceeded the angular separation of adjacent cavity modes,
thereby placing a lower limit on the waist size wy > L'd cos6;/m\. This condition was
not satisfied in the OPO presented in chapter 5. The success of this stabilisation relies
on stable short-term single mode operation of the OPO, and mechanical vibrations, air
currents, and pump instabilities must be minimised. Due to the cos §; term in the denom-
inator of equation (4.12), good locking performance requires the largest possible grating
angle 0;. However, this simultaneously decreases the feedback efficiency from the grat-
ing, so a compromise between large dispersion and low diffraction efficiency must be
reached. Investigations of the influence of grating angle have been carried out in grazing
incidence BBO and PPLN OPOs [161, 181]. An alternative locking scheme was reported
by Boon-Engering et al. in a BBO OPO, in which the error signal was determined by a
computer evaluating single shot Fabry—Pérot interferometer spectra of the signal radia-

tion [219]. This technique was not attempted here.

4.4 Injection Seeding

Injection seeding provides an alternative approach for obtaining narrowband OPO out-
put, and was demonstrated in a monolithic PPLN OPO in chapter 7. The method in-
volves a low power, narrowband seed that injected into the resonant cavity, from which
the seeded frequency grows rapidly as determined by the coupled rate equations (3.15).
The operating range of injection seeding is restricted to that accessible by suitable seed
sources, and, since the injection seed wavelength must satisfy the standing wave criterion

of the resonator, active locking of the cavity length or seed source is usually necessary for
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successful long term seeding.

Injection seeding has been extensively studied in lasers and OPOs, being first applied
to pulsed OPOs by Bjorkholm and Danielmeyer [167]. Baxter et al. [160, 168] developed
a particularly effective spectroscopic source based on a PPLN OPO injection locked by
a tuneable semiconductor laser and subsequently amplified in a bulk LiNbO3; amplifier.
The tuned optical bandwidth of the system was established to be 130 MHz by means of
coherent anti-Stokes Raman spectroscopy in methane. Maintaining the OPO cavity on
resonance with the seed source required active cavity locking [168]. A novel technique
for rapid pulse to pulse tuning in PPLN was demonstrated by Yang and Velsko [283]
using an acousto-optically tuned pump angle to select phase matching for one of two

simultaneously injected single mode semiconductor seed sources.

4.5 Conclusion

The contributions to the OPO output optical bandwidth were considered in this chapter,
including the crystal gain bandwidth, intracavity filter pass bandwidth, and narrowing
due to multiple pass effects. The passive line narrowing techniques discussed in this
chapter were implemented in the experimental OPO devices reported in the following
chapters. Both intracavity étalons and diffraction gratings were demonstrated to yield

single longitudinal mode OPO operation.



Chapter 5

Infrared Pumped OPOs at 10 Hz
Repetition Rate

Optical parametric oscillators (OPOs) pumped A3 ~ 1 um are typically employed to gen-
erate a near-IR signal wavelength around A\, ~ 1.5 um and a mid-IR idler wavelength
A1 ~ 3.5 um. The strong 1.064 um laser transition in Nd : YAG yields efficient, reliable,
high power pump sources whose spatial, spectral, and temporal characteristics can be
finely controlled, making these lasers uniquely suited for pumping OPOs. This chap-
ter reports on experiments on 1.064 um pumped OPOs that incorporated passive fre-
quency selective filters to narrow the emitted optical bandwidths. The OPOs were based
on the quasi-phase matched materials periodically poled LiNbO3; (PPLN) (section 5.2)
and KTiOPO,4 (PPKTP) (section 5.3), with OPO tuning curves presented in figures 3.4 (b)
(page 44) and 3.5 (page 47) respectively. Within each section, the experimental results are
presented for different cavity configurations; in particular, intracavity étalon or a diffrac-
tion grating in the grazing incidence configuration. A direct comparison between the
two nonlinear optical materials was often not possible, since the crystals had different
characteristics, including operating wavelengths. Some general conclusions between the

relative merits of the materials are presented in the conclusion, section 5.4.

5.1 Continuum Powerlite 7000

The pump source used for the experiments in this chapter, with the exception of the cavity
scanning results of section 5.2.5, was a modified Continuum Powerlite PL7000 oscillator—
amplifier system. The laser comprised two Nd : YAG rods, both 115 mm long with 6 mm
diameter, pumped by one Xe flashlamp at a pulse repetition rate of 10 Hz. The single-rod

oscillator was electro-optically Q-switched by a KD*P Pockels cell and thin film polariser,
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and quarter-wave plates were used to yield circular polarisation within the laser rod to
prevent spatial hole burning. The cavity was seeded by a single frequency (90 kHz spec-
ified optical bandwidth) non-planar ring Nd : YAG laser [284] injected via the polarizer.
An electronic feedback circuit locked the resonator length to the seed signal until the O-
switch opened. The resonator was completed by a Gaussian reflectivity output coupler.
The output was single-pass amplified in the second Nd: YAG rod and could be passed
through KD*P frequency doubling and sum frequency mixing crystals to yield output at
532nm or 355nm. A custom addition of an apodiser between oscillator and amplifier
yielded an excellent spatial quality output beam (M? < 1.1) at the expense of pulse en-
ergy. The laser generated up to 400 mJ in 8 ns pulses at 1.064 um and 180 m] in 6 ns pulses
at 532nm. For many of the experiments described below, the oscillator-only output was
used, and the Q-switch delay was extended from the optimum 185 s to obtain pulse

durations of ~15ns while maintaining successful seeding.

5.2 OPOs Based on Periodically Poled LiNbO3

Two PPLN crystals were available for pumping at 1.064 um. Both crystals had di-
mensions 20 x 11 x 0.5mm? (length x breadth x thickness). One of the crystals was
supplied by Crystal Technologies, Inc. The crystal had eight adjacent tracks of A =
28.5,28.7,...,29.9 um. The crystal end faces were single layer antireflection coated with
SiO; (n = 1.45) to yield < 0.5% reflectivity over the range 1.4-1.7 um. Due to the high
refractive index of LiNbOj3 (n ~ 2.2), significant residual reflectivity existed at the pump
and idler wavelengths. The second crystal was obtained from Deltronic Crystal Indus-
tries. This had 14 poling periods of A = 28.2,28.5,28.7,...,29.9,30.2,30.4, ...,31.0 um,
and the end faces were multilayer antireflection coated at the pump, signal and idler
wavelength ranges. The crystals were housed in a temperature controlled oven capable
of maintaining temperatures up to 220°C with +0.1°C accuracy. The crystal oven was
mounted on a precision three-axis translation stage to permit accurate crystal positioning
and track selection. Although no photorefractive effects were observed here, due to low
average powers even at the maximum pump levels used, the crystals were operated at
160°C as a precaution [56, 61, 101].

5.2.1 Linear Cavity PPLN OPO

A linear, plane—plane cavity, with a physical length of 39 mm, sufficient to accommodate
an étalon between crystal and output coupler, was constructed to determine a reference

for OPO performance. One mirror, through which the pump entered the OPO cavity, was
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a 2° wedged fused silica substrate coated for R > 99% over 1.35-1.60 ;sm while maintain-
ing T > 70% at the 1.064 um pump wavelength. A number of different output coupling
optics were available: Two dielectric mirrors on fused silica substrates providing reflec-
tivities of 95% and 66% over the signal wavelength range, and an uncoated ZnS window
with a reflectivity of 14% by Fresnel reflection. The lack of coating on the ZnS window
meant similar reflectivities were present at the pump and idler wavelengths. The 4%
Fresnel reflection from a fused silica window was found to be too low to bring the OPO
above threshold.

The modified Continuum PL7000 oscillator was used as a pump source. A half wave
plate and polariser combination permitted smooth, variable control of the pump energy
incident on the OPO up to 1.5m]. The pump beam was focused by a 500 mm focal length
achromat, with the PPLN crystal placed beyond the waist of the pump beam to avoid the
effects of optical damage and monolithic oscillation [285]. When the PPLN crystal was
located at the waist of the pump beam, a measurable depletion of the pump pulse was
observed for pump energies in excess of 480 1], even without cavity optics, with the de-
pletion reaching 40% at a pump pulse energy of 1 mJ. As the pump energy was increased
to 2m]J, damage to the PPLN crystal occurred after a few minutes of operation, setting an
upper limit on the pump fluence used subsequently. The observed pump depletion could
be attributed to single pass optical parametric generation (OPG), or to the crystal faces
forming a low finesse monolithic resonator. Since OPG under these operating conditions
usually requires longer crystals and monolithic oscillation was subsequently observed
in other OPO experiments presented here, the observations were attributed to the latter.
Parametric generators and monolithic oscillators have been identified as useful systems
for robust, broadband, tuneable near or mid infrared sources [91, 96, 98, 193, 286-289],
but the generation of output was in this case a parasitic process. When the PPLN crystal
was placed before the waist of the beam, damage to the output coupler was observed
when an étalon was inserted into the cavity, possibly as a result of misaligned multiple
reflections between étalon and output coupler. The centre of the PPLN crystal was ac-
cordingly positioned 40 mm beyond the waist formed by the pump focusing lens. This
pump configuration resulted in a slightly diverging pump beam with an average waist
of 170 um (1/¢? radius) inside the crystal and avoided spatial aperturing at the faces of
the PPLN crystal.

The OPO performance results for this simple cavity with different output coupling
optics are summarised in table 5.1 and served as a benchmark for comparison with the
frequency narrowed cavities discussed below. The 95% reflective output coupler resulted
in the lowest OPO threshold of 190 1], while the 14% optic generated the greatest signal
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Table 5.1: Performance of a linear cavity PPLN OPO with different output coupling optics. The
highest pump pulse energy used was 1 m]J.

Parameter R=95% R=66% R=14%
Threshold (u]) 190 240 580
Peak Signal Energy (1)) 21 155 175
Signal Slope Efficiency (%) 2.8 22 35
Pump Depletion (%) 68 68 44
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Figure 5.1: Threshold of a linear cavity PPLN OPO as a function of cavity length. Squares, values
measured using a R = 66% output coupler; solid line, theoretical prediction using equation (3.27).

output pulse energy, 175 J. The 66% reflecting output coupler was selected for the re-
mainder of experiments, since it provided a suitable compromise between threshold and
output the energy. The idler pulse energy could not be measured since the idler wave-
length was absorbed by the output coupler optic substrates.

Although the cavity length was constant at 39 mm for the work presented in this sec-
tion, more complex OPO resonators required an increased cavity length. The oscillation
threshold was measured as a function of cavity length by moving the output coupler. The
data showed a factor of 2.3 increase in threshold when the cavity length was doubled to
80 mm, and is presented in figure 5.1 together with a solid fit line calculated using the sim-
plified threshold model, equation (3.27), of Brosnan and Byer [78]. The threshold model
parameters used were pump spot size w3 = 180 pm, pump pulse duration 7 = 10ns, and
In(P,/Py) = 150. The model agreed satisfactorily with the measured threshold energies.

5.2.2 Etalon Narrowed PPLN OPO

In order to narrow the optical bandwidth of the OPO, a number of étalons were tested
in the OPO cavity. Three different étalons were available, with free spectral ranges (FSR)
of 400 GHz, 100 GHz, and 30 GHz. Only the last of these was successful in narrowing
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Figure 5.2: Signal spectra of an étalon narrowed PPLN OPO. (a) Free-running spectrum measured
using a 0.75m monochromator; the ripples are due to electronic noise. (b) Line profile through
fringes produced by a 14 GHz free spectral range Fabry-Pérot interferometer indicating an instru-
ment limited étalon narrowed optical bandwidth of 450 MHz.

the OPO spectral bandwidth to a single longitudinal mode. This solid fused silica étalon
(TecOptics, ES-251-189-189) had broadband dielectric coatings with reflectivity R ~ 78%
per face over the wavelength range 1.06-1.50 ym, and was absorptive at idler wave-
lengths. This corresponded to a finesse # = 12. The laser damage threshold of the étalon
coatings was specified to be 8] /cm?.

The free running OPO signal optical bandwidth was determined from the signal plus
pump sum frequency component, measured using a 0.75 m grating monochromator. The
broadband spectrum varied from shot to shot but had a ~1nm (~120 GHz) optical band-
width at the signal wavelength. This is illustrated in figure 5.2 (a) with the OPO operating
at a signal wavelength of 1.501 um. The rapid oscillatory structure was spurious, result-
ing from the detection system electronics used.

The intracavity étalon was typically introduced into the OPO cavity at a small tilt to
prevent pump retroreflections, as well as coupled cavity geometries between the étalon
and crystal faces or cavity optics. The OPO performance was observed to deteriorate
with increasing étalon tilt, yielding both higher thresholds and lower output pulse ener-
gies. Since temporal delays introduced by the étalon interference [174] were calculated to
be negligible for the étalon used, the performance degradation was primarily attributed
to beam walkoff effects within the étalon [173]. Such losses may be reduced by the use
of thinner, lower finesse étalons, but these were found to be ineffective in obtaining sin-

gle mode operation. A coarse étalon tilt of around 11 mrad was used throughout, with
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fine adjustments to obtain reliable single longitudinal mode operation. Single mode os-
cillation was readily obtained when the OPO was tuned to wavelengths throughout the
range between 1.449 ym and 1.594 um using a combination of crystal track and temper-
ature adjustments.

In order to assess the influence of the étalon, the output of the OPO was monitored
using different Fabry-Pérot interferometers with FSRs between 5 GHz and 100 GHz, in-
house coated with metallic silver. In each case a cylindrical lens was used to expand the
beam in the horizontal plane prior to entering the interferometer. An achromat lens was
used to image the interferometer fringes on a CCD camera. The signal and pump sum
frequency component, generated within the PPLN crystal to detectable but negligible
pulse energies, was used for spectral measurements since InGaAs or similar detector
arrays capable of detecting signal wavelengths around 1.5 um were not available [285].
As the linewidth of the pump was well below the instrument resolution, the bandwidth
of the sum frequency radiation could be attributed solely to the signal. Figure 5.2 (b)
shows a characteristic single mode signal spectrum measured using a 14 GHz FSR FPIL
The F = 30 finesse of this interferometer was sufficient to resolve OPO resonator modes
(mode spacing 2.7 GHz), and the measurement confirmed single axial mode operation
of the OPO. The instrument limited FWHM optical bandwidth was 450 MHz. Similar
measurements using a 100 GHz FSR interferometer with finesse ¥ = 50 confirmed that
oscillation was occurring under only a single étalon mode.

The OPO output signal pulse energy, with and without the intracavity étalon, is
shown in figure 5.3 (a) as a function of pump energy, with the OPO was operating at
a signal wavelength of 1.501 um. On insertion of the étalon, the oscillation threshold
increased from the free running value of 220 pJ to 410 1], while the signal output pulse
energy at the maximum 1m] pump energy dropped from 140 ] to 78 iiJ. The lines in
figure 5.3 had slope efficiencies of approximately 18% and 14% respectively for the free
running and étalon narrowed cavities. The decreasing slope at high pump energies on
both lines is attributed to backconversion effects that become significant above ~2 times
threshold [117].

Measured pump depletions are plotted in figure 5.3 (b) as a function of pumping
level. The increased threshold of the étalon narrowed cavity and the limited damage
threshold of the PPLN crystal and the étalon coatings restricted the pumping level to just
below 2 times threshold in the single mode cavity, while the free running OPO could be
pumped at nearly 4 times threshold. From figure 5.3 (b) it was concluded that the raised
threshold on insertion of the étalon, due to increased cavity losses, accounted for most of

the performance degradation compared to the free running cavity.
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Figure 5.3: (a) Signal pulse energy and (b) pump depletion of a PPLN OPO, in free running
broadband (squares) and étalon narrowed single longitudinal mode (diamonds) oscillation. Panel
(b) is plotted against the number of times above threshold. The OPO was operating on a signal
wavelength of 1.501 pm.

Temporal profiles for the PPLN OPO, illustrated in figure 5.4, were recorded using
fast photodiodes: The incident (dotted line) and depleted (dashed line) pump pulses
were recorded using Si photodiodes, while an InGaAs photodiode was used to monitor
the generated 1.5 um signal pulses (solid line). Both varieties of photodiode were reverse
biased to yield nominal 1 ns rise times. A Tektronix TDS 350 digital storage oscilloscope,
with a bandwidth of 200 MHz, was used to sample and store the traces. The pulses
demonstrated standard characteristics of OPOs pumped at several times above thresh-
old. Close to threshold, trace (c), the output signal pulse shape is short and somewhat
symmetric. As the pump energy is increased (d) to (a), the build-up time of the signal
pulse decreases and the pulse widens, with a slowly decaying trailing edge. In common
with other findings [56, 212, 227], traces (a) and (b) indicate the presence of backconver-
sion when the OPO is pumped at more than ~2 times threshold. This is indicated by a
regrowth in the pump field resulting in a lobe at the centre of the depleted pump profile.
From the pulse profiles, it can be seen that the temporal characteristics of the OPO with
an intracavity étalon remained largely unchanged except for the increased threshold.

The threshold of the free-running OPO did not show significant variations over the
OPO tuning range, whereas the étalon narrowed threshold decreased from 510 uJ at a
signal wavelength of 1.45 um to 340 uJ at 1.59 pJ. This effect may have been due to wave-
length dependent loss in the étalon, indicating that optimum étalon coatings should lead
to threshold increases of 1.5 times across the tuning range of the OPO[285]. Similarly,
pump depletion was typically between 60% and 70% for the free running cavity, while
the étalon narrowed cavity gave slightly lower results, consistently across the wavelength
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Figure 5.4: Temporal profiles of a PPLN OPO, without (left column) and with (right) intracavity
étalon. Solid line, OPO signal pulse; dashed line, depleted pump; dotted line, incident pump.
The pump pulse energy and times above OPO threshold is shown in each case. The vertical axes
are constant within each group of plots.
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range measured.

Beam profile measurements were taken by scanning a 100 um aperture InGaAs pho-
todiode through the signal beam. The signal from the photodiode was averaged over 10
pulses using a Stanford Research Systems SR250 gated boxcar integrator, and the mea-
sured intensity spatial distributions were fitted to Gaussian curves in order to establish
1/¢? intensity radii. While the OPO was operating successfully on a single longitudinal
mode, the output beam was observed to be smooth and with a Gaussian spatial distribu-
tion. Vertical and horizontal slice measurements of the single longitudinal mode signal
beam were taken at various propagation distances from the OPO,. Estimating a signal
beam waist of 230 ym within the PPLN crystal from pump overlap considerations, the
single mode signal beam was estimated to have a beam quality parameter M? = 1.5.
Multimode OPO operation resulted in an unstable output beam with shot to shot fluc-
tuations, arising from the plane-plane cavity configuration allowing higher order trans-
verse modes to oscillate [91], that could not be profiled using the scanning photodiode
technique.

The influence of pump bandwidth on the single mode OPO signal output was inves-
tigated by blocking the injection seed to the pump laser. This resulted in the Nd : YAG
pump laser operating on around 50 axial modes within a 15 GHz envelope. Since the
sum frequency mixing process between signal and pump convoluted the spectral band-
widths of both wavelength components, the radiation from this process could not in this
case be used to establish the optical bandwidth of the signal beam. Instead, the non-
phase matched second harmonic of the signal at ~750 nm was used. Under multimode
pumping the OPO signal output became more erratic, with significant fluctuations in
output energy, and the étalon was not sufficient to yield a single mode signal output.
This suggested, consistent with the observations of other authors [181], that stable single

frequency operation of ns OPOs required a single axial mode pump source.

5.2.3 Cascaded Oscillation

The collinear interaction and inherent periodicity of the phase matching configuration in
QPM can result in the phase matched generation of frequency components other than
the primary signal and idler waves, although fortuitous coincidence of multiple wave-
length phase matching is not restricted to QPM [290]. One possible QPM interaction is a
cascaded OPO [291], in which one of the fields generated by the primary OPO becomes
sufficiently intense to drive a cascaded OPO interaction. A signal wave driven cascaded

OPO was observed experimentally; a cascaded OPO driven by the idler was considered
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Figure 5.5: Tuning curve for a 1.064 um pumped cascaded PPLN OPO, operated at T = 25°C. The
solid line is the conventional OPO interaction as shown in figure 3.4 (b) on page 44. The dashed
line shows the cascaded OPO wavelengths. The shaded region indicates periods and wavelengths
accessible with the crystal used.

less likely, since the idler was not resonated, suffered absorption in the étalon substrate,
and had a lower photon energy.

The cascaded signal w} and idler wj frequencies of a cascaded OPO, driven by the
primary signal field w,, must satisfy the energy conservation and phase matching condi-
tions

Wy = wé + w{

My = KoKy — K, ZWT’” o, (5.1)
where k! = n(w/)cw!. A tuning curve for the cascaded OPO was calculated by simul-
taneously solving the set of equations (3.5), (3.25), and (5.1) for given pump frequency
w3, poling period A, and crystal temperature T, using the Sellmeier equation of Jundt
[81]. The tuning curve for a w3 = 1.064 pm pumped cascaded PPLN OPO, operating at
T = 25°C, is shown in figure 5.5.

A cascaded OPO may offer a cost-effective and potentially robust way to obtain mid-
IR radiation, or tailored multiple wavelength emission, provided that the long wave-
length cascaded idler is not absorbed within the crystal. Under most circumstances, cas-
cading may limit the primary OPO efficiency by depleting the intracavity signal field,
similarly to backconversion. It can be eliminated by degrading the OPO cavity efficiency
at the cascaded wavelengths, e.g. by specific anti-reflection coatings on the cavity mir-
rors, or by introducing an intracavity dispersive element such as a prism to ensure singly
resonant oscillation.

Cascaded oscillation was observed while operating a linear cavity PPLN OPO as de-
scribed in the previous section. The round trip mirror reflectivities at the cascaded signal
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Figure 5.6: Performance of a PPLN OPO, showing the onset and elimination of cascading. (a)
Signal pulse energy with the cavity aligned and subject to cascaded operation(squares); and cavity
misaligned by ~2mrad to eliminate cascading up to the maximum pump pulse energies used
(diamonds). (b) Temporal profiles of the signal (solid line) and depleted pump (dashed line) of
the aligned cavity. The oscillatory structure visible on the signal pulse was not present on the
depleted pump, indicating that the structure arose from cascading rather than backconversion.

wavelengths varied between 30% and 90% over the wavelength range 1.7-2.0 yzm. For the
results presented here, a set of wavelengths Ay = 1.55 yum, A\; = 3.39 um, \} = 2.34 um,
A} = 4.58 um was arbitrarily chosen by crystal track selection. A primary OPO oscilla-
tion threshold of 200 1] (26 MW /cm?) was measured. Cascaded OPO operation was first
indicated by a roll-over in the signal output energy, as shown by the squares in figure
5.6 (a), at around three times threshold. Simultaneously, the signal output pulse, shown
as the solid line in figure 5.6 (b), was observed to have an oscillatory structure that indi-
cated a dynamic nonlinear interaction with another field. In an OPO pumped well above
threshold, backconversion can yield a similar temporal structure through a pump-signal
interaction, but the absence of corresponding structure on the residual pump temporal

profile, shown as a dashed line, precluded this possibility.

Cascaded operation was confirmed by measuring the wavelengths of weak output
beams arising from non-phase matched upconversion interactions of the cascaded OPO
frequency components. The output of the OPO, with the residual pump radiation elimi-
nated by a dichroic optic with adequate transmission at visible wavelengths, was deliv-
ered to a 0.75 m grating monochromator via a fibre patchcord. An Ikegami CCD camera
was placed in the focusing plane of the monochromator output slit and used to observe
the frequency components in the range 300-1000nm. Several OPO wavelength com-
ponents were detected, as shown in figure 5.7. The intensity of individual frequency

components varied greatly, but no attempt was made to quantify the strength or optical
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Figure 5.7: Upconverted frequency components from a cascaded PPLN OPO, as a function of
poling period. The PPLN crystal was held at ~25°C. Circles, measured wavelengths; lines, the-
oretical values calculated using the Sellmeier equations from reference [81] and equations (3.5),
(3.25), and (5.1). The solid lines indicate the commonly observed upconversion frequencies based
on pump ws, signal wy, and idler w; photons. Dashed lines indicate higher harmonics of the res-
onated signal field. Dotted lines show frequency components arising on account of the cascaded
signal wj} and idler w] components. Not shown are the pump harmonics that were observed even
under single-pass conditions.
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bandwidth of each component, with the input slit width adjusted to control the intensity
incident on the CCD. The lines indicate wavelengths predicted using the procedure out-
lined above, and the slope and curve of each line confirm that the modelled processes
agree with the detected frequency components. Not included in the figure are the strong
pump second and third harmonics, at wavelengths of 532 nm and 355 nm, that were also
detected.

The heavy lines in figure 5.7 indicate the signal plus pump (w; + w3) and idler plus
pump (w1 + w3) components, the former of which was often used as a convenient indica-
tion that the OPO was above threshold and for spectral bandwidth measurements. The
light solid lines indicate signal and idler interactions with the pump second harmonic
(wj + 2w3), while the dashed lines indicate further components arising from signal wave-
length harmonics. The dotted lines in figure 5.7 mark wavelength components arising
from the cascaded OPO. The cascaded signal w} and idler w] interacted particularly with
the strong pump and resonated signal fields. The excellent agreement between measured
and calculated wavelengths was attributed to the accuracy of the Sellmeier equations [81]
in this wavelength region.

The cascaded OPO was found to be highly sensitive to cavity alignment. A misalign-
ment of the output coupling mirror by 2 mrad was sufficient to suppress cascading up to
the maximum 1 m]J pump pulse energies (130 MW /cm?) used in these experiments. The
absence of cascading was reflected in a monotonically increasing signal output efficiency
curve (figure 5.6 (a), diamonds) and the absence of an oscillatory structure on the tempo-
ral profile of the signal pulse. In a linear cavity with a line-narrowing étalon, cascaded
operation was not observed. This was attributed to an increased threshold due to the
added étalon losses; an investigation of passively narrowed cascaded OPOs could not be
carried out due to bulk crystal damage considerations.

Prism Cavity

To ensure truly singly resonant oscillation, a prism was introduced into the linear cavity
to eliminate cascaded OPO operation as well as residual pump or idler resonance. Two
uncoated Brewster-angled prisms were tested, one of SF10 glass substrate and the other
of ZnS. Since the OPO threshold was consistently around 200 pJ higher over the entire
tuning range when the ZnS prism was used, the SF10 prism was selected for the remain-
der of the measurements. In order to accommodate the prism, it was necessary to extend
the physical cavity length to 75 mm; insertion of the SF10 prism then increased the thresh-
old by only 10% with respect to a linear resonator of the same length, to around 410 p]J.

Spectral components corresponding to cascaded interactions were found to be absent,
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Figure 5.8: (a) Signal pulse energy and (b) pump depletion of a singly resonant, 1.064 ;sm pumped
PPLN OPO with intracavity SF10 prism, under free running broadband (squares) and étalon nar-
rowed single longitudinal mode (diamonds) operating conditions. Panel (b) is plotted against the
number of times above threshold.

and structure observed on the signal pulse was matched by corresponding fluctuations
in the depleted pump pulse, indicating backconversion but an absence of cascading.

As in section 5.2.2, a single fused silica étalon with a free spectral range of 30 GHz and
a finesse of 12 over the signal wavelength range was inserted into the cavity, between the
prism and output coupler, to obtain single longitudinal mode operation. Without the
étalon, the OPO operated with a signal optical bandwidth of around 1.7 nm (FWHM),
with considerable shot to shot variation. An étalon tilt of 11 mrad was sufficient to ensure
single longitudinal mode operation over the full 1.47-1.59 ym OPO signal tuning range.
Single mode operation was not sensitive to the alignment or position of the PPLN crystal
within the OPO cavity, confirming that the residual reflections from the crystal faces did
not play a role in mode selection. Measurements using a 5 GHz FSR Fabry-Pérot interfer-
ometer indicated that the OPO operated with an optical bandwidth of less than 240 MHz,
limited by the interferometer resolution. The improved interferometer resolution, com-
pared to the results presented in section 5.2.2, was due to increased reflectivity coatings
on the interferometer. A 100 GHz FSR interferometer was used to confirm the absence of
other modes of the intracavity étalon in the OPO spectrum. The OPO output could be set
to any arbitrary operating wavelength within its gain bandwidth, and the wavelength
was stable with regard to shot to shot as well as longer term fluctuations.

The addition of the intracavity étalon increased the threshold, from 400 ] to 660 p]J,
and reduced the efficiency of the OPO. Figure 5.8 shows for comparison the signal out-
put energy and pump depletion as a function of pump pulse energy for the broadband
and single longitudinal mode OPOs, at a signal wavelength of 1.55 um. At the 1 mJ max-
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Figure 5.9: Schematic of a PPLN OPO with a diffraction grating at grazing incidence. /2, half
wave plate; Pol., polariser; HR, signal high reflector.

imum pump energy, the signal output energy dropped only from 115 pJ to 100 ;1] when
the étalon was inserted. The resulting increase in slope efficiency for the étalon narrowed
OPO was not fully understood [292]. Figure 5.8 (b) shows the pump depletion as a func-
tion of pumping level and shows that the degraded OPO performance could be attributed
largely to an increased oscillation threshold, as in the case of the linear cavity.

A slight wavelength dependence of the OPO threshold and pump depletion was ob-
served. A similar trend was also observed in the broadband OPO but was enhanced
here, possibly as a result of the wavelength dependence of the étalon coatings. The single
mode OPO threshold decreased from 700 1] at a signal wavelength of 1.47 yum to 570 pJ at
1.59 pm. Over the same wavelength range, a corresponding increase in pump depletion
from 40% to 47% was measured.

5.2.4 Grating Narrowed PPLN OPO

A PPLN OPO with grazing incidence diffraction grating was constructed and its perfor-
mance compared to that of the étalon narrowed OPOs presented in the previous section.
After the major part of the work presented here had been completed, Yu and Kung re-
ported a similar grazing incidence PPLN OPO [161].

The OPO configuration is shown in figure 5.9. The 20 mm long Deltronic Crystal In-
dustries PPLN crystal, with poling periods between 28.2 ym and 31.0 um, was used. The
crystal end faces were coated to have low reflection losses at the pump (R ~ 0.2%), sig-
nal (R ~ 0.5%) and idler (R between 6% at 2.6 ym and 1% at 3.8 um) wavelengths. The
crystal was operated at 160.0 &= 0.1°C throughout the experiments to prevent possible
photorefractive effects. The high reflecting cavity end mirror (HR) had R > 99% reflec-
tivity over the 1.35-1.60 um signal range, while maintaining T > 95% transmission at the

pump wavelength. A concave optic with a 250 mm radius of curvature was used, since
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it was found that the OPO operated with better amplitude and frequency stability than
when a plane optic was used. This phenomenon was attributed to a better mode defini-
tion within the near hemispherical signal resonant cavity, as compared to a plane—plane
cavity, as well as improved mode matching within the PPLN crystal.

From the grating equation (4.10), the ratio of wavelength to groove spading should
satisfy 1 < \,/d < 2 for operation in first order, with a value close to 1 preferred to min-
imize the tuning mirror angle 6,,. For A\, = 1.5 um, this corresponds to a groove density
650 < 1/d < 1300 mm!; of the available gratings, a 50 mm long holographic diffraction
grating ruled at 900 mm~! and coated with metallic gold was used. The first diffracted
order of the signal wavelength was retroreflected by a 50 x 11 mm? plane tuning mirror,
also coated with metallic gold for a reflectivity R > 96% across the near-infrared. The ze-
roth diffraction order (specular reflection) from the grating provided the output from the
OPO, with superimposed signal, idler, and depleted pump beams. The cavity was con-
structed to yield the shortest possible physical length of 70 mm measured to the centres
of diffraction grating and tuning mirror, corresponding to a longitudinal mode spacing of
1.6 GHz. Pivot point considerations for continuous tuning [178, 219, 281] were not taken
into account.

The OPO was pumped by a small fraction of the output of the Continuum PL7000
laser, injection seeded and operated with a Q-switch delay of 260 us to generate 15ns
oscillator-only pulses of ~1.5m] energy. As before, a half wave plate (\/2) and polariser
(Pol.) combination allowed smooth variable control of the pump energy, and the PPLN
crystal was positioned 50 mm beyond the pump beam waist formed by an antireflection
coated 500 mm focal length achromat to fill the available crystal volume while reducing
the risk of surface damage. In this configuration a pump spot size of between 170 ym
and 250 ym in the PPLN crystal was adequately matched to the OPO signal mode spot
size of ~270 um for efficient conversion [293]. Positioning the PPLN crystal before the
pump beam waist would have provided better pump-signal beam wavefront curvature
matching, but this configuration was not adopted here due to the risk of diffraction grat-
ing damage by the 90 ym pump waist. In previously reported grazing incidence OPOs,
an intracavity pump filter was necessary to prevent damage to the grating [181, 219].

A diffraction grating incidence angle of 6; = 88.6° was found to be optimal for effi-
cient single longitudinal mode operation. A decrease in incidence angle resulted in the
OPO oscillating on several longitudinal modes, while an increase led to lower output
efficiencies without enhancing the single mode stability. Quantitative studies of the ef-
fects of diffraction grating angle on optical bandwidth and threshold have been reported
for BBO [181] and PPLN OPOs [161], but were not undertaken here. Yu and Kung [161]
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Figure 5.10: Line profile taken through the centre of a 5GHz free spectral range Fabry-Pérot
interferometer fringe pattern of a PPLN OPO with grazing incidence diffraction grating. The
fringes were taken with the OPO operating at a signal wavelength 1.796 ;ym, where tuning across
110 cm™! was demonstrated.

found that grating angles in excess of 88° raised the OPO threshold, due to increased
losses at the diffraction grating, without contributing to further line narrowing of the
signal output.

High resolution OPO spectra were obtained using a 5 GHz FSR Fabry-Pérot interfer-
ometer, the fringes from which were imaged onto a CCD camera. The resolution limit
of the Fabry-Pérot interferometer was measured to be 250 MHz at 532 nm using the fre-
quency doubled output from the injection seeded pump laser. The OPO signal optical
bandwidth was deduced from measurements of the ~650 nm signal plus pump sum fre-
quency; in a similar study with a multimode pump source, the second harmonic of the
signal was used [161]. As the optical bandwidth of the injection seeded pump was below
the measurable limit, the bandwidth measured was attributed solely to the signal radia-
tion. Energy conservation requires an idler frequency bandwidth comparable to that of
the signal. A line profile taken through the Fabry-Pérot interferometer fringes is shown
in figure 5.10, with the OPO operating on the A = 30.8 um poling period, correspond-
ing to signal (idler) wavelengths of 1.796 um (2.611 um). Single axial mode operation
was demonstrated over the wavelength range 1.48-1.80 um (signal) and 2.61-3.82 ym
(idler), with each poled track yielding an instrument limited measured bandwidth of
<250 MHz.

The single longitudinal mode output could be tuned by adjustment of the tuning
mirror angle. In agreement with the results of Yu and Kung [161], tuning to almost twice
the calculated crystal gain bandwidth of each track was observed, as shown in figure 5.11.
The experimental tuning range for each poling period was determined by adjusting the

tuning mirror and measuring the wavelength range over which oscillation at the signal



78 Chapter 5. Infrared Pumped OPOs at 10 Hz Repetition Rate

)

cm

el =
o N
S o

i

8888

Gain Bandwidth (

o

15 16 17 18
Signal Wavelength (um)

Figure 5.11: Measured single longitudinal mode signal tuning range of a PPLN OPO with grazing
incidence diffraction grating (squares), and OPO gain bandwidth calculated as outlined in section
4.1 (solid line), as a function of signal wavelength.

Table 5.2: Performance of a PPLN OPO with grazing incidence diffraction grating.
Poling Period A (1m)
Parameter 28.9 29.9 30.2 30.4 30.8
Signal Wavelength A, (pm) 1.501 1.595 1.639 1.677 1.796
Idler Wavelength A\ (um) 3.655 3.198 3.034 2912 2611
Threshold (m]) 128 1.06 110 1.15 1.09
Signal Slope Efficiency (%) 36.8 304 30.5 309 30.8
Idler Slope Efficiency (%) 8.4 8.9 6.8 8.4 10.7
Tuning Range (cm ') 151 34.8 406 489 1109

plus pump sum frequency was observed. The solid line indicates the crystal single pass
signal gain bandwidth, calculated as described in section 4.1. The acceptance bandwidth
was observed to diverge as degeneracy was approached. At the longest 1.796 um signal
wavelength accessible, single mode signal could be tuned across 30nm (110 cm 1), with
a bandwidth of less than 250 MHz (0.008 cm~1).

The high effective loss introduced by the grazing incidence diffraction grating re-
sulted in a comparatively high oscillation threshold of 1.1 m] (~90 MW /cm?) across the
operating wavelength range, which may be compared to a threshold of 410 ;] measured
in section 5.2.2 for a similar linear cavity OPO. The grazing incidence OPO was pumped
with no more than 1.6 mJ due to the risk of bulk crystal and coating damage to the PPLN.

The output signal beam was separated from the residual pump and output idler
beams using a Brewster angled ZnS prism, while a polished germanium window allowed
the idler to be isolated. A summary of the measured performance parameters of the graz-
ing incidence PPLN OPO is presented in table 5.2 for a number of different wavelengths.

In part, the performance variations between different poled tracks was attributed to dif-
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Figure 5.12: Signal (squares) and idler (diamonds) output pulse energies of a PPLN OPO with
grazing incidence diffraction grating, as a function of pump pulse energy. The OPO was operating
on a signal (idler) wavelength of 1.677 ym (2.9 um).

ferences in the precise cavity conditions, in particular, the diffraction grating angle 6;. The
highest output signal (170 nJ) and idler (49.6 uJ) pulse energies were measured with the
A\ = 30.4 um poling period, at a signal wavelength of 1.677 um, and are shown in figure
5.12. Over the full tuning range, output pulse energies of 139-170 pJ at the signal and 37—
52 puJ at the idler wavelengths were observed, corresponding to slope efficiencies of 31%
to 37% for the signal and 7% to 11% for the idler. The signal to idler output energy ratio
trend was consistent with the ratio between the photon energies, although the extraction
efficiency at the signal wavelength was higher. At all wavelengths, the total (pump to
signal + idler) OPO efficiency exceeded 11%.

Temporal profiles of the signal pulses were measured using a 1ns rise time InGaAs
photodiode. Typical signal pulse durations between 3ns and 5ns were measured. The
pulse shapes qualitatively followed the characteristics of standard OPOs pumped to less
than twice threshold, such as those illustrated in figure 5.4 on page 68. While the OPO
operated on a single axial mode, the temporal profiles indicated less than 10% amplitude

and only ~1 ns timing jitter, which were attributable to timing jitter of the pump laser.

The spatial profile of the signal beam was recorded by translating a 100 um aperture
photodiode through the signal beam. A sample data set measured at a distance of 1m
from the OPO is shown in figure 5.13. The solid lines were calculated by fitting a Gaussian
profile to the data points. The fitted spot sizes were used to calculate far field divergences
of 4.22 mrad and 2.93 mrad in the horizontal and vertical planes respectively. Assuming a
waist size of 200 um inside the PPLN crystal, a beam quality factor of M2 = 1.3 +0.2 was
calculated for the OPO operating on a single mode. The stability of the single mode OPO

spectral and temporal behaviour depended critically on the exact alignment of the cavity
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Figure 5.13: Horizontal and vertical spatial intensity distributions of the signal output beam from
a PPLN OPO with grazing incidence diffraction grating, measured at a distance of 1 m from the
OPO. The solid lines indicate a Gaussian fit.

optics and on precise control of the temperature of the PPLN crystal. Yet despite no active
cavity stabilisation, the OPO regularly operated with a stable single mode output for tens
of seconds. Cavity misalignments resulted in shot to shot fluctuations of the output beam
and a multiple mode output spectrum.

A grazing incidence PPLN OPO similar to the one presented here was reported by Yu
and Kung [161] shortly after the experiments in this section had been completed. The au-
thors demonstrated the suitability for such OPOs as spectroscopic sources by the success-
ful measurement of photoacoustic absorption spectra of CH4. A multiple mode Nd : YAG
laser, emitting 28 ns pulses of 18 GHz optical bandwidth, was focused to a 220 ym waist
within the PPLN crystal. The bandwidth of the pump permitted the OPO optical band-
width to be reduced only to 9 GHz in that case. The substantially higher gain provided
by the 50 mm long PPLN crystals of Yu and Kung allowed their OPO to be operated in
excess of 2.5 times the threshold energy, which they measured to be around 200 nJ, but
also provided sufficient gain for a broadband parametric generation pedestal to be ob-
served on the OPO spectra. Pump depletions of 46% were reported. At the peak signal
wavelength, 50 1] of signal was generated. This value was almost three times lower than
that presented here, partly on account of a 20% reduction in the number of cavity round
trips during the pump pulse (160 mm cavity length and 28ns pump pulse duration in
[161], compared to 70 mm cavity length and 15ns pulse duration used here).
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Figure 5.14: Schematic of a grazing incidence PPLN OPO with active cavity length stabilisation
and computer controlled wavelength selection.

5.2.5 Cavity Length Control

As described in section 4.3, the single mode output from a grazing incidence diffrac-
tion grating cavity can be actively stabilized by controlling the cavity length. The initial
promising performance of the grazing incidence PPLN OPO presented in the previous
section prompted an attempt at such cavity length locking using a different, but similarly
constructed, OPO. The work described in this section was carried out during a research
visit to Macquarie University under the guidance of Prof. Brian Orr.

Figure 5.14 shows the modified grazing incidence PPLN OPO. The OPO cavity com-
prised the same diffraction grating, tuning mirror, and —250 mm radius of curvature di-
electric coated signal high reflector, but employed a different pump source and PPLN
crystal, and was constructed to allow piezoelectric translation (PZT) of the high reflector
and computer controlled tuning mirror rotation by DC motor. The cavity was constructed
on a custom built platform, approximately satisfying the tuning mirror pivot point crite-
ria necessary for synchronous tuning of angle and cavity length [178].

The OPO was pumped by a small fraction of the output from a 10Hz Q-switched,
injection seeded SpectraPhysics GCR250 Nd : YAG laser [166]. The 8 mm pump beam
diameter was reduced using a Galilean telescope with 50 mm and —25mm focal length
achromats, and subsequently focused using a 1 m focal length lens to yield a 140 xm waist
within the PPLN crystal. The 20 x 7 x 0.5 mm? PPLN crystal (Crystal Associates Inc) had
eight adjacent poled tracks with periods between 28.5 ym and 29.9 ym. The end faces
were polished with a 2° wedge angle to prevent monolithic resonance, and antireflection
coated at the 1.064 ym pump and ~1.5 ym signal wavelengths. An oscillation threshold
of 530 ;1] was measured. The non-phase matched signal plus pump upconverted signal
generated within the PPLN was monitored using a Burleigh W4500-1 Wavemeter that
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Figure 5.15: Signal frequency of a grazing incidence PPLN OPO as a function of DC motor posi-
tion, controlled via computer. The scan rate was determined to be 5.3 cm ™! per 1000 motor steps.

simultaneously determined the optical bandwidth and wavelength of the upconverted
wave.

The DC motor (Physik Instrumente, M224,20) was driven via a GPIB connection and
a Physik Instrumente C-812 motor controller. An existing collection of Pascal procedures
for low-level control of the DC motor was modified and combined for convenient motor
control. Figure 5.15 shows a computer-actuated wavelength scan for the OPO operating
on the A = 28.9 ym poling period. From the data, an approximately linear tuning rate of
5.3cm™! per 1000 motor steps was determined. Under these conditions, a scan of 6000
motor steps was sufficient to cover the ~30 cm ™! gain bandwidth of the OPO.

To obtain a suitable error signal as outlined by Raymond et al. [282], a fused silica
wedge directed part of the generated signal beam onto a quadrant Ge photodiode (EG&G
Inc). The photodiode was operated in the photovoltaic configuration without bias or am-
plification, leading to long decay tails on the detected pulses. The signals of two horizon-
tally adjacent photodiode cells were, initially, processed using an in-house built circuit,
described in appendix B, but that was subsequently replaced by commercial gated inte-
grator / averager and analogue processor (Stanford Research Systems, models 250 and
235). The error signal was generated from the comparison level between the gated, in-
tegrated photodiode signals, processed using standard proportional-integral-derivative
(PID) processing.

Applying a linear ramp to the PZT (Physik Instrumente, P305.40) yielded an error
signal as shown in figure 5.16. As expected [282], the error signal was approximately
linear and crossed through the zero level for every A\/2 cavity length change; in this

region, cavity length locking to a single longitudinal mode should be possible. The error
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Figure 5.16: Error signal obtained using split photodiode, as the cavity length of a grazing inci-
dence PPLN OPO is ramped using a piezoelectric translator.

signal shape in regions where the OPO does not operate on a single mode depends on
the geometry of the detection system. The characteristic parallelogram shape between
the cavity resonances was here attributed to the OPO hopping between cavity modes
on successive pump pulses. Closing the cavity length feedback loop yielded a minor
qualitative improvement in the medium-term stability of the OPO spectrum, but mode

hopping typically occurred after a few hundred pulses.

Grazing incidence diffraction grating cavities have been stabilised in the past using
this technique [183, 282], and the lack of success here was not attributed to PPLN as a
nonlinear optical medium. Qualitatively, it was found that the free running OPO oper-
ated less reliably on a single longitudinal mode compared to the one described in section
5.2.4. This may have been due to the 20% decrease in pump pulse duration [219], or to
the spectral bandwidth of the pump laser, as there was subsequent evidence to suggest
the injection seed was lasing on two modes. It was found that the locking electronics re-
quired some significant modifications and further testing, for which insufficient time was
available. The divergence of the signal beam, constrained within the PPLN crystal, may
have contributed to a lack of fidelity in the error signal [282]. Nonetheless, the initial ex-
perimental results indicated that the development of a passively narrowed quasi-phase
matched OPO with active cavity length control, yielding continuously tuneable, single

longitudinal mode output, should be possible.
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Figure 5.17: Signal pulse energy performance PPKTP OPOs, as a function of input pulse energy,
for the two available PPKTP crystals. Squares, crystal obtained from Isorad, Inc; diamonds, crys-
tal supplied by the Royal Institute of Technology.

5.3 OPOs Based on Periodically Poled KTP

Two PPKTP crystals suitable for 1.064 um pumped OPOs were available. Both crystals
were 20 mm long and poled with a single track of period A = 37.4 um, yielding 1.064 ;ym
pumped OPO signal and idler wavelengths of 1.68 um and 2.9 um, respectively. The first
crystal was supplied by Dr. Fredrik Laurell of the Royal Institute of Technology (Stock-
holm, Sweden) in a collaborative effort to develop and characterise PPKTP for nonlinear
optical frequency conversion. The crystal was poled by Jonas Hellstrom as part of his
PhD thesis at the Royal Institute [294]. The 1 mm thick KTP wafer was poled at room
temperature using the poling technique described in by Karlsson et al. [70], with three
2.2KkV electrical pulses of 6 ms duration. The second crystal was a commercial sample
obtained from Isorad, Inc (Israel), and was 1.4 mm thick. The end faces of the Isorad
PPKTP crystal were antireflection coated at the 1.064 ym pump and 1.7 um signal wave-
lengths, while the crystal from the Royal Institute was initially uncoated.

5.3.1 Linear Cavity PPKTP OPO

To compare the performance between the two available crystals, both were operated in a
linear OPO configuration with a 70% reflective output coupler. The OPOs were pumped
by up to 2.5m] of 15ns pump pulses, and placed ~50 mm beyond the waist formed by
a 500 mm focal length achromat to preclude monolithic oscillations observed when the
crystals were placed at the focus. In this configuration, the pump spot size within the
PPKTP crystals was around 180 m and the peak pump intensity was 350 MW /cm?.

The output 1.68 um signal pulse energies are shown in figure 5.17. The commercial
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Figure 5.18: (a) Measured signal and deduced idler tuning curve for a PPKTP OPO with poling
period A = 37.4 ym, with predicted curves using Sellmeier equations of reference [262] (solid
line); and references [112] and [263] (dotted line). (b) Signal spectra of the OPO operating near the
2.804 pm OH™ absorption feature [248].

crystal had superior performance, with lower threshold (0.41 m] compared to 0.65 m]),
higher slope efficiency (34% compared to 20%) and higher signal pulse energy (0.75m]
compared to 0.36 mJ at 2.5m] pump) than the crystal from the Royal Institute. The per-
formance difference between the two crystals was attributed to the end face coatings, and
to potential differences in the uniformity of the poled regions. The passive losses at the
1.68 um signal wavelength were measured to be 2% for the Isorad crystal and 15% for
the crystal from the Royal Institute. The latter losses were attributed to Fresnel surface
reflection losses of the uncoated crystal. For later experiments, presented in section 5.3.3,
the Royal Institute crystal was repolished to yield Brewster-angled end faces, thereby all
but eliminating reflection losses at the faces.

Since only one poling period was available, tuning was achieved by varying the crys-
tal temperature. Typically, the PPKTP OPOs were operated at room temperature, since
KTP was not susceptible to the photorefractive effects that required PPLN to be operated
at elevated temperatures. Figure 5.18 (a) presents signal and idler wavelength tuning
measured by varying the temperature of the Isorad crystal. From the different published
Sellmeier equations and refractive index temperature variation coefficients presented in
table 3.2 on page 46, the Sellmeier equations of Fradkin et al. [112] provided the best agree-
ment between predicted and measured wavelengths at room temperature. The dn/dT
coefficients best matching the measured temperature tuning rates were found to be those
presented by Kato [263]. At elevated temperatures, the temperature dependent Sellmeier
equations published recently by Kato et al. [262] satisfactorily predicted the OPO wave-
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lengths. Figure 5.18 (b) shows signal spectra measured using a 0.5m diffraction grating
monochromator, as the OPO idler wavelength tuned across the 2.804 ym OH™ feature,
where Hansson et al. [248] have measured an absorption coefficient of around 2 cm !, but
found some variation between crystals. Due to the absorption, the OPO output energy
was observed to decrease by 24%.

Spectral measurements using the 650 nm signal plus pump sum frequency compo-
nent indicated a free running OPO optical bandwidth of around 280 GHz (9 cm ). This
was consistent with a calculation of the theoretical single pass crystal gain bandwidth of
26cm 1, based on the Sellmeier equation of Fradkin et al. [112], and narrowed by multi-
ple cavity passes as discussed in section 4.1. Attempts to implement an étalon narrowed
configuration similar to that of the PPLN OPO described in section 5.2.2 were unsuccess-
ful. This was attributed to feedback from the crystal faces reducing the effectiveness of
the étalon, as well as the broad optical gain bandwidth, since, as reported in section 7.2,
line narrowing to a single longitudinal mode using the same intracavity étalon could not

be achieved for single pass crystal gain bandwidths in excess of 29 cm 1.

The high damage threshold of KTP, as compared to LiNbO3, combined with the larger
crystal apertures available, make PPKTP an attractive candidate for high power quasi-
phase matched OPOs. This possibility was investigated using the Isorad PPKTP crystal.
The OPO was pumped by the modified Continuum PL7000 operating at a Q-switch de-
lay of 240 us to yield up to 150 m] pulses of 12ns duration. The free propagation of the
beam resulted in a spot size of ~3mm (1/e? radius) at the OPO. In the horizontal plane,
corresponding to the 1.4 mm thickness of the crystal, a spatial filter was used to aperture
the beam to an approximately flat top spatial profile of 1.3 mm full width. The singly res-
onant OPO cavity was formed by two plane mirrors; a signal wavelength high reflector,
through which the pump entered the OPO cavity, and a CaF; substrate coated for 70%

reflectivity at the signal wavelength as the output coupler.

The total signal plus idler output pulse energy is shown in figure 5.19 as a function
of incident pulse energy. The crystal was pumped with up to 70mJ, corresponding to a
peak intensity of 450 MW /cm?, safely below the reported damage thresholds of PPKTP
[117]. The total output energy of 18.3 m] was, at the time of the experiment, higher than
previously published output energies from OPOs based on periodically poled materials

[124]. Crystal or coating damage was not observed.
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Figure 5.19: Total signal plus idler output pulse energy of a high pulse energy PPKTP OPO, as a
function of pump energy.

5.3.2 Brewster Cut PPKTP OPO

The theoretically vanishing reflection loss for p-polarised light at a Brewster angled face
is often exploited in laser crystals to reduce cavity losses and oscillation thresholds [185].
In type I quasi-phase matched OPOs, a crystal cut at the Brewster angle can have low loss
at all interacting fields, since they propagate collinearly through the crystal and have the
same polarisation. The Brewster angle was calculated to be 61° for KTP at the 1.68 ym
signal wavelength. The PPKTP crystal from the Royal Institute was repolished to parallel
Brewster angled faces, which reduced the crystal length to 17 mm.

The Brewster cut crystal was placed within a resonator formed between a high re-
flector at the signal wavelength, through which the pump entered, and an output cou-
pler with reflectivity R ~ 70% at the signal wavelength. The high reflector coating pro-
vided R = 97% reflectivity at the signal and T = 92% transmission at the pump wave-
lengths. Potential interference effects from the optics were avoided by employing sub-
strates wedged by 2° in the plane orthogonal to the Brewster angled crystal faces.

Because of dispersion, the refraction angles at the crystal faces were different for the
pump, signal, idler, as well as upconverted frequencies, as illustrated in figure 5.20. In
particular, the pump beam entered the cavity at a 1° angle to the signal resonator axis,
somewhat complicating the practical alignment of the OPO cavity. To facilitate alignment
of the Brewster angled OPO, a plane—plane linear cavity OPO, comprising a signal high
reflector, the Isorad PPKTP crystal, and a 66% reflective output coupler, was constructed,
and the 1.68 ym signal radiation used as an alignment beam.

The output from the modified Continuum PL7000, focused using a 1 m focal length
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Figure 5.20: Refraction at the Brewster angled PPKTP faces leading to angular spread between
the A3 pump, A; signal, and A idler. The diagram is not drawn to scale.
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Figure 5.21: Performance of a Brewster angled PPKTP OPO. (a) OPO signal efficiency as a function
of pump energy, with a cavity length of 30 mm. (b) Measured threshold as a function of cavity
length (squares) and theoretical prediction using equation (3.27).

achromat, was used to pump the OPO. Due to refraction at the Brewster faces, the spot
size within the crystal was elliptical with dimensions 230 x 470 um?2. The OPO perfor-
mance is summarised in figure 5.21. For the shortest possible cavity length of 30 mm,
a threshold of 0.51 mJ was measured, and pumping with 3m] yielded 0.84 m]J of signal
energy. This corresponded to a slope efficiency of 34%. An increase in the physical cavity
length to 90 mm raised the threshold to 2.4m]J, close to the 3 m] limit imposed by crys-
tal damage considerations. The theoretical curve in figure 5.21 (b) was calculated using
equation (3.27) with parameters pump pulse duration 7 = 10ns and In(P, / Py) = 120, and

gave satisfactory agreement with the measured data.

5.3.3 Grating Narrowed PPKTP OPO

In order to demonstrate single longitudinal mode operation, the Brewster angled crystal
was incorporated into a grazing incidence diffraction grating cavity. The output from
the OPO was subsequently used to seed a single pass PPKTP optical parametric am-
plifier (OPA) as described in the following section. The experimental configuration is

illustrated in 5.22. The pump laser used was the injection seeded modified Continuum
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Figure 5.22: Experimental configuration of PPKTP grazing incidence OPO and OPA. HR, high
reflector at signal wavelength A,. A second PPKTP crystal was used to amplify the generated
signal and idler wavelengths to 2.15mJ and 1.18 m] respectively.

PL7000 Nd : YAG oscillator, producing 14 ns pulses at a repetition rate of 10 Hz, with the
Q-switch delay adjusted to yield a pulse energy of approximately 20m]. A ZnS wedge
directed approximately 3m] pump energy to the grazing incidence cavity, with the re-
maining pump energy used to drive the amplifier. Separate variable attenuators permit-
ted smooth, independent control of the pump energies incident on the OPO and OPA

crystals.

A 1m focal length achromat focused the pump beam to a waist of 230 x 470 ym?
within the crystal as before. The OPO cavity was formed by a plane dielectric high re-
flector, a diffraction grating, and a plane metallic tuning mirror. A 900 mm ! holographic
diffraction grating coated with metallic gold was introduced into the cavity with an inci-
dence angle between grating normal and cavity axis of ¢; = 86.6°. A plane metallic gold
mirror, with a reflectivity of R = 94% at 1.68 um, completed the cavity by retroreflecting
the first diffracted order from the grating. The specular reflection (zeroth diffraction

order) from the grating was used as the OPO output.

The 1° deviation between pump and signal wavelengths allowed the depleted pump
beam to be coupled out of the cavity without contacting the diffraction grating. Consid-
erations of the high pump fluence potentially damaging the grating surface were thereby
simplified, and no separate intracavity dichroics were necessary to protect the grating
[181,219]. The 1.8° idler deviation resulted in the idler being clipped by the grating, and
no idler output could be extracted from the OPO. This issue could be addressed by me-
chanical construction considerations. The cavity was built to yield the shortest possible
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Figure 5.23: Line profiles taken through the fringe pattern produced by a 5 GHz free spectral
range Fabry—Pérot interferometer, for (a) PPKTP OPO with grazing incidence diffraction grating;
(b) output from PPKTP OPA seeded by the single longitudinal mode OPO signal.

cavity length of 60 mm, measured to the centres of the grating and tuning mirrors. Con-
tinuous single-mode tuning considerations regarding the tuning mirror pivot point [178]

were not taken into account.

The diffraction grating successfully narrowed the OPO optical bandwidth to a single
longitudinal mode. The optical bandwidth was deduced from Fabry-Pérot interferome-
ter measurements on the signal plus pump upconverted frequency component. A trace
through the fringe pattern of a Fabry—Pérot interferometer with a free spectral range of
5GHz, imaged onto a CCD camera, is shown as trace (a) in figure 5.23. The trace indi-
cated a single longitudinal mode signal bandwidth of less than 400 MHz, limited by the
resolution of the interferometer. The bandwidth could be attributed solely to the signal,
since the bandwidth of the pump radiation was substantially below the interferometer
resolution. Energy conservation requires that the idler radiation had a similar optical
bandwidth.

The signal wavelength could be tuned by tilt adjustments to the tuning mirror. As in
the case of the grazing incidence OPOs reported in section 5.2 and by Yu and Kung [161],
the OPO could be tuned substantially beyond the single pass crystal gain bandwidth. Sin-
gle mode operation was observed across 1300 GHz (44 cm™!). Continuous single mode
tuning was not attempted. A sequence of line profiles recorded with a 400 GHz free spec-
tral range Fabry—Pérot interferometer and normalised in amplitude is shown in figure
5.24, with the dotted lines indicating the frequency progression. The OPO exhibited a
tuning range of 1.678-1.691 um (full width to 1/e? level) with highest output energies
measured at 1.685 ym. The corresponding idler tuning range was 2.869-2.907 ym, and
the peak idler wavelength 2.887 ym.
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Figure 5.24: Normalised line profiles taken through the fringe pattern produced by a 400 GHz
free spectral range Fabry—Pérot interferometer, indicating the tuning range of a single longitudi-
nal mode PPKTP OPO with grazing incidence diffraction grating. A tuning range of 1300 GHz
(44 cm™') was recorded.

An oscillation threshold of 2.3 m] (~56 MW /cm?) was measured for the OPO at the
optimum signal wavelength of 1.685 yym. At a pump energy of 3.1 m]J (1.3 times thresh-
old), 370 ] of signal radiation was generated, corresponding to a slope efficiency of 46%.
The high threshold and high slope efficiency were characteristic of all the grazing inci-
dence diffraction grating OPOs investigated. The pump, depleted pump and signal pulse
temporal profiles were recorded using fast rise time Si and InGaAs photodiodes and a
200 MHz digital oscilloscope. Pulse durations of ~2.5ns full width at half maximum in-
tensity for pump energies below 2.6 mJ] were recorded. At a pump level of 3.1 m]J, a signal
pulse duration broadening to ~5ns and structure on the signal and depleted pump pulse,
potentially indicative of backconversion were observed, as illustrated in figure 5.25 (a).
The pump depletion was estimated to be ~15% at the highest pump energies used.

Fundamental signal beam far field spatial distributions were measured using a
100 um active area InGaAs photodiode scanned through the beam on a micrometer trans-
lation stage. The beam intensities at each position were averaged over four pulses using a
gated boxcar integrator and recorded in horizontal and vertical slices through the beam.
The single longitudinal mode OPO signal radiation was observed to have a smooth
Gaussian spatial distribution with far field divergences of 5.55mrad (5.84 mrad) in the
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Figure 5.25: Temporal profiles for a single longitudinal mode PPKTP OPO-OPA system. Solid
line, signal; dashed line, depleted pump; dotted line, incident pump. (a) Single longitudinal
mode OPO with grazing incidence diffraction grating. (b) PPKTP OPA seeded by the single mode
output from the OPO.

horizontal (vertical) planes. From these values a signal M? beam quality parameter of
1.6 £0.1 was calculated with an estimated resonated signal waist of ~170 psm within the

cavity.

5.3.4 Amplification in Bulk PPKTP

In order to increase the single longitudinal mode output pulse energy from the grazing
incidence diffraction grating cavity, a single pass OPA was implemented using the Isorad
PPKTP crystal. The OPA crystal axis was tilted by 5° in the horizontal plane (1.4 mm
dimension) relative to the pump beam in order to eliminate monolithic oscillations sup-
ported by idler wavelength Fresnel reflections from the crystal faces, which were ob-
served at pumping levels above 8 m] when the crystal was aligned on axis. The temporal
overlap between the OPA pump and OPO signal pulses was adjusted using the variable
length beam delay path as indicated in figure 5.22 on page 89 for optimum output en-
ergy, which was found to correspond to a delay of 4 ns between the 1/e? amplitude levels
of the OPA pump and seed signal pulses. The pump beam was shaped to an approxi-
mately collimated beam with 450 zm 1/¢? radius at the position of the OPA crystal using
a Keplerian telescope comprising f = 750 mm and 50 mm focal length achromat lenses.
A dichroic mirror coated for R = 99% at the 1.68 um signal and T = 95% at the pump
wavelength was used to spatially overlap the pump and OPO signal beams within the
OPA crystal. An f = 150 mm lens collimated the signal beam and weakly focused it to a
large waist within the OPA crystal.

The single pass PPKTP amplifier increased the output signal and idler energies with
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Figure 5.26: Signal (squares) and idler (diamonds) output energies of a PPKTP OPA, seeded
by the single longitudinal mode signal of a PPKTP OPO. (a) Efficiency at a peak signal wave-
length 1.687 um, where 11 mJ pump generated signal (idler) pulse energies of 2.15m] (1.18 mJ).
(b) Amplifier tuning range, with the signal (idler) wavelength tuning over 1.679-1.694 yum (2.861-
2.905 pm) by adjusting the tuning mirror angle of the OPO.

no measurable broadening of the signal optical bandwidth. Figure 5.23 (b) shows a trace
through the fringe pattern of a 5 GHz free spectral range Fabry-Pérot interferometer of
the pump plus amplified signal sum frequency component. This trace indicated an in-
strument limited optical bandwidth of 400 MHz, comparable to the bandwidth of the
OPO seed signal.

An efficiency curve for the PPKTP amplifier is shown in figure 5.26 (a) for a signal
(idler) wavelength of 1.687 ym (2.881 um). At a maximum pump energy of 11m], the
OPA amplified the 0.37m] single longitudinal mode OPO seed to 2.15m], and gener-
ated 1.18 m]J of idler radiation, corresponding to efficiencies of 19.6% and 10.7% respec-
tively. The amplified signal radiation could be tuned across the wavelength range 1.679—
1.694 um by adjusting the OPO tuning mirror angle; no adjustments to the OPA were
necessary. The corresponding idler tuning range was 2.861-2.905 um. A tuning curve
showing amplified signal and idler pulse energies is shown in figure 5.26 (b). The highest
output energies were measured at a signal (idler) wavelength of 1.687 ym (2.881 pm). An
observed difference of 2 nm between optimum performance signal wavelengths for OPO
and OPA was attributed to minor inconsistencies in poling period and heating effects in
the OPA crystal, where the peak pumping intensities approached 150 MW /cm?. Over the
signal (idler) wavelength range 1.682-1.690 pum (2.873-2.896 um), the OPA output pulse
energies were approximately constant, to within 10% of the maximum generated out-
put. This was attributed to saturation and backconversion effects in the OPA limiting the
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Figure 5.27: Horizontal and vertical spatial intensity distributions of the signal output beam from
a PPKTP OPA seeded by the single longitudinal mode signal from a PPKTP OPO with grazing
incidence diffraction grating, measured at a distance of 1 m from the amplifier. The solid lines
indicate a Gaussian fit.

conversion efficiency, visible in the flat top signal pulse temporal profile shown in figure
5.25 (b). A 7ns OPA signal pulse duration was recorded at the highest pump energies
used, with corresponding depleted pump traces indicating a pump depletion reaching
25%.

As with the grazing incidence OPO, the OPA signal output beam spatial profile was
recorded by translating a 100 um aperture InGaAs photodiode through the beam. Sample
horizontal and vertical intensity distributions, measured at a distance of 1m from the
OPA, are shown in figure 5.27, with a Gaussian fit. A far field divergence of 3.7 +-0.2 mrad
was measured. The lack of knowledge about the amplified signal beam waist within the

OPA crystal makes M? beam quality deductions unreliable in this case.

5.4 Conclusion

In this chapter, passive optical bandwidth control of PPLN and PPKTP OPOs, pumped
at 1.064 um, was successfully demonstrated. Both intracavity étalon and grazing inci-
dence diffraction grating configurations resulted in simple, compact cavities. In all cases,
the measured single longitudinal mode optical bandwidths were below the 250-400 MHz

resolution limits of the analysing interferometers used, and beams with excellent spatial
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profiles were generated. The experiments indicated that, of the two methods for opti-
cal bandwidth control, the grazing incidence diffraction grating was superior. Despite
higher thresholds, the grazing incidence cavities operated with higher slope efficien-
cies than étalon narrowed OPOs and typically generated similar levels of output energy.
Qualitatively, the stability of the single mode in the grazing incidence OPOs was more re-
liable, and the absence of transmissive intracavity and resonator optics allowed the mid-
infrared idler wavelengths to be extracted without specific optic substrates. In addition,
the feasibility of implementing a cavity length stabilisation scheme was demonstrated.

Line narrowing using an intracavity étalon was found to only be successful in a PPLN
OPO; in a PPKTP OPO, the crystal gain bandwidth was believed to have been too broad.
The étalon approximately doubled the oscillation threshold and reduced the output sig-
nal pulse energy from 140 pJ to 78 ] when the OPO was pumped with 1m]. In a short
linear cavity PPLN OPO, cascaded oscillations [291] were observed and characterised,
and subsequently suppressed using an intracavity prism that increased the oscillation
threshold by 10% with respect to a linear cavity of the same length.

Single longitudinal mode OPOs based on PPLN and PPKTP were demonstrated in
the grazing incidence diffraction grating configuration, with measurements of the re-
sulting optical bandwidth limited by the resolution of the analysing interferometer. The
performance of the A = 30.4 ym period of the PPLN crystal may be compared to the
N\ = 37.4 um period in the Brewster angled PPKTP crystal. The OPOs were constructed
using the same diffraction grating and tuning mirror and exhibited similar threshold

intensities of around 55 MW /cm?

. In agreement with similar reports in the literature
[161], the grazing incidence OPOs could be tuned across almost twice the respective sin-
gle pass crystal gain bandwidth, with 45 cm ™! (1300 GHz) of single longitudinal mode
tuning demonstrated at a signal (idler) wavelength of 1.68 ym (2.9 um). The PPLN and
PPKTP OPOs were operated at up to 1.5 and 1.3 times threshold, respectively. The PP-
KTP OPO generated higher energy signal pulses, of up to 370 pJ, compared to the PPLN
OPO that yielded up to 170 pJ. The power scaling possibilities in the large aperture PP-
KTP crystal were explored, with a free running OPO generating up to 18.3 m] of output
with a 70m] pump, and the same crystal used in an OPA to amplify the single longitu-
dinal mode signal from the grazing incidence PPKTP OPO to 2.15m] signal and 1.18 m]

idler.



96



Chapter 6

Visible Region Pumped OPOs at
10 Hz Repetition Rate

Quasi-phase matched optical parametric oscillators (OPOs) pumped at 532nm by the
second harmonic of Nd : YAG were investigated, as reported in this chapter. The OPOs,
based on periodically poled LiNbO3; (PPLN) and periodically poled KTiOPO,4 (PPKTP),
generated tuneable radiation in the 600-800 nm wavelength range. The optical band-
widths were narrowed using the passive line narrowing techniques discussed in chapter
4 to yield single longitudinal mode output. A PPLN OPO with grazing incidence diffrac-
tion grating is described in section 6.1, where a Perylene red poly(methyl methacrylate)
(PMMA) solid state laser sample was used as a laser amplifier. In section 6.2, results
from high pulse energy PPKTP OPOs are presented, as well as experiments in which the
optical bandwidth was narrowed using an intracavity étalon.

The OPOs were pumped by the 532 nm output of an modified Continuum Power-
lite PL7000. The injection seeded, flashlamp pumped, Q-switched Nd : YAG oscillator—
amplifier system is described in section 5.1. The amplified pulses were frequency dou-
bled in a type-I birefringent phase matched KD*P nonlinear optical crystal. The system
generated output energies of up to 180 mJ at 532 nm with a specified optical bandwidth of
less than 90 kHz. In practice, only a small fraction of the output pulse energy was used to
pump the OPOs, and the Q-switch trigger delay was adjusted from the optimum 185 us

to yield longer pulse durations and reduced output pulse energies.

6.1 OPOs Based on Periodically Poled LiNbO3;

The PPLN crystal used was obtained from Deltronic Crystal Industries and had phys-

3

ical dimensions (length x breadth x thickness) of 20 x 5 x 0.5mm~. The crystal was

97
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poled using a six track custom specified mask with poling periods of A = 6.5, 10.0, 10.3,
10.5, 10.8 and 12.1 um. The 6.5 pm and 12.1 um grating periods were chosen for quasi-
phase matched second harmonic generation (SHG) experiments of 1.064 um Nd: YAG
and 1.295 ym LiF: F; colour centre lasers, respectively, that were not related to this work.
As can be seen from figure 3.4 (c) on page 44, careful temperature control of the crystal
could yield a near degenerate 532 nm pumped OPO using the A = 6.5 um poling period,
but this was not attempted. The A = 12.1 um poling period was not expected to yield
efficient 532 nm pumped OPO configurations due to the strong absorption at the corre-
sponding 5.2 ym idler wavelength [80]. Accordingly, the following sections present re-
sults from the remaining A = 10.0-10.8 um poling periods, for which the resulting signal
(idler) wavelengths ranged from 619 nm to 639 nm (3.16 pim to 3.77 pm).

The PPLN crystal end faces were polished and coated to yield low reflectivity over
the 532-640nm and 1.20-1.30 um wavelength ranges. The latter was specified for the
LiF:F, SHG experiments mentioned above. Due to residual Fresnel reflections at the
idler wavelengths, estimated to exceed 10% per face, monolithic OPO resonance at the
idler was observed for pump energies in excess of ~300 1], limiting the pump energies
that could be used for passively line narrowed OPO configurations. The crystal was held
in a temperature controlled oven and operated at 160.0 - 0.1°C to prevent photorefrac-
tive effects, to which PPLN is susceptible, particularly at visible wavelengths [99, 100,
295]. Mounting of the crystal oven on a precision three axis translation stage permitted

accurate control of the crystal placement as well as track selection.

6.1.1 Grating Narrowed PPLN OPO

The pump laser was operated with a Q-switch delay of 261 ys to yield smooth and stable
7 ns duration (FWHM) pulses with 20 m] energies at 532 nm. The Fresnel reflection from
the front face of a fused silica wedge directed up to 500 yJ of the pump to the OPO, and
a half wave plate and polariser combination was used to allow smooth variable control
of the incident energy and to select the correct pump polarisation (parallel to the z axis
of the crystal). The pump beam was focused using an antireflection coated 500 mm focal
length achromat. The PPLN crystal was placed ~50 mm beyond the waist formed so that
the pump beam filled the entire crystal volume [296]. In an initial test with a 25 mm long
linear cavity employing a R = 70% reflective optic at the signal wavelength as the output
coupler, an oscillation threshold energy of 25 ;] was measured, and at 300 pJ incident

pump energy the OPO generated 64 y] of signal energy.

The grazing incidence diffraction grating OPO is shown schematically in figure 6.1.
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Figure 6.1: Experimental configuration of a PPLN OPO with grazing incidence diffraction grating,
and laser amplifier. /2, Half wave plate; Pol, thin film polariser; HR, signal high reflector. The
single mode OPO signal beam was amplified in a Perylene red doped PMMA solid state dye
amplifier.

The pump beam entered the OPO cavity through a plane dielectric mirror coated for high
reflectivity over 555-640nm and a transmission of T ~ 76% at 532nm. A 50 mm long
holographic diffraction grating (Optometrics Group, 5-2407), dielectric coated for high
reflectivity at visible wavelengths, was introduced at grazing incidence, with incidence
angle 0; ~ 86° (see figure 4.3 on page 57). The cavity was completed by a plane metallic
aluminium mirror retroreflecting the first diffraction order of the signal beam. For diag-
nostic measurements and the amplification experiments, the OPO output was collimated
by a 200 mm focal length lens and a dichroic mirror was used to discard the depleted
pump. Signal wavelength spectroscopic measurements were obtained by spatially dis-
persing the OPO output using a Brewster cut ZnS prism. The idler pulse energies were
too low to be measured accurately.

Two diffraction gratings, ruled at 2400 mm ! and 1800 mm ™, were tested. The tun-
ing mirror angles 6,, ~ 31° and ~7° relative to the grating normal resulted in minimum
physical cavity lengths of 75 mm and 40 mm. It was found that the dispersion provided
by the 1800 mm~! grating was sufficient to yield single mode operation, and the shorter
cavity length and therefore lower threshold resulted in more efficient and more stable
OPO performance. This was attributed to operation closer to threshold in the case of
the 2400mm ™! grating at the pump energy corresponding to the monolithic resonance
threshold. The 1800 mm ! grating was used for the remaining experiments.

The diffraction grating restricted the OPO to oscillate on a single longitudinal mode.
The performance of the grazing incidence OPO at the different wavelengths is sum-

marised in table 6.1. An oscillation threshold of 230 ;1] was measured. Single mode op-
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Table 6.1: Performance summary of PPLN OPO with grazing incidence diffraction grating. The
maximum pump energy used was 300 p].

Grating Period N\ (um)
Parameter 100 103 10.5 10.8
Signal Wavelength A\, (nm) 639.7 631.7 626.7 619.4
Idler Wavelength A\ (um) 3.16 337 352 377
Threshold (u]) 230 230 230 210
Max. Signal Energy (1]) 91 91 92 100

eration could be maintained only for pump energies below 330 y]; beyond this level, the
OPO operated on many modes with large pulse to pulse variation in the output spec-
trum, and the external cavity was ineffective in controlling the optical bandwidth. This
was established to be caused by monolithic resonance at the idler wavelength, supported
by the reflections at the crystal face. In subsequent experiments, reported in section 7.3,
a monolithic PPLN OPO was successfully injection seeded by laser diodes. The idler
resonance could have been overcome by more optimum antireflection coatings or by em-
ploying a crystal with wedged end faces, such as the Brewster cut PPKTP crystal used
to inhibit monolithic oscillation in section 5.3, as well as in a number of published works
[91, 96, 98, 287]. In the present case, the OPO was operated at pump energies below the
onset of monolithic oscillation. Ata pump pulse energy of 300 i1], up to 10.0 ] of signal
energy was obtained, with the OPO operating at ~1.3 times threshold. The highest signal
slope efficiency measured was 15%.

High resolution spectra were obtained by imaging the fringe pattern produced by
a 5GHz free spectral range (FSR) solid fused silica Fabry—Pérot interferometer onto an
Ikegami silicon CCD camera. The narrowband 532 nm radiation from the pump laser
was used to establish a resolution limit of 300 MHz at 532nm for the interferometer,
which had been in-house coated with metallic silver. Sample single mode spectra are
shown in figure 6.2 for the OPO operating at wavelengths of 619 nm and 639 nm; the
other crystal periods yielded similar spectra. The optical bandwidth measured from the
traces indicated that the OPO operated on a single cavity mode with a signal bandwidth
of 350 MHz, close to the interferometer limit. The OPO operated stably on a single mode
over many pulses despite no active stabilization.

A CCD camera was used to measured beam profiles in the vicinity of a secondary
waist formed by a 400 mm focal length lens. The single mode OPO signal radiation had
a smooth, Gaussian spatial profile, and from the variation in spot size with propagation
distance, a beam quality parameter of M? = 1.2 was calculated. Temporal profiles of
the OPO signal output pulses, measured using a 1ns rise time Si photodiode, indicated
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Figure 6.2: Line profiles taken through the fringe pattern produced by a 5 GHz FSR Fabry-Pérot
interferometer by a PPLN OPO with grazing incidence diffraction grating, at a signal wavelength
of (a) 619.4nm and (b) 639.7 nm.

smooth signal pulses with FWHM duration of around 2ns. The pulses had a temporal
stability of ~1ns, attributed to the timing jitter of the pump pulses, and an amplitude
stability of £10%. Pump depletion was estimated to be less than 10%.

Pumping with a broadband pump was investigated by blocking the injection seed to
the pump laser, which resulted in a multiple mode pump spectrum with an estimated
optical bandwidth of 15GHz. Under these conditions, the grazing incidence OPO was
observed to operate on many modes. Use of the higher dispersion 2400mm ™! grating

was also ineffective in obtaining single mode oscillation under broadband pumping.

6.1.2 Amplification in Solid State Dye

In order to increase the output energy of the single mode PPLN OPO, a single pass solid
state dye amplifier was constructed, using a solid state dye disc supplied by Industrial
Research Ltd (Wellington, New Zealand). A 9.2mm thick PMMA sample, doped with
Perylene red at a concentration of 1.25 x 10~*M, was used. The dye was chosen since
the 532 nm second harmonic of Nd : YAG is adequately matched to the 567 nm absorption
peak, while the fluorescence spectrum encompasses the 619-640 nm signal wavelength of
the OPO described in the previous section. No attempts were made to optimise the prop-
erties of the sample due to the large number of variables in such investigations [45]. The
disc was mounted at Brewster’s angle for the ~620 nm OPO signal wavelength to min-
imise reflection losses. Up to the 20 mJ] maximum pump energy used, the dye absorbed
all of the pump radiation with no detectable spontaneous lasing or ASE, confirming that
the sample was operating as a single pass amplifier.

As illustrated in figure 6.1 on page 99, the dye amplifier was pumped by the residual
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Figure 6.3: Performance of a Perylene red doped PMMA amplifier, seeded by the single mode
signal output of a PPLN OPO. (a) Line profile through the fringe pattern produced by a 5 GHz
FSR Fabry—Pérot interferometer for an OPO signal wavelength of 619.4nm. (b) Amplifier pulse
energy, for seed wavelengths of 619.4nm (squares); 626.7 nm (diamonds); 631.7 nm (circles);
639.7 nm (triangles).

energy from the pump laser not used to drive the grazing incidence OPO. A separate
half wave plate and polariser combination permitted independent control of the energy
incident on the dye sample, which was restricted to below 20 m]J to prevent physical dam-
age to the sample. The pump spot size at the dye sample was 1.5mm, and no focusing
or other control of the pump mode size was implemented. Spatial overlap between the
pump and OPO signal beams was accomplished by the use of a plane dielectric mirror
coated for high reflectivity over 555-640 nm while maintaining T ~ 70% transmission at
the 532 nm pump wavelength. Temporal overlap was optimised by adjusting the posi-
tion of a beam steering mirror, as shown in figure 6.1, to yield the highest output pulse
energy.

Figure 6.3 (a) shows a representative spectrum of the amplified radiation, measured
using a 5GHz FSR solid fused silica Fabry-Pérot interferometer. From the spectrum,
the optical bandwidth of the amplifier output was determined to be <400 MHz, close
to the interferometer limit and comparable to that of the OPO. The difference between
the two spectral widths was not considered significant [296]. The single pass amplifier
configuration did not contribute additional spectral structure, making the system suitable

for amplifying a single mode, continuously tuned OPO in this spectral region.

Figure 6.3 (b) shows the amplifier efficiency for different seed wavelengths. For these
measurements, the OPO was pumped with 300 ;] to maintain single mode operation.
With the pump to the amplifier blocked, typically 5 i of signal radiation was measured
passing through the solid state dye disc. At the highest amplifier pump energy of 20m]J,
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Table 6.2: Beam quality parameters M? and astigmatism for PMMA amplifier as a function of
amplifier pump energy.

Pump M? Beam Quality  Astigm.
Energy (mJ) Horizontal Vertical (mm)
0 1.2 1.2 13
7.5 1.8 1.3 32
20 7.4 2.1 39

the signal energy varied between 115 ;1] at 619.4nm and 40.2 uJ at 639.7 nm, with a slight
roll-over observed for pump energies in excess of 10m]J. This corresponded to a single
pass gain of between 20 and 4. The wavelength dependence of the amplification effi-
ciency was partly attributed to the profile of the Perylene red dye fluorescence spectrum
[45]. From the spectrum, higher output energies would be expected at shorter wave-
lengths around 600 1].

The beam quality measurements of the amplifier beam were carried out using a
500 mm focal length lens to form a secondary waist. Measurements were made at pump
energies of 7.5mJ and 20m], as well as with the dye sample unpumped. The horizontal
and vertical M? parameter values measured are listed in table 6.2. The table also shows
the astigmatism (separation in the z propagation axis between the horizontal and vertical
waists) recorded in the emitted beam. The amplifier beam quality degradation from that
of the seed OPO was attributed to thermal lensing in the dye sample. The astigmatism
and difference in M? for horizontal and vertical directions were attributed to the Brewster
angle configuration of the dye sample. In the far field, the beam profiles were found to be
somewhat round but noisy, as illustrated in figure 6.4, recorded at a distance of 620 mm
after the lens, with the amplifier pumped at 20 m]J.

6.2 OPOs Based on Periodically Poled KTP

A PPKTP crystal suitable for 532 nm pumped OPO was obtained from Isorad Inc. The
crystal had dimensions 20 x 7 x 0.5mm? (length x width x thickness) and was poled
with a single A = 10.15 um poling period across 5 mm of the crystal width. The crystal
end faces were polished parallel and dual band antireflection coated at the 532 nm pump
and 770 nm signal wavelengths.

The signal wavelength of the crystal could be tuned across 755.5 nm to 770.8 nm (idler
wavelength range 1.717 ¢1] to 1.798 um) by changing the temperature from 20°C to 150°C,
as shown in figure 6.5. The tuning curve was measured using a 30 mm long plane—plane

cavity with a 50% reflective output coupler, and the pump beam focused to a 170 um
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Figure 6.4: Horizontal and vertical spatial intensity distributions of the amplified single mode
PPLN OPO signal amplified in Perylene red doped PMMA solid state dye, pumped at 20 m]J.
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Figure 6.5: Measured signal (squares) and deduced idler (diamonds) temperature tuning curve
for a PPKTP OPO with poling period A = 10.15 um, with predicted curves using Sellmeier equa-
tions of reference [262] (solid line); and references [112] and [263] (dashed line).
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waist using a 1 m focal length lens. For the wavelengths of this OPO, the temperature de-
pendent Sellmeier equation of Kato et al. [262] satisfactorily predicted the phase matching
wavelengths, as shown by the solid line. For comparison, the tuning curve predicted us-
ing the Sellmeier equations of Fradkin et al. [112] and the refractive index temperature
derivatives of Kato [263], found to give better agreement in chapter 5, is shown by the
dashed line.

6.2.1 Etalon Narrowed PPKTP OPO

Residual feedback from the crystal faces at the idler wavelength, where the crystal coat-
ing was not specified, permitted the PPKTP crystal to support monolithic oscillations.
The resonated wave was determined by tilting the crystal in the vertical plane and ob-
serving non-collinear phase matching, where the idler was constrained by the crystal
axis and a signal beam deflection opposite to the crystal tilt was observed. In this PPKTP
the thresholds of the monolithic oscillations were within an order of magnitude of those
of short external cavities with signal reflectivities of up to 95%, as described in the fol-
lowing section. A grazing incidence diffraction grating cavity was constructed, but the
increased threshold due to the longer cavity length and higher cavity losses resulted in
this configuration being ineffective in restricting the OPO optical bandwidth.

Single longitudinal mode operation of the PPKTP OPO was demonstrated using an
intracavity étalon for pump powers below the onset of monolithic resonance. A 60 mm
long plane—plane OPO cavity was constructed, using a 70% reflective output coupler
at the signal wavelength. The OPO was placed 300 mm beyond the line focus formed
by a 1m focal length cylindrical lens, with a spatial aperture used to restrict the beam
to the thickness of the crystal. The resulting pump spot within the PPKTP crystal was
approximately flat-top, of diameter 350 m, in the narrow dimension and Gaussian with
1/¢? radius 2.3 mm in the unconstrained dimension, to fill the available crystal volume.

The free running optical bandwidth of the OPO was measured using a 0.75 m diffrac-
tion grating monochromator equipped with a linear CCD array. The resolution of the
monochromator was 0.2nm. Spectra of three arbitrary OPO pulses are shown superim-
posed in figure 6.6 (a), in which the fast oscillations arose from the CCD reading electron-
ics. The free running optical bandwidth was 1.1 nm FWHM with ~0.1nm pulse to pulse
variation.

A solid fused silica étalon (TecOptics, ES-251-779-779) was inserted between the PP-
KTP crystal and the output coupler and tilted by 11 mrad in the crystal thickness plane
to prevent feedback from the étalon faces. The étalon had a FSR of 20 GHz, and the faces
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Figure 6.6: Signal spectra of an étalon narrowed PPKTP OPO. (a) Free running spectrum; (b) Line
profile through the fringe pattern produced by a 5 GHz Fabry-Pérot interferometer.

were coated for R = 90 & 2.5% over the 580-860 nm wavelength range, from which a
finesse of F = 30 £ 8 was calculated. The étalon restricted the OPO to oscillate on a sin-
gle longitudinal mode of the cavity. The optical bandwidth of the line narrowed OPO
was recorded using a 5 GHz FSR Fabry-Pérot interferometer, yielding a fringe profile as
shown in figure 6.6 (b). An optical bandwidth of 250 MHz was measured, limited by
the resolution of the interferometer. The OPO operated on a single mode reliably over
several pulses. There was qualitative evidence of the crystal faces aiding in the single
mode operation in the form of coupled cavities, with the single mode performance being
affected by changes in the crystal position relative to the cavity optics. The pump pulse
energy was restricted to below 1 mJ by the low damage threshold of the étalon coatings,
specified at 150m]J/cm?. An oscillation threshold of 0.4 m] was measured, and at the

maximum 1 mJ] pump energy, up to 44 i of signal pulse energy was generated.

6.2.2 High Pulse Energy PPKTP OPOs

In order to exploit the high power scaling capabilities of PPKTP at visible wavelengths,
a number of pump shaping geometries, designed to fill the available crystal volume,
were investigated. The Q-switch delay of the pump laser was adjusted in each case to
yield suitable pulse energies. Peak pump intensities at the crystal were restricted to
250 MW /cm? to prevent crystal and coating damage. The combination of a half wave
plate and thin film polariser allowed for variable control of the pump energy incident on
the OPO, in addition to ensuring correct polarisation of the pump wave.

In each of the pump focusing geometries, the performance characteristics of a num-
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ber of plane—plane OPO cavities were compared in terms of threshold and maximum
output energy. All cavities employed the same input coupler, through which the pump
entered the cavity, a plane dielectric optic coated for high reflectivity between 700 nm and
900 nm, while maintaining T = 78% transmission at the 532nm pump wavelength. For
the monolithic OPO results presented, the input coupling optic was misaligned to pro-
hibit feedback into the cavity but left in place to enable direct comparison of the pump
energies of the monolithic and external cavities.

The generated OPO signal and idler beams were spatially isolated using an uncoated
Brewster angled ZnS prism, with the residual pump radiation eliminated by a dielectric
coated 45°, 532 nm beam steering mirror. For idler measurements, an additional RG850
glass filter (transmission T > 90% 8502200 nm; absorption > 99% below 800 nm) was
used to eliminate visible wavelengths. The signal and idler output energy measurements
were corrected for transmission losses of the diagnostic optics, measured to be 35.1% at
the 770nm signal wavelength, largely due to the high loss at the pump dichroic, and
10.9% at the 1.7 um idler wavelength.

Beam quality M? measurements were calculated by focusing the PPKTP OPO signal
beam to a secondary waist using a 200 mm focal length lens and recording beam spatial
distributions at a number of positions along the z propagation axis using a silicon CCD
camera. Gaussian distributions were fitted to each beam profile, and the progression of
mode sizes was used to derive an M? value.

The pump spatial profile shaping geometries used are illustrated in figure 6.7. The
configurations included a 1 m focal length lens; focusing with a 500 mm focal length lens
and positioning the PPKTP crystal beyond the waist so that the pump filled the available
crystal volume; focusing with a 1 m cylindrical lens leaving the beam dimension in the
direction parallel to the crystal width unchanged; and focusing with a 1m cylindrical
lens, placing the crystal beyond the waist in the focused dimension and using a rectan-
gular aperture to generate a flat top profile filling the entire available crystal volume. The

highest output pulse energies generated in each configuration are tabulated in table 6.3.

1m Spherical Lens

In the first configuration, a 1m focal length lens weakly focused the pump beam to a
waist of 170 & 10 um within the crystal to approximate a collimated beam. The pump
laser Q-switch delay was set to 330 us to yield pulses of 15ns duration. The energy inci-
dent on the PPKTP crystal was restricted to below 1 m] (150 MW/ cm?).

With this configuration, threshold pump energies of between 15 1] and 22 ] were

measured for the different output couplers. The signal and idler output energies as a
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Figure 6.7: Experimental configurations of high pulse energy PPKTP OPOs, with the pump spa-
tial profile configured to fill the available crystal aperture. A /2, half-wave plate; Pol., polariser. (a)
1m focal length spherical lens, crystal at the pump beam waist. (b) 500 mm focal length spherical
lens, crystal beyond the waist. (c) 1 m focal length cylindrical lens to focus the beam in the plane
corresponding to the 0.5 mm crystal thickness (solid line); in the other dimension, the beam di-
vergence was left unmodified (dashed line). (d) 1 m focal length cylindrical lens, crystal beyond
the waist and a rectangular aperture (Ap.) used to restrict the beam to the aperture of the crystal.

Table 6.3: PPKTP OPO output pulse energies using different beam shaping geometries, given for
different output coupler reflectivities at the signal wavelength.

Max Signal Pulse Energy (m])
Pump Shaping Geometry Pump (mJ) 95% R 70% R 50%R 30%R Monol
1m Lens, at focus 1 0.046 0.232 0.268  0.339 0.223
0.5m Lens, beyond focus 3 0.10 0.62 0.74 1.12 0.93
1m Cylindrical lens 10 0.15 1.12 1.54 2.17 2.10
1m Cylindrical lens and aperture 20.3 0.38 2.60 3.36 4.06 3.74
Max Idler Pulse Energy (m])
Pump Shaping Geometry Pump (mJ) 95% R 70% R 50%R 30%R Monol
1m Lens, at focus 1 0.106 0.104 0.088 0.078  0.048
0.5m Lens, beyond focus 3 0.215 0.233 0.190 0.179 0.126
1m Cylindrical lens 10 0.68 0.58 0.54 0.44 0.24

1 m Cylindrical lens and aperture 20.3 1.17 1.26 1.09 0.89 0.81
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Figure 6.8: Signal (a) and idler (b) output energies of a PPKTP OPO, as a function of pump en-
ergy, for the OPO configuration of figure 6.7 (a). The output coupler reflectivity at the signal
wavelength was 95% (filled squares); 70% (open squares); 50% (filled diamonds); 30% (open dia-
monds). The open circles line was measured for monolithic operation without cavity optics.

function of incident pump energy are shown in figure 6.8 (a) and (b) respectively. A 30%
reflective output coupler was found to yield the highest signal output pulse energy of
339 u], corresponding to an efficiency of 34%. For the highest idler output pulse energy;,
the 95% and 70% reflective output couplers yielded similar performance with a highest
measured idler energy of 106 1] (10% efficiency). The trends of the 30% reflective out-
put coupler yielding the highest signal output pulse energy, and the highest idler being
generated using reflectivities above 70%, were observed for all OPO configurations. The
signal beam was observed to have a smooth far field spatial profile, and a beam quality

parameter of M?= 3.1+ 0.1 was measured.

Monolithic operation was observed above 200 uJ pump energy: peak signal and idler
energies were 223 ;1] and 48 y], respectively (slope efficiencies 27% and 5.8%). The thresh-
old for monolithic oscillation was 180 yJ, approximately a factor of 10 higher than that
measured with output couplers with signal reflectivities in excess of 50%. The idler out-
put pulse energy showed a distinct roll-over above three times threshold, whereas the
signal output was consistently 200 1] lower than the output using the 30% reflective out-
put coupler.
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500 mm Spherical Lens

It was found in earlier PPLN experiments (chapter 5) that the onset of monolithic reso-
nance could be delayed to higher pump energies by placing the crystal beyond the focus
so that the diverging pump beam filled the entire crystal volume. This focusing geometry
was investigated for the high pulse energy PPKTP OPO, with the crystal placed 50 mm
beyond the waist formed by a 500 mm focal length achromat, which resulted in a pump
spot size of 190 &= 10 um at the input face and 270 4= 10 um at the output face of the PPKTP
crystal. In this configuration, the pump energy was limited to 3 m]J (250 MW /cm?).

The threshold of oscillation of the OPO was measured to be ~30 pJ. At the highest
pump energy of 3m]J, the highest signal output pulse energy of 1.12m] was measured
using a 30% reflective output coupler at the signal wavelength, whereas the highest idler
output pulse energy of 0.23 mJ was reached with a 70% reflective output coupler at the
signal wavelength. The peak signal and idler efficiencies were thus 37% and 7.8%. Mono-
lithic oscillations were observed above a pump energy of 0.4 mJ and provided peak signal
and idler output energies of 0.93 mJ and 0.13 m] respectively. Consistent with PPLN and
PPKTP OPOs using similar pump focusing geometries, a satisfactory beam quality was
measured for both horizontal and vertical axes, with M?= 2.7 + 0.5, where the compara-

tively large error resulted principally from the uncertainty in the focused waist size.

In this configuration, a comparison between PPKTP and the PPLN OPO of section
6.1 section could be made, even though some of the operating parameters were dissimi-
lar. Principally, whereas the signal (idler) wavelengths of the PPKTP OPO were 770 nm
(1.7 um), for the PPLN OPO these were 626 nm (3.5 um). The different refractive indices
(2.2 in PPLN and ~1.8 in PPKTP) and nonlinear coefficients (d33 = 27 pm/V in PPLN
compared to 14.6 pm/V in PPKTP) combined to give a similar nonlinear interaction co-
efficients rpprn = 3.84 x 1077 W1 and rppxrp = 3.06 x 1077 WL, Incorporating the re-
mainder of the parameters required for the threshold model of Brosnan and Byer [78],
equation(3.27), in particular a pump pulse duration of 15ns (FWHM) for the PPLN and
10ns for the PPKTP OPOQO, threshold pump energies of 43 um and 41 ] were predicted
for the two OPOs. These values were in acceptable agreement with the 41 ym and 30 pJ
thresholds measured. Despite similar thresholds, it was clear from the above efficiency
curves that the PPKTP OPO could be driven to produce significantly higher output pulse
energies than the PPLN OPO.

As the dynamic range accessible with this configuration included two orders of mag-
nitude between threshold and maximum pump energy, temporal profiles were measured

using a 1ns rise time photodiode and a Tektronix TDS350 digital storage oscilloscope.
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Figure 6.9: Temporal profiles of the signal (solid line) and depleted pump (dashed) pulses of a
PPKTP OPQO, in the configuration of figure 6.7 (b). The pump energy was (a) 75 uJ; (b) 250 p1J; (c)
1.5mJ; and (d) 3m].

Figure 6.9 shows traces of the signal and depleted pump pulses taken at different pump
levels. Close to threshold, a short signal pulse was emitted after the peak of the pump
pulse, with depletion visible on the depleted pump profile. With increased pumping, sig-
nal pulse build-up time decreased and backconversion of signal and idler became visible
in the regrowth at the centre of the depleted pump pulse.

1m Cylindrical Lens

In order to make use of the entire 5 mm width of the poled track within the PPKTP crys-
tal, a 1m focal length cylindrical lens was employed to create a 180 um waist line focus
in the crystal thickness plane. In the crystal width plane, the pump beam was allowed to
freely propagate over 3m, which yielded an approximately Gaussian distribution with
a 1.5mm radius. By measuring the OPO output pulse energy as a function of trans-
verse crystal translation, it was concluded that the crystal thickness was adequately filled,
whereas the beam diameter in the crystal width direction could have been enlarged by
~0.5 mm without clipping at the edges of the poled region. The pump Q-switch delay
was adjusted to 298 uus to obtain at most 10 m] incident on the PPKTP crystal in a 9ns

pulse.
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Figure 6.10: Temporal profiles of the signal (solid line) and depleted pump (dashed line) pulses
of a OPO in the configuration of figure 6.7 (c), pumped at 10 m] pulse energy.

The OPO threshold was measured to be ~150 ;. At the highest pump energy used,
the highest signal and idler energies were 2.17 mJ and 0.69 m], obtained with output cou-
pler signal wavelength reflectivities of 30% and 95% respectively (efficiencies 22% and
6.9%). Monolithic oscillations were observed above 2.4 m] pump energy, and although
the signal slope efficiency was higher than the highest external OPO efficiency, a slightly
lower pulse energy of 2.10 mJ] was generated. The output energy was unstable from pulse
to pulse, varying by as much as 30 pJ. Since dynamic amplitude and spectral instabilities
are characteristic of doubly resonant oscillators, which have been treated extensively in
the literature [140], this led to the speculation that the OPO was operating as a coupled
system between the signal radiation resonated by the cavity optics and the idler radiation
resonated by the crystal faces.

The large vertical dimension of the pump beam within the plane—plane resonator re-
sulted in a significantly increased signal beam quality parameter if M?= 18 4-2 in this
dimension. The observation of this phenomenon in PPLN OPOs and OPGs was sub-
sequently reported by Missey et al. [91], who found that flood pumping large crystal
apertures yielded a significant increase in divergence and spectral bandwidth, and gave
an explanation for this in terms of the phase matching geometry. In the horizontal di-
mension, the narrow pump waist constrained the resonated signal to M? = 2.6 + 0.1,
comparable to the circularly symmetric beam quality measured when spherical lenses

were used to focus the pump.

Temporal profiles of the signal and depleted pump showed similar characteristics
to those shown in figure 6.9 at low to moderate pump energies. At the highest pump
energies used, different dynamics between the interacting waves caused qualitatively

different profiles, as illustrated in figure 6.10. The traces indicated a rapid depletion of
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Figure 6.11: Horizontal and vertical intensity distributions of a PPKTP OPO, in the configuration
of figure 6.7 (c). (a) Apertured OPO pump beam at crystal position; (b) far field signal output
beam.

the pump wave as the OPO pulse energy grew, followed by significant backconversion.
Such depleted pump profiles were commonly observed in numerical modelling of OPOs
pumped far above threshold, as discussed in section 3.3. The signal profile, in this case,
maintained a quasi-Gaussian pulse shape up to the highest energies used, with a pulse

duration of around 8 ns.

Cylindrical Lens and Aperture

For the final power scaling experiment, the crystal was moved 0.3 m beyond the pump
waist formed by the 1 m focal length cylindrical lens. A rectangular aperture was placed
between the lens and crystal, with a narrow dimension that could be adjusted to yield
an approximately flat top pump intensity profile, with a full width of 350 um. In the
orthogonal plane, the pump beam maintained a quasi-Gaussian intensity distribution
with a spot size of 2.3 mm. The resulting pump beam profile at the PPKTP crystal is
shown in figure 6.11 (a). The pump laser Q-switch delay was adjusted to 256 us to yield
20 m] incident on the OPO in a 8 ns pulse.

The signal and idler output energies from this configuration are presented in figure
6.12. The oscillation threshold of 0.2m] was a factor of 100 below the highest pump
energy of 20.3m] used. The highest signal and idler pulse energies were 4.06 m] and

1.27 m]J, measured with a 30% and 70% reflective output coupler respectively (efficien-
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Figure 6.12: Signal (a) and idler (b) output energies of a PPKTP OPO, as a function of pump
energy, for the OPO configuration of figure 6.7 (d). The output coupler reflectivity at the sig-
nal wavelength was 95% (filled squares); 70% (open squares); 50% (filled diamonds); 30% (open
diamonds). The open circles line was measured for monolithic operation without cavity optics.

cies 20.2% and 6.3%). The threshold of monolithic oscillation was 2.78 mJ, an order of
magnitude higher than that from a resonant cavity, and peak signal and idler output

energies were measured to be 3.74m] and 0.81 m] respectively.

As described above, the large pump spot size in the unfocused vertical dimension re-
sulted in a poor beam quality in this dimension. In a similar fashion, the flat-top intensity
distribution degraded the beam quality in the crystal thickness dimension. The far field
intensity distribution is shown in figure 6.11 (b). The profile was recorded at a distance
of 250 mm beyond the waist formed by a secondary lens, of focal length 200 mm. From
a sequence of such images, a beam M? quality parameter of 7 & 1 in the horizontal and

100 £ 30 in the vertical plane was calculated.

The maximum output energies and efficiencies obtained using the different pump
focusing geometries are summarised in table 6.4. The intensity values show that each
OPO was operated in a similar regime, with a typical threshold intensity of around
2.5MW/cm? and a peak pump intensity of 250 MW /cm?. The degradation in relative ef-
ficiencies with increasingly elaborate pump shaping strategies was attributed to a poorer
pump beam quality, which also resulted in increasing M? parameters as shown in the
table. The significant output energies generated by monolithic OPO suggested that this
device could be developed into a robust, efficient device without the need for an external

cavity. Some such devices, based on PPLN, have been reported in the literature [91, 98].
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Table 6.4: Summary of PPKTP OPO performances using different pump beam shaping geome-
tries.

Pump Shaping Geometry

ImFL 0.5mFL 1m FL 1m FL Cyl,,
Parameter Lens Lens Cylindrical Aperture
Threshold Energy (m]) 0.02 0.03 0.1 0.2
Threshold (MW /cm?) 2.8 2.5 2.6 2.5
Pump Energy (m]) 1 3 10 20
Signal Energy (m]) 0.339 1.12 217 4.06
Idler Energy (m]) 0.106 0.233 0.68 1.27
Signal Efficiency (%) 34.6 37.3 21.7 20.2
Idler Efficiency (%) 10.8 7.8 6.9 6.3
Beam Quality M? 3.1+£0.1 2.7+£05 25(h),20 () 7 (h),100 (v)

6.3 Conclusion

The development of passively line narrowed, 532 nm pumped PPLN and PPKTP OPOs
reported in this chapter was impeded by the observation of monolithic resonance within
the crystal, supported by the face Fresnel reflectivities at the idler wavelength. This was
attributed, in part, to a higher nonlinear optical gain at shorter wavelengths, and over-
whelmed the influence of external cavities in controlling the optical bandwidth. Single
longitudinal mode operation was demonstrated for pump pulse energies below the onset
of monolithic oscillation.

In a PPLN OPO with grazing incidence diffraction grating, single longitudinal mode
operation was demonstrated between the external cavity threshold of 230 iJ and the on-
set of monolithic oscillation at 300 ]. Up to 10 pJ of signal radiation was generated. This
was sufficient for the successful implementation of a single pass amplifier based on a
solid state dye disc of Perylene red doped PMMA, without measurable broadening of
the optical bandwidth. The amplifier generated up to 115 ;1] single longitudinal mode
radiation at 619 nm.

In a PPKTP OPO, an intracavity étalon was used to yield single longitudinal mode
signal radiation. Up to 44 1] single mode pulses were generated, where the pump energy
was limited to 1 m] to prevent étalon coating damage. The oscillation threshold increased
from 0.2 mJ to 0.4 m] on insertion of the étalon.

Flood pumping of PPKTP OPOs was investigated using a number of different pump
focusing geometries to fill the available crystal volume, with the OPOs operating up to
100 times above threshold. In one configuration, similar PPKTP and PPLN OPOs were
calculated to have comparable nonlinear optical gain coefficients and thresholds, but in
the case of PPLN, crystal damage considerations would have limited the OPO to less than
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ten times threshold. In the PPKTP OPO, up to 4.06 m]J of signal radiation at 770 nm, and
1.27m] of idler at 1.72 ym, was generated, although it was believed that the performance
of the OPOs was a combination of external cavity and monolithic resonance in each case.
The crystal acting as a monolithic OPO generated up to 3.74 m] of signal and 0.81 m] of
idler radiation, demonstrating the feasibility of exploiting such configurations without

external cavities.



Chapter 7

High Repetition Rate Lasers and
OPOs

Diode pumped Nd: YAG lasers are particularly well suited to pumping m]-class optical
parametric oscillators (OPOs) based on periodically poled LiNbO3; (PPLN), with the high
efficiency of Nd: YAG and large nonlinear optical coefficient of PPLN yielding compact
systems with only modest primary pump power and cooling requirements. The devel-
opment of such a laser source (section 7.1) and its application to pumping narrowband
OPOs (sections 7.2 and 7.3) is reported in this chapter.

7.1 High Repetition Rate Nd: YAG Laser

The continuous wave (cw) diode pumped Nd: YAG laser was based a Light Solutions
LightBook, customised to allow external cavities to be constructed around the laser head.
A 3mm diameter, 10 mm long 1% at. doped Nd : YAG rod was dual end pumped by 18 W
fibre coupled diode arrays emitting at 808 nm. The outputs from the fibres were colli-
mated and focused into the rod using lens pairs and dichroic mirrors, yielding a spot size
of ~200 ym. The diode arrays were water cooled using a recirculating chiller with heat
exchanger, and the diode wavelength was optimised for highest laser output power by
adjustment of the coolant temperature. About the head, a number of symmetric linear
resonators were constructed using available optics.

The cavity configuration used to pump the OPOs described in the following sections
is illustrated in figure 7.1. Both the cavity high reflector (HR) and the 80% reflective out-
put coupler (OC) were concave with 300 mm radius of curvature. As described in chapter
2, the thermal lens was used to calculate a predicted thermal lens within the Nd : YAG rod

of as short as fr, ~ 75 mm, with the dominant contribution arising from the dn/dT term
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Pump
0O Switch
BP Ap.
Nd:YAG J
HR 1 5
p U Etalon OC
ump

Figure 7.1: Cavity layout of a high repetition rate Nd : YAG laser. HR, high reflector; OC, output
coupler; BP, Brewster plate; Ap., aperture.

of equation (2.19). Using the resonated mode stability considerations discussed in section
2.3, resonator lengths in excess of 300 mm were predicted to be unstable with such lens-
ing. A detailed investigation into thermal lensing in this laser was not undertaken. The
lensing and a limited selection of available cavity optics precluded the construction of
complex resonators with longer cavity lengths, such as ring resonators, which have been
shown to yield radiation with high spatial and spectral purity [12]. The laser was con-
structed with a cavity length of 220 mm, which was found to yield the optimum output

power.

In this configuration with no intracavity optics, the laser exhibited an oscillation
threshold of ~1.5W and generated up to 10.7 W cw at the maximum pump power of
33 W. Insertion of a Brewster plate (BP), used to ensure a linearly polarised output with
polarisation ratio in excess of 100: 1, reduced the output power to 10.1 W, resulting in an

optical to optical slope efficiency of around 32%.

The introduction of a crystal quartz acousto-optic Q-switch into the cavity permitted
pulsed operation at arbitrary pulse repetition frequencies. The Q-switch was 30 mm long,
with a 2mm clear aperture, and was modulated at 27.12 MHz to provide a 5mrad beam
deflection with >85% diffraction efficiency at 25W rf power. The Q-switch end faces
were dielectric v-coated for minimum reflectivity at 1.064 ym to provide low insertion
loss. At a repetition frequency of 35kHz, the maximum average power was 9.1 W, less
than 10% lower than the cw level, and a pulse duration of 70 ns was measured. At 5kHz
the laser produced up to 5.5 W in 20 ns pulses, corresponding to 1.1 m].

In most operating configurations, the spatial quality of the laser beam was observed to
deteriorate above ~20 W diode power, attributed to thermal lensing and an under-filled
pumped volume in the Nd : YAG rod, which could be addressed with different fibre fo-
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Figure 7.2: Line profiles through the fringe pattern produced by a 5 GHz FSR Fabry-Pérot inter-
ferometer for a Nd : YAG laser operating at 5kHz. (a) Free running laser with optical bandwidth
~25GHz; (b) Q-switch tilted to allow prelase Q-switching; (c) prelase Q-switching and 14 GHz
FSR intracavity étalon.

cusing optics. To prevent higher order transverse modes from oscillating, an 864 ym
diameter aperture (Ap) was inserted into the cavity near the output coupler where res-
onator modelling predicted a mode waist due to the rod thermal lens. The resulting laser
output beam quality was measured to be 1.5 £ 0.2 at 5kHz. The aperture was observed
to qualitatively improve Q-switch hold off by preventing off-axis oscillation. The aper-
ture introduced significant cavity losses, with the cw output power dropping to 7.08 W
and the average Q-switched power at 5 kHz to 4.46 W.

The pulsed laser optical bandwidth was measured to be 20-25 GHz, corresponding to
around 40 longitudinal cavity modes [297]. A technique of passive prelase Q-switching,
in conjunction with an intracavity étalon, was employed to reduce the optical bandwidth.
The spectral characteristics of the laser output, monitored with a 5 GHz free spectral
range (FSR) Fabry-Pérot interferometer, are illustrated in figure 7.2. The optical band-
width of the free running laser was too broad to result in interference fringes, figure
7.2 (a). Tilting the Q-switch by 2mrad in the deflection plane reduced the Q-switch hold
off and allowed a small number of high gain modes to oscillate before the Q-switch was
opened. Self-seeding by these modes subsequently resulted in narrowband Q-switched
pulses. In this mode of operation, the laser typically oscillated on 3-5 cavity modes, as
shown in 7.2 (b). Insertion of an uncoated solid fused silica étalon, with a 14 GHz FSR and
finesse F ~ 0.7, the oscillating bandwidth was reduced less than 1 GHz, with the laser

consistently operating on two axial modes, as shown in figure 7.2 (c). The étalon was
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Figure 7.3: Temporal profiles of diode pumped Nd : YAG laser. Solid line, Q-switch tilted to allow
prelase Q-switching; dashed line, broadband free running operation. The main laser pulse level
exceeded the vertical scale of the figure.

tilted by a small amount to prevent on-axis feedback of laser radiation. The transmission

function for a # = 0.7 étalon is shown in figure 4.1 on page 54.

Figure 7.3 shows temporal profiles taken with (solid line) and without (dashed) pre-
lase Q-switching. The reduced hold off with the Q-switch tilted resulted in characteristic
prelase spikes before the opening of the Q-switch. The duration of the prelasing could
be varied by adjusting the Q-switch tilt between complete suppression and continuous
prelase spiking between the laser pulses. A prelase duration of ~80 us in association
with the intracavity étalon was found to be sufficient to reduce the optical bandwidth
to two longitudinal cavity modes. Prelase Q-switching resulted in a 35ns reduction of
laser pulse build-up time, while temporal and amplitude jitter increased from 12ns to
17ns and from 10% to 25%, respectively, under prelase Q-switching conditions. These
instabilities were caused by the laser pulses starting from the spiked prelase levels; using
active feedback to control the prelase level has been demonstrated to suppress the spik-
ing and yield prelase Q-switched output with improved stability over corresponding free
running systems [14, 15], but this was not attempted. Measurements of the cw output as
a function of Q-switch angle indicated that the reduction in output power arising from
the tilt of the Q-switch was less than 5%.

The pulse duration and energy for both free-running and prelase Q-switched laser op-
eration are summarised in figure 7.4 as a function of laser repetition rate. The ~10% drop
in pulse energy was attributed to losses introduced by the étalon confirmed by similar
losses observed when the étalon was added to free running cw cavities. For compari-
son, the performance of the laser was modelled using the theory developed in chapter
2. Given the output coupler reflectivity R = 0.8, cavity length /. = 220 mm, pump mode
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Figure 7.4: Performance of diode pumped Nd:YAG laser as a function of pulse repetition fre-
quency. Open symbols, broadband operation; filled symbols, narrowband operation with prelase
Q-switching and intracavity étalon. (a) Pulse duration. (b) Pulse energy, with solid line showing
modelled energies assuming output coupler reflectivity R = 0.8 and cavity losses L = 0.1.

radius w, = 220 pm through the 10 mm long Nd : YAG rod, and a loss coefficient L = 0.1,
a threshold pump power of Py, = 0.95W and a cw output power of Pout = 11.9W for
24 W absorbed pump power were predicted by equations (2.10) and (2.11), respectively.
Calculations of the Q-switched output pulse energies with different repetition rates, us-
ing equation (2.13), were in good agreement the measured data, as shown as the solid

line in figure 7.4.

7.2 High Repetition Rate PPLN OPO

The high repetition rate laser characterised in the previous section was used to pump a
PPLN OPO in a configuration similar to that described in section 5.2. The same PPLN
crystal and mounting configuration were used. The OPO cavity was formed between a
concave high reflector, with 250 mm radius of curvature, and a plane output coupler with
66% reflectivity over the signal wavelength range. Both mirrors had > 90% transmission
at the pump wavelength and were absorptive with < 15% reflectivity at the idler wave-
length. The physical cavity length was 30 mm, corresponding to a FSR of 2.7 GHz, which
was sufficient to accommodate an étalon between the PPLN crystal and the output cou-
pler. The pump beam was focused to a spot size of 120 um using a 500 mm focal length
achromat. The crystal was located 50 mm beyond the waist of the pump beam, to avoid
parasitic monolithic oscillations [297].

Instabilities in the spectral, temporal and pulse amplitude characteristics of the pump
laser were observed when it was first used to pump the OPO. The cause of the instabilities
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was traced to weak feedback of pump radiation from the OPO cavity optics to the laser. In
the absence of an optical isolator, the implementation of an 8 m delay line and a ~2mrad
tilt of the OPO cavity relative to the pump beam axis eliminated the feedback and the
instabilities.

A Brewster-cut SF10 glass prism was used to separate the OPO signal radiation from
a number of non phase matched output beams arising from frequency-doubled signal,
signal and pump sum frequency, and the frequency doubled pump radiation. The de-
pleted pump radiation was eliminated using a dichroic coated optic. The OPO output
was analysed using a range of Fabry-Pérot interferometers with FSRs between 5 GHz
and 100 GHz. The OPO signal radiation could not be directly measured as only silicon-
based CCD arrays were available. Previous spectral measurements in chapter 5 relied on
the sum frequency radiation of pump and signal, but this method could not be used in
this case since the pump was not single mode. Spectral measurements were thus carried
out using the non phase matched second harmonic of the signal output generated within
the PPLN crystal.

To narrow the optical bandwidth of the OPO, a 30 GHz FSR étalon with a finesse of
F = 12 at signal wavelengths was inserted into the cavity. An étalon tilt of ~5mrad
was introduced to prevent feedback from the faces. The spectral output of the OPO was
measured at a range of operating signal wavelengths by translating the crystal to access
different PPLN grating periods. Figure 7.5 shows OPO spectral profiles, taken through
a line of the fringe pattern of a 5 GHz FSR interferometer for six signal wavelengths be-
tween 1.46 ym and 1.73 um (idler wavelengths 2.77-3.93 ym). Single longitudinal mode
operation was demonstrated for signal wavelengths up to 1.639 um. Closer to degener-
acy, multiple mode operation was obtained, which was attributed to the increasing PPLN
crystal gain bandwidth, which nearly doubled to 42cm ™! as the signal wavelength in-
creased from 1.6 ym to 1.73 um. The silica substrates of the étalon and output coupler
absorbed the OPO idler radiation and residual idler properties were not measured.

The efficiency and threshold of the OPO signal output were measured for a range
of pulse repetition frequencies between 5kHz and 20kHz. A typical efficiency curve,
recorded at 5kHz, is shown in figure 7.6 (a) for the free running broadband, and sin-
gle longitudinal mode étalon narrowed, OPO operation. The results were measured at a
signal wavelength of 1.501 um using the A = 28.9 um PPLN grating period, and no sig-
nificant variation in OPO performance was observed at different wavelengths. Similar
thresholds of 350 mW were obtained for both free running and étalon narrowed OPOs; it
was found that at low pump powers the OPO resonated weakly between the cavity high

reflector and the misaligned étalon surface closest to the PPLN crystal, resulting in mul-
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Figure 7.5: Line profile through fringes produced by a 5 GHz FSR Fabry—Pérot interferometer, for
a 1.06 pm pumped étalon narrowed PPLN OPO operating at signal wavelength (a) 1.726 um; (b)
1.639 pm; (c) 1.571 pm; (d) 1.501 pm; (e) 1.475 pm; and (f) 1.459 pm.
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Figure 7.6: Signal pulse energy performance of a 1.064 ym pumped PPLN OPO, operating on a
signal wavelength of 1.501 ym. (a) OPO performance at 5kHz under free running broadband
(squares) and étalon narrowed single longitudinal mode (diamonds) operation. (b) Etalon nar-

rowed performance with the OPO operating at 5 kHz (squares); 10 kHz (diamonds); 15 kHz (cir-
cles); 20 kHz (triangles).
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tiple mode oscillation even with the étalon inserted. This effect became insignificant for
pump powers in excess of 1 W when the OPO began to oscillate predominantly between
the high reflector and output coupler, and in this region single cavity longitudinal mode
operation was obtained with the intracavity étalon. In this region of operation, both free
running and étalon narrowed OPOs yielded slope efficiencies of ~30%, from which a
factor of two effective increase in threshold was determined on insertion of the étalon.
These characteristics were consistent with other étalon narrowed OPOs investigated in
chapter 5. At the maximum pump power used, the free running cavity generated up to
650 mW of signal output, while the étalon narrowed OPO provided 415 mW.

The OPO performance at different pulse repetition frequencies is shown in figure
7.6 (b). The trend in output power near threshold, discussed above, was observed at
all repetition rates. In terms of pulse energy, the OPO performance was independent
of repetition rate, with a threshold of around 80 u] (7MW /cm?) and a slope efficiency
of 27%. The highest signal pulse energy of 82 ;] was generated at 5kHz with a pump
pulse energy of 450 . The OPO spectral characteristics were not affected by the pulse
repetition frequency.

Far field divergence measurements of the fundamental OPO signal beam profile,
made by scanning a 100 ym diameter photodiode through the beam at a range of dis-
tances from the OPO, allowed a beam quality parameter M? = 1.3 to be calculated. The
high spatial quality beam was attributed to a good resonant mode definition in the OPO
and adequate spatial purity of the high repetition rate Nd : YAG pump laser.

7.3 Injection Seeded Monolithic PPLN OPO

The diode pumped, high repetition rate Nd : YAG laser described in section 7.1 was fre-
quency doubled and used to pump a visible wavelength monolithic PPLN OPO, injec-
tion seeded by a semiconductor diode laser. Around the time this work was carried out,
Béder et al. reported seeding of 532 nm pumped monolithic PPLN OPOs using a fixed
wavelength 632 nm He—Ne laser [96].

In order to yield sufficient pulse energy to bring the OPO above threshold, a pulse
repetition frequency of 2.5kHz was used, unless otherwise noted. The laser radiation
was focused into a 6 mm long LiB3O5(LBO) frequency doubling crystal for single pass
second harmonic generation (SHG). The LBO crystal was cut with angles ¢ = 0° and 6 =
90° for noncritical phase matching parallel to the X tensor axis. A resistively heated oven
maintained an LBO crystal temperature of 149.9 £+ 0.1°C to provide an optical conversion

efficiency in excess of 35%. The focusing lens had a focal length of 150 mm, resulting in
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a 60 um spot size within the LBO crystal. A 250 mm focal length achromat was used to
collimate the generated 532 nm radiation, and a dichroic mirror eliminated the residual
1.064 pm laser radiation.

The spectra and temporal profiles of the pump laser and its second harmonic are illus-
trated in figures 7.7 (a) and 7.7 (b). The spectra were obtained using a 5 GHz FSR Fabry—
Pérot interferometer, while a 1 ns rise time photodiode and a 200 MHz digital storage os-
cilloscope (Tektronix TDS 350) were used to record the temporal profiles. The Nd: YAG
laser operated principally on two longitudinal cavity modes (left panel), separated by
around 600 MHz, leading to mode beating visible on the pump pulse evolution (right
panel). From the frequency separation of adjacent cavity modes, a mode beating period
of 1.7 ns was expected; the lack of detail in resolving the mode beating structure on the
pulse was attributed to an insufficient frequency response of the detection system, but os-
cillations faster than those visible were not expected. The temporal ripples from the laser
pulse were also evident in the second harmonic and OPO pulse profiles. Frequency mix-
ing cross terms between the laser cavity modes resulted in the second harmonic spectral
mode structure and temporal profile shown in figure 7.7 (b). The second harmonic pulse
duration was shortened to 22 ns from the fundamental laser pulse duration of 25ns.

A 500 mm focal length achromat was used to focus the 532nm pump radiation into
the PPLN crystal previously described in section 6.1 to generate signal wavelengths be-
tween 620 and 640 nm. The crystal was held at around 77°C in a resistively heated tem-
perature controlled oven. This temperature was chosen such that the free running OPO
spectrum encompassed the wavelength of the semiconductor diode seed source, as de-
scribed below. The crystal end faces were antireflection coated over 532-670 nm and 1.2-
1.3 um; it was found that the residual ~14% Fresnel reflections at the idler wavelength
(3.15-3.77 pm) provided sufficient feedback for the crystal to operate as a monolithic os-
cillator above intensities of 35 MW /cm?.

A number of commercial 5mW AlGalnP multi-quantum well semiconductor laser
diodes (Hitachi HL6312G), emitting around 637nm, were tested as potential seed
sources. Several of the diodes could be current tuned across almost 50 GHz in a sin-
gle mode, with the optical bandwidth measured to be below the 250 MHz instrument
resolution of the highest resolution interferometer available. Typically, the diodes emit-
ted in excess of 8 mW at the maximum rated current, but were operated at lower currents
within the single mode tuning range.

The performance of the diodes was examined by observing the transmission through
a 5 GHz Fabry-Pérot interferometer while the diode current was scanned. Result ob-

tained using one of the diodes, which was characterised by a threshold current of 45 mA
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Figure 7.7: Spectral (left) and temporal (right) performance of a 532 nm pumped, injection seeded
monolithic PPLN OPO and its pump source. The spectral profiles were taken from the fringe pat-
terns produced by a 5 GHz FSR Fabry-Pérot interferometer. (a) Fundamental 1.064 pm Nd : YAG
laser; (b) second harmonic at 532nm; (c) cw laser diode seed source at 637 nm; (d) unseeded
monolithic OPO; (e) seeded OPO.
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Figure 7.8: Spectral performance of a tuneable semiconductor diode laser, used as a seed source,
emitting around 637 nm. (a) Relative absorption spectrum in a 30 cm long I, cell. (b) Transmission
through a 5 GHz FSR Fabry-Pérot interferometer, used to calibrate the scan.

and a maximum current rating of 85mA, are presented in figure 7.8. The regular spac-
ing between 62mA and 71 mA indicated a continuous single mode scan, as mode hops,
visible for currents below 62 mA, were manifested by discontinuities in the transmission
spectrum and intensity. The increase in the interferometer transmission peak heights re-
sulted from the current dependence of the laser diode power. From the data, a frequency
tuning rate with diode current of 5.7 GHz/A was calculated. A temperature tuning rate
of 0.2nm/°C was specified by the manufacturer’s data sheet, but the diodes were oper-
ated at room temperature without active temperature control.

The spectroscopic performance of the diodes was tested by measuring absorption
spectra of I, which has been previously used to establish tuned OPO spectral character-
istics [219]. Figure 7.8 (a) shows a scan obtained by passing the diode beam through a
30 cm in-house built gas cell that contained an unspecified amount of I, vapour. An ap-
proximately normalised spectrum was obtained by subtracting the linear slope of output
intensity with diode current from the scanned spectrum. The strength of the absorption
peaks was of the order of 15% but could have been increased if a higher gas concentration,
or a multiple pass cell configuration, had been adopted. Absolute frequency calibration
of the diodes using the absorption spectrum was not attempted.

The emission spectrum from a diode at constant current is shown in figure 7.7 (c) on
page 126. The power from the diodes was constant except for small long term tempera-
ture and power supply drifts. To protect the laser diodes from interference and destruc-
tion by back reflections from the OPO, the seed was passed through a tuneable optical
isolator (Isowave Inc, I-80-T4M) and a fused silica prism.
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The free running OPO operated with a spectral bandwidth of 45 GHz, with consid-
erable shot to shot variation. A spectral measurement using a 5 GHz FSR Fabry-Pérot
interferometer is shown in figure 7.7 (d), in which no structure is discernible because of
overlapping analysing interferometer orders. When pumped around 1.5 times thresh-
old, the OPO generated signal pulses of approximately 2 ns duration, with an oscillatory
structure attributable to the mode beating structure on the Nd : YAG laser pulse.

Seeding of the OPO was achieved by spatially combining the 637 nm seed and 532 nm
OPO pump radiation using a dielectric coated 45° beam steering mirror for 532 nm. Injec-
tion seeding reduced the signal optical bandwidth to 5-6 peaks, with a combined optical
bandwidth of 1.8 GHz, as shown in figure 7.7 (e). This multiple mode structure was
consistent with that expected for a multimode pumped OPO seeded at the non-resonant
wavelength; each peak was due to the seed radiation interacting with a spectral peak of
the pump radiation. Seeding resulted in a reduction of the 1/e? pulse build-up time from
7.7 ns to 3.8 ns with respect to the pump pulse.

Frequency tuning the seed wavelength, by adjusting the laser diode current, resulted
in seeding on adjacent groups of modes similar to those shown in figure 7.7 (e). The
groups were separated by ~3.3 GHz, in close agreement with the 3.6 GHz spacing ex-
pected for longitudinal modes of the monolithic resonator at the idler wavelength. The
minimum seed power necessary for successful optical bandwidth control was deduced
by reducing the seed power at the OPO using neutral density filters until seeding became
unsuccessful. Seed powers as low as 0.2 uW were found to result in successful seeding.

The monolithic OPO was operated at repetition rates between 1 and 5 kHz. At higher
pulse repetition frequencies, the reduced pump pulse energy was insufficient to over-
come the OPO threshold. Above 2.5kHz, average pump powers in excess of 750 mW
inside the OPO crystal resulted in visible photorefractive damage in the form of strong
pump scattering and significantly degraded OPO performance. These photorefractive
effects could be eliminated by heating the crystal above 100°C, but this shifted the OPO
gain beyond the wavelength range of the seed laser diodes. Chopping the pump beam
using a 50-50 duty cycle optical chopper to reduce the average power was also effective
in eliminating photorefraction up to the highest repetition rate used.

At a pulse repetition rate of 1 kHz, pump pulse energies of up to 330 1] were available.
During early experiments, the crystal face at the A = 10.3 um track useable for injection
seeding at 637 nm experienced partial damage, resulting in degraded output energies
on this track. Nonetheless, figure 7.9 (a) illustrates the performance improvement ob-
served with injection seeding. Injection seeding reduced the oscillation threshold from

150 mW to 120 mW. At the same time, the maximum signal output power increased from
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Figure 7.9: Output power of a high repetition rate 532 nm pumped monolithic PPLN OPO, as a
function of pump power. (a) Free running broadband (diamonds) and injection seeded narrow-
band (squares) performance at 637 nm, on partially damaged track. (b) Signal (squares) and idler
(diamonds) output power at 624 nm and 3.6 pm on an undamaged crystal track. The OPO was
operating at a pulse repetition frequency of 1 kHz.

9mW to 12mW at the peak pump power of 308 mW. This represented a small increase
in slope efficiency from 5.6% to 6.3%. Unseeded operation of an adjacent track, operat-
ing at a signal wavelength of 624 nm under otherwise identical conditions, demonstrated
similar thresholds, but generated peak signal and idler powers of 41 mW and 4.8 mW,
respectively, at a pump power of 330 mW, as shown in figure 7.9 (b). These values corre-
spond to a signal slope efficiency of 19.5%. Assuming a similar relative performance on
an undamaged track where seeding would be possible, signal and idler output powers
of 50mW and 7mW were expected without further modifications to the experimental

apparatus.

10 Hz Results

The multiple mode spectrum of the fundamental 1.064 ym Nd : YAG spectrum precluded
seeded OPO optical bandwidths below 1.8 GHz. In order to demonstrate single longitu-
dinal mode operation of the OPO, the second harmonic of the injection seeded Contin-
uum PL7000 laser was used. This laser delivered 14ns pump pulses with bandwidths
below the measurement limit of the highest resolution Fabry—-Pérot interferometer avail-
able, and operated at 10 Hz pulse repetition frequency. The pump beam was focused
using a 500 mm focal length achromat and the monolithic OPO crystal placed 40 mm be-
yond the waist to ensure the pump filled the available crystal volume and matched the
pump conditions of the high repetition rate OPO. A half wave plate and polariser com-
bination allowed smooth variable control of the pump pulse energy at the OPO up to

Idler Power (mW)



130 Chapter 7. High Repetition Rate Lasers and OPOs

Signal (Arb. Units)
Signal (Arb. Units)

-100 -50 0 50 100
Relative Frequency (GH2) Relative Frequency (GH2)
(@) (b)

Figure 7.10: Signal spectra of a 532nm pumped, injection seeded, 10 Hz monolithic PPLN OPO.
(a) Line profile through the fringe pattern produced by a 100 GHz FSR Fabry-Pérot interferometer
for the unseeded OPO. (b) Fringe pattern produced by a 5 GHz interferometer for the seeded
monolithic OPO. The dashed line indicates seeding on an adjacent cavity mode.

1m].

Seeding was again effective, as shown in figure 7.10. The optical bandwidth of the
free-running OPO was measured to be 45 GHz using a Fabry—Pérot interferometer with
a 100 GHz FSR. The free running monolithic OPO spectra were similar for the high rep-
etition rate multimode and single mode 10 Hz pump lasers. Figure 7.10 (b) shows the
output of the seeded OPO, measured with a 5 GHz interferometer, where the measured
bandwidth of 250 MHz was limited by the resolution of the interferometer. Tuning of
the seed laser frequency resulted in seeding on adjacent monolithic OPO cavity modes,
shown as a dashed line in figure 7.10 (b). The adjacent seeding modes were separated by
3.5GHz, in good agreement with the predicted 3.6 GHz separation of longitudinal modes
of the idler resonant monolithic OPO cavity. Simultaneous seeding on two adjacent cav-
ity modes was implemented using two seed laser diodes operating on closely matched
emission wavelengths. The seed beams were spatially combined using a 50% reflective
silver mirror and co-propagated with the pump beam to seed the monolithic OPO crys-
tal. Independent adjustment of the two diode currents was used to simultaneously tune
the seed sources to cavity modes.

It was hoped that the dual wavelength seeding would permit a differential absorption
spectroscopy measurement to be carried out in I, using the single mode seeded mono-
lithic OPO. However, even when the diode was current tuned to an I, absorption and
the OPO crystal temperature tuned such that seeding was successful, no absorption of
the OPO radiation within the I, cell could be detected. The crystal damage, mentioned
above, hindered further attempts at absorption spectroscopy using this OPO.
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Figure 7.11: Output pulse energy performance of a 532nm pumped, injection seeded, 10 Hz
monolithic PPLN OPO, as a function of pump power. (a) Free running broadband (diamonds)
and injection seeded single longitudinal mode (squares) performance at 637 nm, on partially dam-
aged track. (b) Signal (squares) and idler (diamonds) output energy at 624nm and 3.6 ym on an
undamaged crystal track.

The efficiency for seeding on a single mode using the damaged crystal track is shown
in figure 7.11 (a). The 100 pJ threshold measured for this configuration was not appre-
ciably affected by seeding, but the maximum signal output pulse energy on the partially
damaged track was increased from 33 pJ to 35 ], at a pump pulse energy of 570 ;1]. The
1/€? pulse build-up time was reduced by ~2ns. On an adjacent undamaged track, at
a signal wavelength of 624 nm, maximum unseeded signal and idler pulse energies of
310 1] and 61 ] were measured at the maximum pump pulse energy of 1m], as shown
in figure 7.11 (b). The thresholds were similar to those measured on the damaged track.

7.4 Conclusion

A high repetition rate diode pumped Nd : YAG laser was constructed, and its applicabil-
ity to pumping narrow optical bandwidth OPOs was demonstrated. Under cw operation,
the laser generated up to 10.7 W output power. In Q-switched mode, the implementation
of a prelase technique, by tilting the Q-switch, and an intracavity étalon narrowed the op-
tical bandwidth of the laser from ~25GHz to two cavity modes separated by 600 MHz,
with a reduction in output pulse energy of around 10%. At a repetition rate of 5 kHz, the
narrowband 1.064 um pulse energy was 550 ..

As discussed in chapter 2, the laser material Nd : YLF was known to be less suscepti-
ble to thermal lensing, and was potentially a more appropriate gain material in the con-
figurations reported here. A small number of 1% at. doped Nd: YLF crystals were tested
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in the laser cavity configuration shown in figure 7.1 on page 118. Laser outputs of up
to 8.1W and 6.5W, for the m and o polarisations at respectively 1.047 um and 1.053 pm,
were measured under cw operation. The beam spatial profiles were qualitatively supe-
rior to those of the corresponding Nd : YAG laser. Despite these improvements, a viable
pump source could not be built using Nd: YLF, as the laser rods suffered catastrophic
thermal fracture under largely varying operating conditions. It was anticipated that a
modified laser configuration, and careful attention to the thermal loading and heat ex-
traction in the laser rod, could reduce the risk of fracture and permit the prelase Q-switch
technique to be applied to Nd : YLF.

The Nd : YAG laser was used to drive 1.064 um and 532 nm pumped PPLN OPOs. The
1.064 pum pumped OPO signal optical bandwidth was reduced to a single longitudinal
mode by incorporation of an intracavity étalon, except at the longest 1.726 ym signal
wavelength where the gain bandwidth diverged as the OPO approached degeneracy. The
OPO generated around 0.5 W single mode signal output at repetition rates between 5 kHz
and 20 kHz, with slope efficiencies of around 27%. The relative performance between free
running and étalon narrowed OPOs was similar to that observed in chapter 5 for 10 Hz
pumped PPLN OPOs.

Frequency doubling of the Nd:YAG laser allowed a 532nm pumped monolithic
PPLN OPO to be demonstrated. Injection seeding was successfully demonstrated at
the non-resonant signal wavelength using semiconductor diode lasers. The diodes were
tuned by current over 50 GHz in a single mode, verified by transmission spectra of a
Fabry—-Pérot interferometer, and simultaneous seeding on adjacent monolithic OPO cav-
ity modes was accomplished. The multiple spectral mode nature of the pump resulted in
a seeded OPO optical bandwidth of 18 GHz, reduced from the free running optical band-
width of 45GHz. At 1kHz repetition rate, the free running monolithic OPO generated
around 41 mW signal and 5mW idler for 330 mW pump. The use of an injection seeded
10 Hz pump source enabled single mode seeded output to be demonstrated, with a 1 mJ
pump generating signal (idler) pulse energies of 310 pJ (62 p]).



Chapter 8

Continuous-Wave Intracavity OPOs

The intensities required for efficient nonlinear optical conversion, including in optical
parametric oscillators (OPO), are often not as readily available in continuous-wave (cw)
systems as they are under pulsed illumination, such as reported in earlier chapters. To
reduce the threshold, cavities resonating two or three of the nonlinear optical interaction
tields may be constructed, but the multiple resonator mode constraints can result in fluc-
tuating amplitude and spectral output due to mechanical disturbances in these pump
enhanced, doubly resonant, and triply resonant cavities. Placing the OPO within the cav-
ity of the drive laser gives access to the high resonating fields, so that intracavity, singly
resonant OPOs (ICSROs) may be constructed. Using a beam splitter to separate the reso-
nant cavities gives more control over the design parameters of the laser and OPO cavities.
A schematic diagram for a generic ICSRO, as implemented in this chapter, is shown in
figure 8.1. The laser head and OPO construction considerations are thereby correlated

and optimisation of operating parameters such as focusing and output coupling, at the

BS
oy 7~
Laser Rod NLO Crystal

R, Re

Ry

Figure 8.1: Schematic for an intracavity OPO. The laser resonant cavity (black arrow) was formed
by laser high reflector R; and the common mirror R¢, while the signal radiation (grey arrow)
resonated between mirrors Rg and Rc. The beam splitter BS was used to discriminate between
the wavelengths. In this configuration, the laser rod was end-pumped through the laser high
reflector.
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laser or resonated OPO wavelength, becomes more difficult to implement. This chapter
presents results from an optimisation, in particular, to reduce the influence of thermal
lensing in the laser rod and nonlinear optical crystal on the resonated modes. Characteri-
sation of the diode pumped Nd : YVO, laser head is presented in 8.1, including a number
of investigations to determine the strength of the thermal lens. The performance results
of cavity designs tested for a PPRTA ICSRO are given in section 8.2. The work presented
in this chapter was carried out at the School of Physics and Astronomy, University of St

Andrews (St Andrews, Scotland), under the supervision of Prof. Malcolm Dunn.

8.1 Nd:YVO, Laser

The performance of previously implemented PPLN and PPRTA ICSRO cavities had been
found to be limited by thermal lensing causing dynamic instabilities. It was assumed that
the principal contributions to the thermal lensing were due to the short pump absorption
depth in Nd: YVO, and the thermal characteristics of PPLN [155]. The thermal lensing
behaviour of the laser head was investigated without the ICSRO crystal to isolate the
effects caused by laser and nonlinear optical elements. The existing laser head mechanical

design was retained.

8.1.1 Laser Construction

The gain material used was a 0.5% at. Nd: YVOy rod (CASIX Inc, China), of dimensions
3 x 3 x 10mm. Due to the short pump ~2mm absorption depth in Nd : YVOy, virtually
all of the pump radiation was absorbed within the rod. The rod was housed in a water-
cooled brass mount, with indium foil to assist heat transfer between laser rod and mount.
The rod end faces were antireflection coated at both the 808 nm pump and 1.064 ;¢m laser
wavelengths. Micrometer controlled translation of the rod mount allowed for fine ad-
justments of the laser rod position within the laser cavity.

The laser rod was pumped by a 20 W fibre coupled diode laser array (SDL, Inc), oper-
ating at 808 nm, coupled in through the laser high reflector R as shown in figure 8.1. The
output from the delivery fibre was collimated and focused using single layer MgF, an-
tireflection coated aspheric collimating (Melles Griot 01 LAG 005/067, f = 18.0 mm) and
focusing (Melles Griot 01 LAG 001/067, f = 12.0mm) lenses. The lens positions were
adjusted to focus the diode pump radiation to a waist of 220 um at the entrance face of
the Nd : YVOyq rod.

The pump diode was characterised by a threshold current of 10.5 A and a maximum
output power of 17.1W at 30 A drive current. A coupling efficiency of 95% was as-
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Table 8.1: Nd : YVOy laser performance as a function of output coupler reflectivity. The maximum
pump power was 16.2W.

Output Coupler  Threshold  Output Slope Intracavity

Reflectivity Pump Power Power Efficiency Power
(%) W) (W) (%) (W)
99 0.13 3.30 20.5 330
98 0.14 5.93 36.9 295
95 0.27 6.25 39.2 120
90 0.55 7.97 50.9 76
85 0.60 7.92 50.8 49
78 1.03 7.80 51.4 31
32 3.04 4.90 37.2 4.3

sumed through the collimating, focusing, and laser high reflector optics, yielding up to
16.2W incident on the Nd : YVOy rod. The diode array was mounted on a water cooled
block, with the temperature regulated recirculating water used to simultaneously tune
the diode wavelength and remove excess heat from both the diode array and the laser
rod mount. The diode laser wavelength tuned at 0.3nm/°C with an optical bandwidth
of around 4 nm (full width to 1/e? level). Due to the wide pump absorption bandwidth
of Nd : YVOy, no variation in laser performance was observed when the coolant tempera-
ture was varied between 10°C and 30°C. For the remaining experiments, the temperature

was set arbitrarily to 16.5°C, resulting in the diode radiation being centred at 807.5 nm.

The laser performance was measured in a near hemispherical resonator, comprising
a plane high reflector and a 200 mm concave output coupler. The cavity length was cho-
sen to be 165 mm. The cavity was constructed using a number of output coupling optics
with reflectivities between 32% and 99%, and the threshold and output power at maxi-
mum pump power were measured in each configuration. The laser performance is sum-
marised in table 8.1. The highest laser output power of 7.97 W was obtained using the
90% reflective output coupler, with a threshold of 0.55W (slope efficiency 51%). Almost
identical performance was measured with the 85% reflective optic. Of relevance to IC-
SROs is the intracavity power available for nonlinear optical conversion, and a maximum
intracavity field of up to 328 W was obtained using the 99% reflective output coupler.

The data of table 8.1 were used to evaluate the laser performance and compare it
to the theory derived in chapter 2. In the low-loss L < 1 approximation, the threshold
power P, g, in equation (2.10) may be expressed as P, g, o (L —InR), where R is the
reflectivity of the output coupler. Figure 8.2 (a) shows the measured thresholds in such
a Findlay—Clay analysis. Treating the cavity round trip loss coefficient L and the pump

mode radius w), as variable parameters, a least squares line of best fit was calculated for
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Figure 8.2: Nd : YVO, laser performance compared to theoretical developments of section 2.1. (a)
Findlay—Clay analysis, equation (2.10), of threshold power P, u,, against —In R. (b) Output power
as a function of output coupler reflectivity, with a fit from equation (2.11).

the data. The best fit through the complete data set yielded cavity losses L = 7.6% and a
pump waist w, = 320 um. The fit line shown in figure 8.2 (a) was obtained by excluding
the data point from the 32% reflective output coupler from the fit, which yielded L =
2.2% and w, = 380 um. Figure 8.2 (b) shows the output power as a function of output
coupler reflectivity R, with a fitted line from equation (2.11). The fitted parameters were
L =1.5%, w), = 380 um, and small-signal gain 7o = 1.4 x 10° m~! within a gain length of
lc = 0.9 mm. Using equation (2.2), this gain corresponded to around 10 W pump. These
considerations indicated that some improvement in the pump laser would be possible,
such as pump and laser mode volume matching, but a more detailed study was not
undertaken.

8.1.2 Thermal Lensing

Significant thermal lensing effects had been observed to limit the power scalability in ear-
lier ICSRO experiments performed using this laser head. An investigation was therefore
undertaken to ascertain the extent of thermal lensing within the laser rod, using a number
of different strategies. These are described below, and included resonated mode spot size
deductions, direct measurements using probe beams, and stability limits on resonator
modes. The results were quantitatively somewhat inconsistent, but it was concluded
that the thermal lens was aberrated, with the focal length no shorter than fg,, ~ 200 mm
and influenced more strongly by the pump power than the intracavity circulating field.
The expected thermal lens was also estimated using equation (2.19). It was assumed that

P, = 2W power was absorbed within 3 mm of the laser rod, which, together with the
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Figure 8.3: (a) Laser cavity mode for Nd:YVO, laser, without (solid line) and with (dashed)
thermal lens fr;,, and propagation to measurement plane. (Not to scale.) (b) Modelled spot size
at measurement plane, as a function of thermal lens focal length. The spot size with no thermal
lensing was 1.03 mm (dotted line), and the cavity was unstable for f;, < 160 mm. The shaded
region marks stable thermal lens focal lengths and beam spot sizes.

material parameters tabulated in table 2.1 on page 23, predicted a thermal lens of focal
length fr;, = 150 mm. However, the uniform pump absorption approximation made in
deriving equation (2.19) was likely to lead to somewhat inaccurate predictions, due to
the short pump absorption depth and the low thermal conductivity leading to a spatially

varying thermal load.

Spot Size Considerations

The ABCD matrix formalism, described in section 2.3, was used to model the resonated
mode of the laser cavity and its propagation beyond the output coupler, and the results
compared to experimental values of output beam spot sizes measured using a CCD cam-
era. Correlation between measured and modelled spot sizes was expected to yield a
method for determining the effective thermal lens focal length under different operating
conditions. This technique has previously been used to measure the thermal lensing of
Nd: YAG and Nd: YLF under lasing conditions [31, 192].

The resonated mode, and its propagation through the concave output coupler (radius
of curvature Roc = 200 mm, refractive index n = 1.43, thickness d = 6 mm) and 215 mm
free space to a measurement plane, was modelled as shown in figure 8.3 (a), which is not
drawn to scale. A 10mm long rod of refractive index n = 2.0 was included at the plane
high reflector R;. The solid line in figure 8.3 (a) indicates the resonant mode size in the
absence of thermal lensing. A variable thermal lens fr, was then included within the

laser rod; the dashed line illustrates the effect of the lens on the resonated mode. The
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Figure 8.4: Nd:YVO, laser spot sizes measured using a CCD camera, as a function of (a) pump
diode power and (b) intracavity laser power, for a range of different output couplers. The shaded
regions indicate the range of spot sizes predicted by the thermal lens cavity modelling as in figure
8.3.

spot sizes were not sensitive to the exact position of the lens.

The modelled spot size at the observation plane is shown in figure 8.3 (b) as a function
of the thermal lens focal length. The spot size in the absence of thermal lensing was pre-
dicted to be 1.03 mm; this decreased to 0.62 mm at fr;, = 168 mm, and for fy,, < 160 mm,
the cavity was predicted to be unstable.

The Nd : YVOy laser cavity was constructed using six different output couplers, with
reflectivities between 99% and 78%. For each optic, the laser spot size was measured us-
ing a CCD camera (Pulnix TM-520, with Photon Inc, BeamPro frame capturing software)
placed 215 mm from the output coupler of the resonator, and the laser output power was
recorded, from which the intracavity power was deduced. Figure 8.4 shows the measured
spot sizes as a function of pump diode power and as a function of intracavity power. The
close agreement between the lines corresponding to different output coupler reflectivities
in figure 8.4 (a) indicated that the pump radiation was a more significant influence on the
thermal lensing than the intracavity power, especially above 10W pump power. This
was attributed to the high thermal loading in the 220 um pump spot size and the short
pump absorption depth of Nd: YVOy, and indicated that even at the highest intracavity
powers, absorption at the laser wavelength was negligible.

Just above threshold, the measured beam spot sizes matched the predicted value of
1 mm in the absence of thermal lensing, but the data at moderate pump powers were not
consistent with the modelling of figure 8.3 for any focal length thermal lens. At pump
powers above 12 W, the measured spot sizes decrease consistently from 1.01 & 0.04 mm
at 12W to 0.65 £ 0.02mm at 16 W for all output couplers. From figure 8.3, this would
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indicate that a thermal lens of focal length fr;, ~ 180 mm was generated at the highest
pump power used.

The experiment was repeated with an intracavity lens of focal length 88 mm, placed
60 mm from the high reflector. This additional optic effectively increased the system sen-
sitivity under short focal length thermal lensing conditions, reduced the resonated mode
spot size within the Nd : YVOy rod, and rendered the cavity stable even with thermal lens
focal lengths as short as 50 mm. The experimental results indicated similar trends of the
variation in spot size being principally determined by the diode pump power, but again
the measured spot sizes could not be satisfactorily reconciled with cavity modelling.

Beam Quality Correction

One possible reason for the discrepancy between the modelled and measured spot sizes
was that the laser may have resonated on a higher order spatial mode, whereas the mod-
elling assumed the TEM, fundamental transverse mode. The ratio between measured
and modelled spot sizes would be given, to a first approximation, by the M? beam qual-
ity parameter. To investigate this effect, the M? beam quality of the laser output was
determined by measuring the laser spot sizes about a focus formed by a 400 mm focal
length lens placed 340 mm beyond the output coupler of the laser. The spot sizes w(z)
were fitted to the Gaussian beam propagation formula given in table 2.2, treating M? as
a fitting parameter.

The laser was found to operate with M? ~ 1 at pump powers below 5W, with an
increase to M? ~ 2.5 near the highest pump powers used, with the beam spatial mode
remaining qualitatively smooth and circular. Similar measurements were obtained using
the 95% and 90% reflective output couplers, from which it was concluded that the intra-
cavity power was again less influential than the pump power, allowing the M? values
to be applied to the spot size data of all output couplers. However, even after account-
ing for the beam quality, the measured spot sizes could not be satisfactorily reconciled
with the modelling, and this lack of agreement between measured and predicted spot
sizes prevented a thermal lens focal length being determined by this method. The most
likely conclusion was that the thermal lens within the Nd: YVO, rod was aspherical and
potentially aberrated.

Stability Considerations

The rapid qualitative deterioration of the mode associated with an almost unstable cavity,
visible in figure 8.3 (b) as a diverging spot size when fr;, < 162, motivated an attempt to
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Figure 8.5: Nd:YVO; laser resonator stability regions (shaded), for different thermal lens focal
lengths fr, and cavity lengths I;. The dotted line indicates the stability region shaded in figure
8.3 (b) for frn > 162 mm at a cavity length /;, = 165 mm. The solid arrow indicates the progression
also marked in figure 8.6 for an arbitrary cavity length of I; = 250 mm.

use such stability considerations to find bounding limits for the thermal lens. A similar
procedure was used by Sennaroglu [41], where, by translating a lens within a plane-
plane cavity and observing the pump power at which the cavity became unstable with
different lens positions, the thermal lens could be deduced. In another experiment, the
same author established the fractional heat loading by the pump to be 40% in a 3% at.
doped Nd : YVOq laser [39] using such a technique.

The laser resonator was modelled to find stable laser cavity configurations for differ-
ent resonator lengths /; and thermal lens focal lengths f1y,, shown as shaded regions in
tigure 8.5. The specific case illustrated in figure 8.3 (b) is marked as a dotted line. For cav-
ity lengths shorter than the radius of curvature of the output coupler, I} < Roc, the cavity
modelling predicted that, to a good approximation, the cavity remained stable provided
the spherical focal length of the thermal lens exceeded the cavity length, fr, > I;. For
cavity lengths longer than Rpc, a thermal lens satisfying (I, — Roc) < fm, < I1. is required
to maintain cavity stability.

The laser cavity was constructed with a number of different lengths I/} between
100mm and 350 mm, using 90% and 99% reflective output couplers. Cavity lengths
longer than 319 mm for the 90%, and 338 mm for the 99% reflective output coupler, did
not lase at all. For each cavity length, the beam was monitored using a CCD camera, and
the diode pump power and laser output power at the extremes of stable operation were
recorded. The results for the 90% reflective output coupler are shown in figure 8.6.

The performance was divided into three regions by cavity length. Short cavities
with I} < 195 mm were found to be stable at all pump and laser powers used, in agree-
ment with the spot size measurements performed at 165 mm described in the previ-
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Figure 8.6: Nd:YVOy laser cavity stability and performance with cavity length, using a 90% re-
flective output coupler. Squares illustrate (a) the pump diode power and (b) the laser output
power bounding the regions of stable operation (shaded). Circles, pump power required to reach
laser threshold. The arrows indicate the progression also marked in figure 8.5 for an arbitrary cav-
ity length of I} = 250 mm. The focal length of the thermal lens decreased with increasing pump
and laser power, and the star denotes where the cavity became stable.

ous section. From figure 8.5, it was concluded that the thermal lens focal length un-
der these conditions was fr, > 200mm. For a narrow range of cavity lengths between
195 < I < 206 mm, the Nd:YVO; laser did not operate at all. This was attributed to
the nearly confocal cavity configuration, for which modelling also predicted that no sta-
ble mode exists. Stable modes again existed for cavity lengths in excess of 206 mm. In
agreement with figure 8.5, these cavity lengths were unstable near threshold, and pump
powers above ~13 W and laser powers above 2 W were necessary to yield a stable mode.
The solid arrows in figures 8.5 and 8.6, at an arbitrary cavity length of I} = 250 mm, in-
dicate the progression from the laser being unpumped, to reaching threshold with an
unstable mode, to the cavity becoming stable as the thermal lens focal length became
short enough. The star denotes the transition to a stable cavity, which corresponded to
a thermal lens of fry, = [} = 250 mm, occurring at 13 W diode power. Comparing figures
8.5 and 8.6, it should be concluded that the lens was dependent on the cavity length I}
due to the relation f1,, > (I — Roc); such a behaviour was thought unlikely.

The high laser oscillation threshold evident in figure 8.6 (a) for I} > 200 mm resulted
in changed operating conditions, since the extracted power was reduced as compared to
short cavities. Thermal lensing measurements published in the literature are typically
different under lasing and non-lasing conditions. This effect, and the separate contribu-

tions from the pump power and intracavity resonated field, could not be separated in
this analysis.
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Probe Laser

A method commonly used to determine the thermal lensing in a laser rod is to observe
the lens effect on a probe laser of a different wavelength passed through the rod and
cavity. From the changes in probe beam spot size, an effective thermal lens can be de-
duced [192, 197, 298, 299]. Since the measurement technique is passive, the lensing can
be measured under different operating conditions, including nonlasing conditions rele-
vant to the pulse build-up period in Q-switched systems. Interference between the front
and back faces of the laser rod have been used to determine aberrations in Nd : YAG with
He-Ne probe lasers [29, 299]. The aberrations were observed to lead to Bessel-like and
annular output beams, with the effects being stronger in Nd: YVO, than in Nd : YAG. In
reference [191], data from a Twyman—Green interferometer were used to analyse the opti-
cal phase front distortions of end pumped Nd : YAG and Nd : YLF rods. The investigation
presented in this section was not intended to yield phase information.

The laser rod was probed under both lasing and nonlasing conditions using a He-Ne
probe laser and under nonlasing conditions using Nd: YAG, and Nd: YLF probe lasers.
Recording images using a He—Ne laser was complicated by the presence of multiple in-
terference fringes from reflections of other cavity optics. The coincidence of the Nd : YAG
probe with the laser wavelength precluded this laser from being used for experiments
under lasing conditions, and under nonlasing conditions the laser rod was observed to

act as an amplifier for the probe beam.

Images obtained by double passing a 40 mW Nd: YLF probe laser (Spectra Physics
Inc), polarised parallel to the Nd : YVOy laser radiation, through the laser rod under non-
lasing conditions are shown in figure 8.7. The 1.047 um Nd: YLF probe wavelength was
close to the reflection peak of the high reflector R; coating, but sufficiently distinct from
the 1.064 um laser wavelength to prevent amplification in the rod. With no pumping, the
~0.5mm 1/e? radius probe beam traversed the laser rod without aberration. At around
8 W pump power, the probe beam was focused to a smaller spot. Increased pump power
led to the formation of concentric rings about the central probe spot, as illustrated in fig-
ure 8.7 (c) and (d). From the measurements of probe beam spot sizes, a thermal lens focal
length of fr, ~ 250 mm was deduced for pump powers above 12 W, based on the size of
the central spot. The origin of the concentric rings at higher powers was not investigated
further, but was assumed to be related to higher order aberrations such as those reported
by Jabczynisky [29].
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Figure 8.7: Nd:YVO; laser thermal aberrations, recorded using an Nd: YLF probe laser, under
nonlasing conditions. (a) Nd: YVO, rod unpumped; (b) 7.8 W pump; (c) 12.8 W pump; and (d) at
16 W diode pump power.

Thermal Lensing Conclusions

The thermal lens measurements gave some insight into the Nd : YVO, rod characteristics
under different operating conditions. Inasmuch as the experimental results were con-
sistent, it was concluded that the focal length of the thermal lens within the rod was
fth ~ 200mm at the highest pump powers used, principally determined by the pump
diode power, and that aspheric aberrations seemed to play a significant role in determin-
ing the laser cavity resonant mode. This limit on the spherical part of the thermal lens
was sufficient to allow ICSRO cavities to be designed such that the resonated mode was

insensitive to thermal lensing in the laser rod.

8.2 Intracavity OPO

The periodically poled RbTiOAsO, (PPRTA) crystal used in the ICSRO cavities was sup-
plied by Crystal Associates, cut at # = 90° and ¢ = 0° and poled with period A = 39.6 um,
suitable for A\3 = 1.064 um pumped OPO generating signal and idler wavelengths of
A2 = 1.53 pm and Ay = 3.50 um respectively, at room temperature. The crystal had di-
mensions 20 x 10 x 3mm (length x breadth x thickness). Some relevant material prop-

erties of RTA are given in section 3.4.3. Temperature tuning using this crystal had been
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published previously [155, 156] and was not repeated here. The signal resonant ICSROs
were constructed using the Nd:YVOy laser head described in the previous section, in

different cavity configurations, shown in figure 8.8.

8.2.1 Single Lens Cavity

The cavity configuration shown in figure 8.8 (a) had been previously demonstrated [155]
and served as a benchmark performance cavity. Dichroic beam splitters BS, coated for 10°
angle of incidence with high reflectivity at 1.504 ym and antireflection coated at 1.047 yum,
were used to separate the laser and signal resonant cavities. Two beam splitters were
used in series in the signal cavity to obtain adequate extinction of the residual laser re-
flections and prevent coupled cavity effects.

The near concentric signal cavity was formed between the signal high reflector Rg
and common mirror R¢, both concave with Rg¢ = R = 200 mm radius of curvature, and
separated by a cavity length dg = 399 mm. The signal mode waist size w; is illustrated
in figure 8.9 as a function of signal cavity length dg, the only variable parameter in this
case. The cavity length was extended until the spot size within the PPRTA crystal was
sufficiently small, on the order of 50 m, for the OPO threshold to be reached. As can be
seen from figure 8.9 (b), the resulting signal cavity is close to the edge of stability, and
adjustments of a few hundred pm were sufficient to make the OPO cavity unstable.

The laser resonator, shown in figure 8.10, was formed between a plane laser high
reflector R; and the Rc = 200 mm common mirror. In order to obtain a suitably small
waist within the nonlinear optical crystal, a lens of focal length f; = 50.2mm was in-
cluded within the laser cavity. The spot size w;, within the Nd:YVO, laser rod, and the
waist w3 within the PPRTA crystal, are shown in figure 8.10 (b) and (c), respectively, as
a function of common mirror displacement. The distance between high reflector R; and
lens f; was d; = 207 mm, and since d;, > fi, its precise value did not substantially affect
the resonated mode sizes. By contrast, the common arm length d changed the spot size
within the laser rod as well as both the laser and signal mode waists within the PPRTA
crystal. This dependence made the resonator alignment somewhat nontrivial. The suc-
cessful configuration, with d; = 207 mm and d¢ = 259 mm, resulted in a laser waist size of
w3 ~ 50 pm within the PPRTA crystal, and a spot size w; ~ 250 ypm within the Nd : YVOyu
rod.

A sample idler power efficiency curve, measured through the common mirror Rc
and therefore accounting for only half of the generated idler, is shown in figure 8.11. The

idler power was extremely sensitive to small changes in cavity configuration, especially
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Figure 8.8: Continuous-wave intracavity OPO cavities described in this chapter. (a) Single lens
cavity. The laser cavity was formed between laser high reflector Ry and common mirror R¢ with
intracavity lens f;, while the signal radiation resonated between signal high reflector Rs and Rc,
via two beam splitters BS. (b) Telescope cavity, where an additional lens f- was inserted into the
common laser and signal branch to tailor the spot size within the nonlinear optical crystal. (c)
Folded cavity with folding mirror Rr in place of fc.
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Figure 8.9: (a) Signal cavity mode with Rc = Rg = 200 mm. The resonated mode is indicated by
the solid line (dashed, 3 x magnified). (b) Signal waist size w, in the nonlinear optical crystal as

a function of signal cavity length. The configuration adopted is indicated by the circle, with a
resulting waist size of w, = 50 um.
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Figure 8.10: (a) Laser cavity with intracavity lens and R; = oo, f; = 50.2mm, and R¢ = 200 mm.
The resonated mode is indicated by the solid line (dashed, 3 x magnified). Ap, aperture. (b) Laser
spot size w; within laser rod and (c) laser waist w3 within nonlinear optical crystal for different
optic spacings. The configuration adopted is indicated by the circle, with a resulting spot in the
laser rod wy ~ 250 ;sm and waist within the nonlinear optical crystal of w3 ~ 50 ym.
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Figure 8.11: Sample idler power measured through common mirror Rc for the single lens ICSRO
cavity shown in figure 8.8 (a), with (squares) and without (diamonds) an intracavity aperture, as
a function of pump diode power.

the alignment of mirror R¢, and pump power. It was found that an improvement in
performance could be obtained by adding an aperture with a diameter of ~800 um near
the laser rod, as shown in figure 8.10. This improvement was observed for all cavity

configurations used, and subsequent results were taken with this aperture.

The highest output power obtained from the ICSRO was 478 mW at 14.4W pump
diode power, while the lowest OPO threshold observed was 3.5 W. The unpredictable
behaviour evident in figure 8.11 was always observed with this cavity and motivated the
search for improved cavity configurations. The single lens OPO configuration presented
anumber of additional undesirable characteristics, including relaxation oscillations, drift,
and hysteretic intolerance to cavity disruptions. Relaxation oscillations in ICSROs were
treated theoretically by Turnbull et al. [153], and are a common phenomenon of intracav-
ity frequency conversion systems [115, 154, 198, 300, 301]. Their suppression requires the
polarisations and spatial hole burning characteristics to be controlled.

A sample of such characteristic spiking is shown in figure 8.12 (a), where the relax-
ation oscillations were actively triggered using a 2.5kHz slotted disc optical chopper,
placed within the common branch of the cavity. The time axis was measured relative to
the opening of the chopper. In the thin line, the ICSRO was blocked from oscillating, but

the cavity left otherwise unchanged.

A number of external factors are known to exacerbate relaxation oscillations, includ-
ing optical or mechanical disturbances to the optical cavity. The use of PPLN as the
nonlinear optical material in such an ICSRO results had previously resulted in more se-
vere relaxation oscillations [155]. The single lens cavity PPRTA ICSRO was also observed

to exhibit drifts over time periods of several seconds. Figure 8.12 (b) shows the relative
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Figure 8.12: Temporal behaviour of the laser intensity for the single lens cavity ICSRO. (a) Relax-
ation oscillations, triggered by an optical chopper, visible as spikes in the intensity profile of the
laser field when the ICSRO is on (heavy line) and absent when the ICSRO is off (thin line). (b)
ICSRO spontaneously cycling on and off, over periods of seconds. a.u., Arbitrary units.

intracavity laser intensity as the OPO spontaneously switched between above threshold
and below threshold. This phenomenon was assumed to arise from cyclic changes in
thermal loading within the laser rod and PPRTA crystal. These undesirable performance
characteristics were not further investigated in this work, since each was attributed, at
least in part, to the cavity design.

8.2.2 Resonator Design

Compensation of thermal lensing by the addition of intracavity lenses has been success-
fully demonstrated by a number of authors [154, 196, 197, 298]. Telescope laser resonators
comprising two intracavity lenses have been shown to provide the necessary flexibility
of resonated mode size and compensation of thermal lensing with small adjustments of
the lens spacing, without introducing additional diffraction losses [302, 303]. The design
of such resonators has been treated analytically [302], and also by an empirical approach
based on the ABCD matrix treatment [28]. For the present case, the ABCD method was
found to be sufficient.

A two mirror signal cavity such as that illustrated in figure 8.9 may be treated ana-
lytically without difficulty. For a cavity of length L and mirror curvatures R; and R, we
may define stability parameters for each optic i = 1,2 as g; = (1 — L/R;) [46, 186, 187,
208]. The cavity will be stable provided g18> < 1 and have optimum stability with re-
spect to perturbations when g19, = 1/2. The curvature R(z) of the Gaussian mode must
match the mirror curvature at z = £L/2, from which the waist wy can be calculated.

For R; = R, = 200 mm, the condition g1¢> = 1/2 yielded an optimum cavity length of
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L = 341 mm with a waist wy = 185 um. By comparison, the requirement for wy < 50 pm
required a cavity length of L > 399 mm, as illustrated in figure 8.9, resulting in a cavity
parameter product g19> > 0.997. To simultaneously satisfy the conditions g14, = 1/2 and
wo = 50 pm would have necessitated mirrors with curvature radii of 14.6 mm and a cav-
ity length of 25 mm. Since these values were unpractical, it was concluded that a more
complex signal cavity configuration, with an additional focusing element, was necessary.

The mode size constraints were taken to be as follows. The laser mode size w; within
the laser rod should satisfy 150 < w; < 200 um to provide good mode matching between
pumped and laser volumes. A laser mode radius smaller than 100 um was to be avoided,
since such a small volume was expected to intensify the thermal lensing in the laser
rod. In the PPRTA crystal, both the laser and signal modes were to have waist sizes of
w3 ~ wy ~ 50 pm. The validity of the 50 um waist condition was verified experimentally
by constructing a cavity design with 100 um waists within the nonlinear optical crystal,
which only barely reached threshold. The spot sizes within the laser rod and nonlinear
optical crystal were modelled for different cavity optic spacings about the design points
to establish tolerances to mechanical and thermo-optical changes within the resonator.
The choice of mirrors, beam splitters, and lenses was restricted by available optics; in
particular, plane or 200 mm concave cavity end mirrors, and plane beam splitters.

Since the Nd: YVO, thermal lensing investigations discussed in section 8.1 did not
yield fully consistent measurements of the lens focal length, and any thermal lens in the
PPRTA crystal was not studied, lensing compensation was not possible. The cavities
were thus designed such that the resonated mode sizes exhibited minimal sensitivity to
thermal lensing within the laser rod and the nonlinear optical crystal. In practice, this was
achieved by placing each thermal lens at a mode waist, where its effect on the resonated
mode remained insignificant until its focal length became comparable to the focal lengths
of the optics forming the waist.

Two approaches were chosen, as shown in figure 8.8 (b) and (c) on page 145. In the
first design, an intracavity lens was added to the common branch of laser and signal

cavities; in the second, a curved folding mirror was employed to the same effect.

8.2.3 Telescope Cavity

In order to obtain the desired w, = 50 ;ym signal waist within the nonlinear optical crystal,
the common laser and signal branch was modified to include an additional lens fc. The
laser lens f; was still required to allow independent control of the laser mode within the

laser rod and nonlinear optical crystal. The signal cavity with additional lens is shown
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Figure 8.13: (a) Signal cavity with an fc = 25.4 mm intracavity lens and Rs = R¢ = 200mm. The
resonated signal mode volume is indicated by the solid line (dashed, 3x magnified). (b) Signal
waist size w, in the nonlinear optical crystal for different combinations of optic spacings. The
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in figure 8.13 (a); given end mirror curvatures Rg = Rc = 200 mm, a lens of focal length
fc = 25.4mm was found to be adequate. To find the optimum spacings ds and dc, the
waist size was calculated for a number of combinations of these, figure 8.13 (b). From
the figure, a spacing ds = 125mm was chosen, for which the cavity was stable within
the range 219 < dc < 232mm. The largest waist size, at the centre of the stability region
where dc = 225mm, was w, = 56 um. Other choices of ds lead to larger waist sizes at the
centre of the stability region.

The layout of the laser cavity was then designed to conform with the f-, R¢ and
dc parameters determined by the signal cavity, as well as the plane laser high reflector
R;. The laser cavity is illustrated in figure 8.14 (a). It was found that, of commercially
available focal lengths, a lens with f; = 88.3 mm yielded an acceptable resonating mode,
provided the distances d; and dr were suitably chosen. The resulting spot size w; at the
laser rod, close to Ry, is shown in figure 8.14 (b) for a number of combinations of d; and
dr. Figure 8.14 (c) illustrates the waist size w3 within the nonlinear optical crystal for the
same configurations. The waist w3 within the PPRTA crystal was significantly affected
only by choice of dj, whereas the mode size w; within the laser rod was influenced by
both distances. A choice of d; = 125mm and dr = 150 mm, marked in the figures by a
circle, was made for the telescope cavity. The resulting spot sizes were w;, = 165 ym and
w3 = 52 pm.

The laser cavity was constructed in the configuration shown in figure 8.14 (a), initially
without the intracavity OPO crystal, using a plano—convex singlet for f; and a bi-convex

singlet for fc. Both lenses were antireflection coated in the near-infrared region (New-
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Figure 8.14: (a) Laser cavity with two intracavity lenses f; = 88.3mm, fc =25.4mm, and R = oo,
R¢ =200mm. The resonated laser mode is indicated by the solid line (dashed, 3x magnified).
(b) Laser spot size w; within laser rod and (c) laser waist w3 within nonlinear optical crystal for
different optic spacings. The configuration adopted is indicated by the circle, with a resulting
spot in the laser rod of w; = 165 um and waist within the nonlinear optical crystal of w3 = 52 um.
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Figure 8.15: Far-field images of He—Ne probe laser passing through the PPRTA crystal. (a) Un-
pumped; (b) 16.2 W pump incident on Nd : YVO, rod, with both laser and ICSRO above threshold.

port AR.18), resulting in estimated losses of ~0.5% at the laser and ~1% at the signal
wavelength, per surface. Using a 90% reflective output coupler in place of R¢, an output
power of 6 W was obtained, in a beam with a smooth, circular spatial distribution. This
was compared to the 8 W generated from a short near hemispherical cavity described in
section 8.1, verifying that the longer cavity was stable and did not introduce substantial
additional losses. The beam splitters (BS), PPRTA crystal, and high reflector Rg were
added to complete the ICSRO system illustrated in figure 8.8 (b). The sensitivity to the
common mirror position Rc, demonstrated by the narrow curve in figure 8.13 (b) was
verified experimentally, with a ~3 mm shift in position of R¢ being sufficient to prevent
the OPO from operating.

A diode pump power threshold of 11.2 W was measured for the ICSRO. At the high-
est diode pump power of 16.2W, the OPO operated inconsistently and was sensitive to
mechanical vibrations, although an aperture near the laser rod was found to improve
its performance. The performance stability was further improved with a 50% duty cy-
cle optical chopper inserted in the laser cavity between f; and fc. As this improvement
was not observed when chopping only the signal branch, the performance instability was
attributed to laser radiation-induced thermal lensing within the PPRTA crystal. As con-
firmation of significant thermal loading within the PPRTA crystal, interference fringes
between the crystal faces were recorded using a He-Ne probe laser, with results shown
in figure 8.15 for the system unpumped and at 16.2 W pump power. A quantitative anal-
ysis was not attempted. The high ICSRO threshold and low output power was, in part,
attributed to losses from the interfaces of the intracavity lenses. This motivated replacing
the lens fc by a folding mirror R, as outlined in the following section, and the telescope
design was not pursued further.
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Figure 8.16: (a) Signal cavity with folding mirror Ry modelled as lens f} = 50 mm. The resonated
signal mode is indicated by the solid line (dashed, 3x magnified). (b) and (c) Signal waist size
wy in the nonlinear optical crystal for different combinations of optic spacings. The configuration
adopted, with w, = 50 pum, is indicated by the circle.

8.2.4 Folded Cavity

The availability of concave mirrors custom coated for high reflectivity at both the
1.064 pm laser and 1.53 um signal wavelengths provided a pathway to reduce the pas-
sive optical loss introduced by the common lens fc. The resulting folded cavity, shown
in figure 8.8 (c), was similar to bow tie cavities often employed in Ti:sapphire and simi-
lar lasers [122]. As in such cavities, the signal high reflector Rs was replaced by a plane
optic (in practice, one of the beam splitters BS), which allowed the signal waist size w;
within the nonlinear optical crystal to be finely controlled by the position of Rg. Other
design parameters, such as the requirement for a w3 ~ 50 um laser mode waist within the
nonlinear optical crystal and a w; = 200 um spot at the laser rod, remained unchanged.
In terms of ABCD cavity modelling, the folding mirror of curvature Ry was equiva-
lent to a lens of focal length f; = Rp/2, so that the effective signal cavity was as shown
in figure 8.16 (a). One of the considerations of the folding mirror cavity was the inci-
dence angle 0 of the folding mirror R, since increasing angles of incidence increased

the asymmetry of the resonated mode. In practice, the smallest angle allowed by the
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physical constraint of the resonated beams clipping the nonlinear optical crystal mount
was used, corresponding to an angle of 0 ~ 20°. The resulting small astigmatism, ex-
pected to be on the order of (1 — cos 0r) = 6%, was disregarded in the cavity modelling.

Of the available optics, a mirror with a radius of curvature of Rp = 100mm (f} =
50mm) was chosen for the folding mirror. The resonated mode waist w, within the
nonlinear optical crystal is shown in figure 8.16 (b) and (c) for different combinations of
lengths ds and dc. From the figure, it can be seen that a choice of d¢ =~ (f; + R¢) =250 mm
(within 2%) yielded an approximately collimated beam to the plane high reflector R, and
a large insensitivity to its position. Based on the modelling, spacings of d- = 255 mm and
dg ~ 300 mm were chosen, resulting in a signal mode waist of 50 um within the crystal.

For the laser cavity, the choice of intracavity lens f; was found to be somewhat arbi-
trary, and f; = 150 mm yielded the required laser cavity mode sizes. By choosing d; ~ fr,
the spot sizes w; and w; depended only weakly on the distance dr between the laser
lens and the folding mirror. The resulting laser cavity is shown in figure 8.17 (a) for
dc = 255 mm, with panels (b) and (c) showing the variations in spot sizes w; and w3, for
different optic spacings dr and d;. As mentioned above, the cavity behaviour is sensitive
to dc, and an extension to d- = 260 mm would have caused the stability curves of figures
8.17 (b) and (c) to be compressed into the range 220 < dr < 450 mm while maintaining the
same qualitative shape. Such an extension of d- would have enlarged the spot size within
the laser rod to w; ~ 250 um. Based on these considerations, a spacing of dr = 400 mm,
suitably near the centre of the stability regions for any 255 < d- < 260 mm, was chosen.
The combination of d; = 150 mm, d7 = 400 mm, and dc- = 255mm yielded a spot size
within the laser rod of w; = 180 um and a waist within the nonlinear optical crystal of
w3 = 46 pm.

The folded cavity ICSRO system was constructed as illustrated in figure 8.8 (c). For
ease of alignment, a 90% reflective plane mirror was placed between the laser rod and
lens f1; the output of the plane—plane laser so formed was used for alignment of lens f;
and mirrors Rr and R¢. The signal cavity was aligned using the non-phase matched sec-
ond harmonic of the pump radiation generated within the PPRTA crystal as an alignment
beam.

In agreement with the modelled curves, the performance of the folded cavity ICSRO
was found to depend critically on the precise alignment of the folding Rr and common
R¢ mirrors, and on the spacing dc between them. The best performance corresponded
to the shortest stable dc, which may have been due to the 180 ym design laser mode size
within the Nd:YVOj, rod being smaller than optimum. Similarly, the optimum signal

cavity high reflector Rg position was empirically found to differ from the modelling, with
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Figure 8.17: (a) Laser cavity, with intracavity lens f; = 150 mm and folding mirror Rr modelled as
lens f} =50 mm, for dc =255 mm. The resonated laser mode is indicated by the solid line (dashed,
3x magnified). (b) Laser spot size w; within laser rod and (c) laser waist size w3 within the
nonlinear optical crystal for different combinations of optic spacings. The configuration adopted
is indicated by the circle, with a resulting spot in the laser rod of w; = 180 ym and waist within
the nonlinear optical crystal of w3 = 46 pum.
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Figure 8.18: Performance of the folded ICSRO cavity, shown in figure 8.8 (c), measured through
common mirror Re. (a) Output idler power for signal high reflector distance dg = 285 mm, as a
function of pump diode power. (b) Idler power (squares) and ICSRO threshold (diamonds), as a
function of signal high reflector position ds.
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dg = 285 mm resulting in the best performance. The ICSRO performance was improved
by the insertion of an 800 um aperture near the laser rod.

With this cavity configuration, a laser threshold pump power of 0.4 W was measured,
comparable to that of the short laser cavity discussed in section 8.1. The ICSRO had a
threshold of 4.5 W, with a distinct improvement in performance above 12 W pump power.
The idler output power through the common mirror R¢ is shown in figure 8.18 (a). The
idler amplitude stability was measured to be £10mW on a time scale of seconds, and
+40 mW over several minutes. In this case, the fused silica substrate of Ry did not trans-
mit the 3.5 um idler wavelengths, but employing CaF, or a similar long wavelength
transmissive material for Rp optic would allow all of the generated idler to be readily
extracted as useful radiation.

As an indication of the validity of the cavity modelling, the ICSRO performance was
measured as a function of the distance ds between the folding mirror and the signal high
reflector. The measured idler output power and ICSRO threshold are shown in figure
8.18 (b). The data indicated that the cavity was stable for 200 < dg < 500 mm, in close
agreement with figure 8.16 (b), from which a signal mode spot size within the nonlinear
optical crystal of 35 < w, < 60 um was deduced.

To verify that this cavity was suitably insensitive to thermal lensing, it was modelled
with the addition of two effective thermal lenses, one within the laser rod and the other
within the nonlinear optical crystal. It was found that thermal lensing in the PPRTA
changed the spot sizes by less than 3% for focal lengths as short as 200 mm. A thermal
lens fr,, within the Nd:YVO, rod had a greater impact on the cavity mode, as the lens

Threshold Power (W)
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Figure 8.19: Effect of Nd:YVOy thermal lens fr, on laser mode size within laser rod w; and
PPRTA crystal w3. Solid line, folded cavity; dashed line, single lens cavity of section 8.2.1.

occurred close to, but not precisely at, a waist of the laser mode. The solid lines of figure
8.19 indicate the effects of f1},. The w; = 180 um spot size within the laser rod changed by
less than 2%, whereas the w3 ~ 46 um within the nonlinear optical crystal was reduced
by up to 17% for thermal lens focal lengths of 200 mm. By comparison, such a thermal
lens in the single lens cavity of section 8.2.1 caused changes in w; and ws spot sizes of
10% and 45% respectively, indicated by the dashed lines. The tightening of the waist
within the nonlinear optical crystal produced by increased thermal lensing in the laser
rod was expected to be more likely to lead to a broader stable operating regime, with the

nonlinear conversion depleting the intracavity field more strongly with shorter f,.

8.3 Conclusion

Bounds on the thermal lens to be tolerated by the cavity design were established by inves-
tigating the Nd : YVO, optical aberrations in a linear cavity without the nonlinear crystal.
In this configuration, the laser head gave 7.9 W output power for 16 W pump. Modelling
and measurements of resonator mode sizes and of the edge of stability provided a lower
bound of fr, > 200 mm, similar to the 150 mm lens predicted by the thermal modelling
of section 2.1.5. Beam quality measurements and qualitative investigations using probe
lasers led to the conclusion that the thermal aberrations were not purely spherical. In
all cases, the pump power was the dominant factor influencing the thermal effects. This
was attributed to the ~50kW/cm? thermal load generated by the 16 W pump diode,
more than two orders of magnitude higher than the estimated thermal load induced by
absorption of the intracavity field.

A previously developed ICSRO cavity design, incorporating a PPRTA nonlinear op-
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tical crystal and Nd:YVO, laser head, was observed to suffer from dynamic instabil-
ities. The design was modified to include an additional focusing element, permitting
cavities with stable modes, with design point waists of w; = 200 um in the laser rod
and w3 = w, = 50 um in the nonlinear optical crystal, to be built. Although the highest
one-way idler power of 240 mW was lower than the highest 478 mW measured in the sin-
gle lens cavity, the final folded cavity ICSRO performance was more repeatable and less
sensitive to mechanical and optical changes in the cavity. Further development of this
cavity design, in terms of optimised mode sizes, was expected to yield improved pow-
ers. By choosing an infrared transmissive substrate for the folding mirror (for example
CaF,, ZnSe, or ZnS) all of the generated idler could be readily extracted from the cavity,

whereas in the single lens cavity an additional dichroic element would be necessary.
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Conclusions and Future Directions

The work presented in this thesis demonstrated the applicability of passive line nar-
rowing techniques to quasi-phase matched nanosecond optical parametric oscillators
(OPOs). Two configurations were investigated: inclusion of an intracavity étalon; and
the use of a grazing incidence diffraction grating. The techniques yielded single longi-
tudinal mode operation of periodically poled lithium niobate (PPLN) and periodically
poled KTiOPO, (PPKTP) OPOs. The high nonlinear optical gain of PPLN made it the
material of choice for low pulse energy OPOs generating signal and idler outputs in the
10-100 1] range, while the higher damage threshold of PPKTP allowed m] class pulses to
be generated. For both crystals, line narrowing by a grazing incidence diffraction grat-
ing resulted in consistent single mode operation, with reliable tuning and the potential
of cavity length stabilisation using an active feedback loop. By contrast, an intracavity
étalon was found to be easier to implement and cause less degradation of the OPO per-
formance, but single mode operation could not be sustained near degeneracy, where the
gain bandwidth was sufficiently large to allow oscillation on multiple étalon modes.

A 1.064 pm pumped, étalon narrowed PPLN OPO generated up to 83 pJ single lon-
gitudinal mode signal radiation in the 1.5-1.8 um wavelength range, compared to 130 pJ
in the free running configuration. The reduced performance was in effect due to a dou-
bled oscillation threshold, attributed to walkoff and loss effects within the étalon. Similar
trends were observed in a visible pumped PPKTP OPO, where insertion of an étalon in-
creased the threshold from 0.23 m] to 0.41 m]J, and decreased the signal output energy, at
a wavelength of 770 nm, from 149 pJ to 44 1].

The grazing incidence diffraction grating configuration yielded single longitudinal
mode signal outputs with high thresholds but high slope efficiencies (30%-40%). The
grazing incidence OPOs could be tuned substantially beyond the acceptance bandwidth

of the nonlinear optical crystal, a phenomenon that has been observed by other authors.
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Around 150 ] were generated in PPLN and 370 ;] in PPKTP, at wavelengths between
1.5 um and 1.8 um; the corresponding idler wavelengths ranged between 2.6 um and
3.7 um. At the 620-640nm signal wavelength range of a 532nm pumped grazing inci-
dence diffraction grating PPLN OPO, up to 10 uJ single mode signal radiation was gen-
erated, restricted by the onset of monolithic resonance within the crystal. These output
energies were amplified in separate amplifier stages. A PPKTP optical parametric am-
plifier (OPA) generated 2.15 m] of single mode signal radiation at 1.69 ym and 1.18 mJ of
idler at 2.88 pum. In the visible, a Perylene red doped solid state laser amplifier generated
up to 115 pJ.

The results from the grazing incidence OPOs reported here compared favourably
with other similar OPOs previously reported. OPOs based on (3-BaB,O, with a graz-
ing incidence diffraction grating have shown efficiencies of only a few percent, even
when dual walkoff compensating crystals were used [181, 219]. Bulk KTP offered bet-
ter efficiency but high thresholds [183]. The OPOs reported here had both higher slope
efficiency (40% compared to 20% in KTP) and lower threshold fluences (55 MW cm 2
compared to 80 MW cm~2) than similar devices based on KTP. A grazing incidence
PPLN OPO was reported [161] with a broader spectral bandwidth (9 GHz compared to
250MHz) and lower output pulse energy (50 uJ compared to 170 uJ). Coupled cavities
have been demonstrated to yield more efficient grazing incidence OPOs by reducing the
effective output coupling, but the increased cavity complexity can make continuous sin-
gle mode tuning more difficult.

Substantial development and improvement of the devices investigated in this work is
needed before their spectral performance become sufficiently reliable for commercial or
spectroscopic applications. The efficiency of the OPOs could be optimised with regard to
cavity output coupling, pumping configuration, and choice of the resonated wave. The
implementation of amplifier stages could be further used to enhance the output of such
systems.

One important consideration, not addressed in detail in this work, is the continuous
tunability of the OPO output. Etalon narrowed OPOs may be tuned by adjusting the
étalon tilt, the temperature of solid étalons, or the mirror spacing of air spaced étalons.
Tuning of a grazing incidence diffraction grating cavity was demonstrated in chapter
5. For continuous tunability of the single longitudinal mode output, the cavity length
must be varied synchronously, necessitating cavity locking schemes, briefly investigated
here. Tuning beyond the gain bandwidth of the OPO can be accomplished by changes
in crystal temperature or poling period. Fan gratings, yielding a continuous variation in

poling period with crystal translation, have been demonstrated [75, 131, 163], but these
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may yield spatially chirped beams if large interaction volumes are used.

The plane parallel polished faces and residual reflectivity at the idler wavelength were
observed to support monolithic resonance within the PPLN and PPKTP OPOs. This phe-
nomenon limited the pulse energy range over which single longitudinal mode operation
could be achieved using passive line narrowing techniques. Monolithic resonance was
suppressed in one case by polishing the crystal faces at Brewster’s angle, leading to good
performance of a grazing incidence PPKTP OPO, with low reflection losses at all three
interacting wavelengths. In a high pulse energy 532 nm pumped PPKTP OPO, the mono-
lithic OPO generated up to 3.74 m] of signal radiation at 770nm and 0.81 m]J of idler at
1.7 um, performing almost as well as the highest output energies from linear external
cavity OPOs of 4.06 m] signal and 1.17 m] idler. A monolithic PPLN OPO, pumped by
a compact diode pumped Nd: YAG laser, was investigated in another experiment; such
devices are potentially efficient, robust, and suitable for field measurements. Injection
seeding at the non-resonant signal wavelength using a 637 nm single mode diode laser,
including seeding on adjacent cavity modes and dual wavelength seeding, was demon-
strated, yielding narrowband output limited by the pump spectral bandwidth.

With the aim of developing a compact, efficient pump source for such OPOs, a custom
built, high repetition rate Q-switched diode pumped Nd: YAG laser was constructed.
The optical bandwidth was reduced from ~25 GHz to two longitudinal modes separated
by 600 MHz using an intracavity étalon in conjunction with a passive prelase Q-switching
technique. The laser generated up to 670 p] pulse energy at 1.064 pm when operated at
5kHz, and up to 300 ] at 1kHz after frequency doubling to 532nm in LiB3Os. Both
wavelengths were used to pump PPLN OPOs. Nd:YAG is well suited for such pump
configurations and has been well researched, but other materials such as Nd : YLF may
offer advantages in terms of thermal beam degradation and energy storage.

Thermal lensing was investigated in this work in a continuous wave (cw) Nd : YVOy,
pumped intracavity periodically poled RbTiOAsO, (PPRTA) OPO, where lensing was
observed in both the Nd:YVO, and PPRTA crystals. Gain saturation leads to cw OPOs
commonly operating on a single longitudinal mode without additional intracavity spec-
tral filters, and the spectral characteristics of this OPO were not investigated.

In the investigations presented here, the magnitude of the lensing could not be quan-
tified accurately. A cavity insensitive to thermal lensing in the laser rod and nonlinear
optical crystal was systematically designed and constructed. The ICSRO reliably gener-
ated 214 mW of 3.50 micro m idler in one beam, with a similar power expected in the
opposite direction that could be extracted if appropriate mirror substrates were used.
Further optimisation of the interacting mode volumes within the laser rod and nonlinear
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crystal is possible, and implementing the design criteria for optimised ICSRO output is
also expected to yield improvements in output power.

These initial investigations indicate that the development of passively line narrowed
quasi-phase matched OPOs into practical sources suitable for spectroscopy or other ap-
plications is possible. The engineering flexibility for quasi-phase matching any wave-
length within the transparency range of the nonlinear optical material, together with the
inherent applicability of passive band pass filters at all wavelengths, makes such OPOs
attractive for spectral regions where conventional lasers or sources suitable for injection
seeding are not available. This applies equally to existing, less widely researched, peri-
odically poled materials including LiTaOj3 [65] and isomorphs of KTP [72, 73], as well as

new nonlinear optical materials, the search for which is ongoing.
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Journal Publications

Glenn W. Baxter, Philip Schlup, Iain T. McKinnie, Jonas Hellstrom and Fredrik Laurell,
“Single-mode near-infrared optical parametric oscillator-amplifier based on periodically
poled KTiOPOy,” Applied Optics 38, 6659-6662 (2001).

Philip Schlup, Glenn W. Baxter and lain T. McKinnie, “Single-mode visible and mid-
infrared periodically poled lithium niobate optical parametric oscillator amplified in
Perylene red doped poly(methyl methacrylate),” Optics Communications 184, 225-230
(2000).

Philip Schlup, Glenn W. Baxter and lain T. McKinnie, “High pulse energy and single-
frequency optical parametric oscillators based on periodically poled KTiOPOy4,” OSA
Trends in Optics and Photonics Vol. 34, Advanced Solid State Lasers, Hagop Injeyan, Ursula
Keller and Christopher Marshall, eds. (Optical Society of America, Washington DC,
2000), 355-360.

Glenn W. Baxter, Philip Schlup and lain T. McKinnie, “Efficient single frequency high
repetition rate PPLN OPO pumped by a prelase Q-switched diode-pumped Nd:YAG
laser,” Applied Physics B 70, 301-304 (2000).

Philip Schlup, Glenn W. Baxter and lain T. McKinnie, “Single-mode near- and
mid-infrared periodically poled lithium niobate optical parametric oscillator,” Optics
Communications 176, 267-271 (2000).
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Philip Schlup, Stuart D. Butterworth and Iain T. McKinnie, “Single mode, singly-
resonant pulsed periodically poled lithium niobate optical parametric oscillator,” Applied
Optics 38, 7398-7401 (1999).

Philip Schlup, Stuart D. Butterworth and Iain T. McKinnie, “Efficient single-frequency
pulsed periodically poled lithium niobate optical parametric oscillator,” Optics Commu-
nications 154, 191-195 (1998).

Conference Presentations

Philip Schlup, Glenn W. Baxter, lain T. McKinnie, Jonas Hellstrom and Fredrik Laurell,
“Single mode near infrared optical parametric oscillator-amplifier based on periodically
poled KTiOPOy,” Conference on Lasers and Electro Optics 2001 (Baltimore, USA, May 2001),
paper CThJ5.

Glenn W. Baxter, Philip Schlup and Iain T. McKinnie, “Efficient, single-mode, visible and
infrared periodically poled lithium niobate OPOs,” Conference on Lasers and Electro-Optics
/Europe 2000, (Nice, France, September 2000), paper CThH3.

Philip Schlup, Glenn W. Baxter and Iain T. McKinnie, “High pulse-energy and single
frequency optical parametric oscillators based on periodically poled KTiOPOy,” Ad-
vanced Solid State Lasers 2000 (Davos, Switzerland, February 2000), paper WDé.

Philip Schlup, Glenn W. Baxter, lain T. McKinnie and Stuart D. Butterworth, “Efficient
single-frequency pulsed PPLN OPO,” Conference on Lasers and Electro-Optics 1999 (Balti-
more, USA, May 1999), session CMGS5.

Philip Schlup, Stuart D. Butterworth and Iain T. McKinnie, “Single mode, 1.45-1.59 um
tuneable periodically poled lithium niobate optical parametric oscillator,” Australasian
Conference on Optics, Lasers and Spectroscopy 1998 (Christchurch, New Zealand, December
1998), paper Thu2b-4.

Philip Schlup, Stuart D. Butterworth and lain T. McKinnie, “Efficient single frequency
pulsed periodically poled lithium niobate optical parametric oscillator,” Electronics New
Zealand Conference 1998, (Dunedin, New Zealand, September 1998).



Appendix B

Locking Circuit

The circuit diagram for the dual sample-and-hold PID feedback circuit, as used in section
5.2.5, is shown in figure B.1. The ac-coupled, buffered and amplified signals from the
photodiode elements were sampled by the NE5537 sample-and-hold amplifiers U4 and
U11 during the sampling gate, with different holding capacitor RC time constants offered
by combinations of the DIP switches S1 and S2. The algebraic difference between the
integrated pulses was determined by op-amp U7. A variable voltage offset could be
added via R38, and, after optional inversion, the error signal was processed using the
proportional-integral-derivative (PID) circuit of op-amps U16, U17, U18. The low 10 Hz
repetition rate of the laser rendered the derivative error signal ineffectual and it was
not used in practice. The sample and clamp wave forms were generated by a Stanford

Research Systems model DG535 digital delay / pulse generator.
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MATT JOHNSON
RICHARD SHORTEN

THERESE PHOTIOS
DaviD PHOTIOS



SCcOTLAND CREW

UNIVERSITY OF ST ANDREWS, ST ANDREWS, FIFE, SCOTLAND
WORSFOLD SCHOLARSHIP JANUARY 2001-JuLy 2001

SUPERVISION AND ARRANGEMENT
ALL STYLE
MoOsT SoCIAL BUNCH OF PHYSICISTS

SusHI, COASTAL BOULDERING IN SLEET
DREAMS OF “DREARY END”

MaALcoLm DuNN
DAVE STOTHARD

ALISON CARLETON
IAN LINDSAY

Tom EDWARDS
COSTAS PETRIDIS

DusTY SPATES
THELMA MITCHELL

DeANs COURT

MARIE-CARMEN NEIPP LOPEZ
MARK CLIFFORD

KATRINE KRAUSE-JENSEN
SEAN ODENEAL

JusTIN LAWRENCE

SHOWTIME

CasT, CREW, BAND “COMPANY

AMERICA CREW

COHERENT

TECHNOLOGIES, INC.

*

COHERENT TECHNOLOGIES INC, LAFAYETTE, COLORADO, USA
RESEARCH VISIT OCTOBER 2001-DECEMBER 2002

SUPERVISION AND ARRANGEMENT

Foob, FuN, FRIENDSHIP

HoSPITALITY MADISON
STEAMBOAT SPRINGS

POLISHIN" TURDS

LASER MODEL GURU

ONE OF GoD's BETTER PEOPLE...
FOUNDING MEMBER, PALS SocCIETY
MATLAB GEEK

1AIN MCKINNIE
SAMMY HENDERSON
TiMm CARRIG

ScoTT CHRISTENSEN
JESSICA FRANZ-CHRISTENSEN

JULIE AND JOHN FRANZ
DIANNE AND LAU CHRISTENSEN

JOHN KOROSHETZ
SEPP UNTERNAHRER
JENNY KEENE
SARAH THOMPSON
SARA TUCKER

LAB JoCKs

MARK KUKLA
AMY SULLIVAN

ERIC SCHNEIDER
GREG WAGNER

Douc GwIN

SPECIAL THANKS

Kiwi ACCENTS
AND PAvVLOVA

ANNE HICKLAND

RoBYN MILNE
JANE CROSBIE



REAL L1FE CREW

x X
o

For EVERYTHING
Muwm, DAD, EsTHI, Tiwa, Tiwa (11), TRINI, AND ALL THE FAMILY

WINNING AT PooL, D&D, BOWLING, AND PROOFING MATERIALS PROPERTIES
ANDREW TAGG

ON-LINE / GENERAL SUPPORT AND YUMMY FOOD
AYNIA NOEVER

INTERNATIONAL SUPPORT

WILD SIDE OF LIFE

MissSING THAT HERMITIAN CONJUGATE
RIDES HOME AFTER BAND

AMIGA, YOUNG ONES AND
ReED DWARF NOSTALGIA

KATE PAULIN
CAMERON WILKIE
DouGAL MCQUEEN
JOHANNA BRUSSE
CHRIS EDWARDS

THANKS TO

NicoLA GIBSON
HAYLEY MEIKLEJOHN
AMY HAMMOND
CARroL FOOTE

APPLIED PHYsICS (WITH WINGS)

REBECCA EMSLIE
KATHRYN MCAULEY
MARION DE LAMBERT
LLEW SAMUEL

DioN BUCHANAN

JOHN PENNO
JENNY QUELCH

PRODUCTION
MicrosOFT WoRrD 97 / XP

LATEX v3.14159 (MIKTEX 1.20€)
PALATINO 11 / 10 PT

WORD PROCESSING
TYPESETTING

GRAPHICS ~ MATLAB 5.1 / 5.2 (POSTSCRIPT)
DIAGRAMS ~ MICROSOFT POWERPOINT 97 / XP
CoreLDRAW 7.0
REFERENCES ~ MICROSOFT EXCEL / VBA 6.3
DOS / QuickBASIC 4.5
HARDWARE ~ ACERNOTE LIGHT

CoMPAQ PRESARIO 2702TW

*INCLUSION OF COMPANY OR INSTITUTIONAL LOGO
DOES NOT IMPLY ENDORSEMENT FOR THIS WORK
TRADEMARKS AND REGISTERED TRADEMARKS
ARE PROPERTIES OF THEIR RESECTIVE OWNERS

REASONS FOR 64/32 RESTRICTIONS, NO. 3:

SYSTEM DLLS sucH As KERNEL32.DLL, USER32.DLL,
AND GDI32.DLL EXPECT ONLY ONE INSTANCE PER
PROCESS, EITHER 32-BIT OR 64-BIT. FOR EXAMPLE,
USER32.DLL STORES A POINTER TO AN ARRAY OF
FUNCTION POINTERS INTO THE PEB AT STARTUP, AND
THOSE FUNCTIONS ARE CALLED THROUGH USER MODE
APCs INITIATED BY WIN32K.SYS. IF A PROCESS CON-
TAINED TWO COPIES OF USER32.DLL, WIN32K.SYS
WOULD NOT BE ABLE TO DECIDE WHICH ONE TO CALL.
THE WOW64 EMULATOR STORES ITS OWN TABLE OF
FUNCTION POINTERS IN THE PEB64, WHICH THUNK
THE PARAMETERS THEN MAKE CALLS THROUGH THE
32-BIT FUNCTION POINTER TABLE IN THE PEB32,
50 WIN32K.SYS DOES NOT HAVE TO DISAMBIGUATE
WHETHER THE WINDOW IS 32-BIT OR 64-BIT.
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