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Abstract

Noncollinear phase matching and line narrowing has been explored in detail in beta
barium borate (B-BaB,O4, BBO) optical parametric oscillators (OPOs) in the
nanosecond time domain, with a view to increasing the efficiency of OPOs and

assessing their potential as spectrally narrow spectroscopic sources.

Using the harmonics of a flashlamp-pumped Nd:YAG laser as the pump source for
these devices, type I noncollinear phase matching has been investigated in BBO
pumped at both 355 nm and 532 nm. Excellent agreement has been shown with
respect to the tuning profiles and the oscillation threshold of the OPOs with developed
theoretical models, as a function of their noncollinearity. Significant improvements
were observed in the efficiency of the noncollinear OPOs and the threshold as a result
of countering Poynting vector walk-off of the extraordinary wave in the medium. All
the noncollinear phase matched oscillators have been characterised and compared with
respect to their threshold, inherent linewidth, efficiency, tuning capability and the

extent to which walk-off has been compensated.

A grazing incidence BBO OPO was constructed and pumped at 10 Hz by a frequency-
tripled Nd:YAG laser. By varying the spectral bandwidth of the pump laser, the
dependence of the linewidth of the resonant signal wave of the OPO has been studied.
It was observed that single-longitudinal mode (SLM) operation of the OPO was not
possible with a broad pump bandwidth (~30 GHz). SLM operation was seen in the
OPO when an injection-seeded, single-mode pump source was used. The stability of
the mode was poor, however, and subject to mode-hopping and dual-mode action. The

grazing incidence OPO has been optimised with respect to linewidth, efficiency and

wide range tunability.
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Using a novel coupled cavity configuration, which incorporated the grazing incidence
design, single-mode operation has been observed in the OPO for several minutes with
no active cavity control. The coupled cavity design secured SLM in the OPO with a
seven-fold increase in the external efficiency and a 20 % fall in the threshold of the

device. The (mirror-limited) tuning range of the OPO was 580 nm to 690 nm and the

time-averaged linewidth was 210+£70 MHz.
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Chapter 1

Introduction

The presence of the optical parametric oscillator (OPO) in the laboratory has grown
tremendously in the last few years, and has become the choice of many research
workers because of its versatility and its potential for large tunability. The motivation
behind this work was to explore the OPO's potential as a source of pulsed, efficient,
narrow-linewidth, tunable radiation for spectroscopic applications and, in particular,
laser isotope separation (LIS). To this end, the objectives of the work are principally
two fold; first, to demonstrate that the OPO can be a source of highly efficient, tunable
radiation and, second, that significant line-narrowing and single-mode operation can be

attained in the visible spectral region whilst maintaining its tunability.

In order to generate efficient radiation from the OPO, the approach adopted here is a
process of noncollinear phase matching in the crystal to compensate for the spatial
walk-off of the extraordinary ray in the OPO interaction. This technique is shown to
be highly effective, with a factor of four increase observed in the external efficiency,
whilst still maintaining a large tuning range. The strategy for line-narrowing the OPO
involves a series of pump lasers with different bandwidths, and frequency-selective
cavities. ~The importance of the pump bandwidth is explored, and using the
combination of a single-axial mode pump source and a grazing incidence cavity,

single-axial mode operation in the OPO is successfully demonstrated.

The basic principles of the OPO are introduced in this chapter with some of the
milestone discoveries and devices highlighted. A brief summary of the history of the
parametric oscillator and non-linear optics is presented and then a short comparison
with other tunable sources is discussed, followed by a review of modern OPOs. The
work contained in this thesis was funded by the Engineering and Physical Science

Research Council (EPSRC) and by Urenco (Capenhurst) plc. The process of laser
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Chapter 1 Introduction

isotope separation is a principal interest to Urenco (Capenhurst) plc, and a basic

description of laser isotope separation is given towards the end of the chapter.

1.1 An Historical Review of Optical Parametric Oscillators

Since the invention of the first laser in 1960, using ruby as the gain medium [1], there
has been a great deal of interest in the development of coherent radiation at optical
frequencies, as such devices would have many applications in the broad fields of
industry, medicine and research. Alongside the discovery of the laser was some
pioneering work by Franken et al [2] in 1961, who demonstrated optical non-linearity
in a piece of crystalline quartz. They were able to produce the second harmonic of
ruby at 347 nm using the intense optical field generated by the laser at 694 nm to probe
the small non-linear response in the quartz. Quartz has a non-linear coefficient of
~0.3 p/V and the device was not phase matched leading to a very small second
harmonic signal corresponding to an efficiency of 106 %. Nevertheless, the field of
non-linear optics was born, and in 1962 Giordmaine [3] was able to demonstrate
efficient second harmonic generation (SHG) in a birefringent material. Phase
matching, a technique devised to exploit the birefringence of a non-linear material so
that the fundamental wave travels at the same speed as the generated second harmonic
wave in the crystal, was used in Giordmaine's experiment to enhanced the SHG
efficiency. Then, in the same year, a landmark publication by Armstrong et al [4]
detailed the interaction of three waves in non-linear interactions coupled by the x(2)
parameter of the non-linear crystal. The experiments discussed in the paper involved
two waves providing amplification to a third wave, via the %(2) coefficient such as the
two pump waves in SHG and the pump and signal waves in sum- and difference-
frequency mixing. In the same year, Kroll [S] published a paper postulating that it
would be possible to generate broadly tunable radiation in the visible and near infrared

by optically pumping a non-linear media. Hence, the theoretical birth of the optical
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Chapter 1 Introduction

parametric oscillator. Amplification in the OPO takes place at both the generated
signal and idler frequencies, with only the pump wave present initially. The parametric
process begins from a fluctuation in the zero point energy of a single photon per mode

from which the amplification of the signal and idler occurs [6].

It was not until 1965 that Giordmaine and Miller demonstrated the first OPO at the
Bell Telephone Laboratories [7]. Using a Q-switched, Nd:CaWOQy, laser at 1.058 pm
and doubled to 529 nm to pump a ~0.5 cm lithium niobate (LiNbO3) crystal to generate
tunable radiation from 970 nm to 1.15 nm. For the next twenty years, research into
OPOs progressed steadily and there followed an intense effort to develop the OPO into
a practical device. However, the progress was encumbered by a lack of suitable non-
linear optical materials and, to some extent, by a small choice of pump sources.
Undeterred by this, a group of specialists continued to advance the OPO, and a

diversity of theoretical and experimental papers was published [8]-[11].

Experimental OPOs during this period tended to be confined to the infrared region of
the spectrum and LiNbO5; was widely used as the non-linear crystal, in both singly and
doubly resonant cavities [12], and its versatility meant that it could be both angle-tuned
[13]-[14] and temperature-tuned [15]. Other crystals were regularly used during this
early period and in 1971, Yarborough and Massey [16] achieved a tuning range of
420 nm to 730 nm by pumping ammonium dihydrogen phosphate (ADP) with the
fourth harmonic of a Nd:YAG laser. Other materials were popular also, including
cadmium selenide (CdSe) for the generation of light in the near and middle infrared
[17]. All of these devices were pumped by pulsed lasers and it was Smith et al/ who
claimed the first CW pumped OPO using barium-sodium niobate (BayNaNbsOjs)
pumped by 532 nm radiation [18], rapidly followed by Byer ef al who demonstrated a
CW OPO based on LiNbOj3 pumped with an argon laser at 514.5 nm [19]-[20].

Another material used was deuterated rubidium dihydrogen arsenate (RD*A) and in
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Chapter 1 Introduction

1975, Kato [21] pumped such a crystal with the third harmonic of a Nd:YAG laser to

produce tunable radiation from 647 nm to 785 nm.

The first single-mode OPO was demonstrated by Kreuzer in 1969 [22] using a single-
longitudinal mode, Q-switched ruby laser to pump a LiNbO;5 crystal. Using a tilted
etalon in the OPO cavity with a free spectral range greater than the gain bandwidth of
the OPO, a single-mode was observed with a linewidth limited to the spectrometer
resolution. This began to break new ground for the OPO as a potential source for
spectroscopic applications. In the same year, Falk and Murray [23] noncollinearly
phase matched a LINbO3 OPO using a ruby laser. Using this type of phase matching,
they were able to counter Poynting vector walk-off in the crystal, and secure singly

resonant oscillation.

1.2 Basic Concepts of the OPO

The optical parametric process is a second order non-linear interaction in which a
pump photon, propagating in a non-linear material, breaks down into two photons of
lower frequency, such that wp=wgto; where subscripts s and i denote the "signal" and
"idler" waves. The conversion of the pump photon to the simultaneous production of
the signal and idler photons is by a stimulated emission process and the parametric gain
is based upon the action of stimulated emission. That is, the rate of emission of signal
and idler photons depends upon the number of these photons present and the larger this

number is, the greater the chance of more being produced.

The break-down of the pump photon to the signal and idler photons is not uniquely
determined by the conservation of energy, since this would result in a wide and
continuous spread of lower frequencies. A further constraint of momentum

conservation is also obeyed such that, k,=kstk; which is also known as the phase
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Chapter 1 Introduction

matching condition. A schematic diagram of a simple cavity OPO is shown in figure

1.1.

Laser oscillator Parametric oscillator

N
U_U U Nonlinear U

crystal o
Laser medium 5

Figure 1.1. Schematic diagram of a simple cavity OPO pumped at a fiequency @y,
from a laser. The lower frequencies oy and m; are generated.

The most common approach to satisfy the phase matching condition is to take
advantage of the birefringence in an anisotropic medium to compensate for the
dispersion in the material by reducing the momentum of the pump photon with respect
to the signal and idler photons. In an anisotropic medium, the refractive index of the
extraordinary wave varies continuously and smoothly with the direction of
propagation. As the crystal is rotated, therefore, the magnitude of the k-vector of the
extraordinary ray will change, thus changing the frequency of the two generated
photons. This is discussed in greater depth in chapter two. Throughout this thesis, the

signal always refers to the generated wave of the higher of the two frequencies.

Reaching threshold in an OPO depends, among other things, upon the magnitude of the
second order non-linear susceptibility () of the crystal, the available pump power, the
crystal length and the cavity losses. The magnitude of ¢(2) for a typical inorganic non-
linear crystal is ~1 pm/V. For a crystal length of ~1 cm, threshold is usually reached
with optical powers of a few tens of MW/cm? of pulsed pump power, whilst the tuning

range depends upon the pump frequency, the transparency range of the material and its

birefringence.
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Chapter 1 Introduction

Modern OPOs are routinely constructed to generate pulse outputs whose durations can
span six orders of magnitude from nanosecond pulses to a few tens of femtoseconds
[24]-[25], with each time domain often being a field of study in itself. For pulsed
operation, it is usually sufficient for only one wave (the signal or the idler) to be
resonant in the cavity because of the high peak powers involved, and this is known as a
singly resonant oscillator (SRO). For continuous wave OPOs, however, reaching
threshold is not so easy. Although this thesis is concerned only with the nanosecond

time domain, a few words about CW OPOs will follow.

To reduce the threshold of the CW OPO, it is usually necessary to resonate both the
signal and the idler in the cavity. This is known as a doubly resonant oscillator (DRO)
and it poses a particularly severe problem [11]. As a result of dispersion, the axial
mode spacing of the signal and idler frequencies is slightly different and simultaneous
oscillation of a signal and idler mode (whose frequencies sum to the pump frequency)
can only occur for certain mode pairs. Fluctuations in the pump frequency, crystal
temperature or crystal angle can cause severe mode-hopping to occur. Further
reduction in threshold can be attained by weakly resonating the pump as well as the
two generated waves. Such a cavity is known as a triply resonant oscillator (TRO).
TROs present an additional problem which requires the pump field also to be held
resonant in the cavity. However, low thresholds can be observed with such devices
and using a single-frequency argon laser, Colville ef al [26] demonstrated a threshold
of 50 mW in LBO. To stabilise the cavity modes and prevent mode-hopping, active
cavity-length control is required to keep both (or all three) waves resonant. In addition,
to keep the threshold low, CW OPOs tend to rely on noncritical phase matching (to
remove the effects of Poynting vector walk-off) and require temperature tuning which

limits the available tuning range.
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1.3 Tunable Sources and Pump Sources

With ever improving crystal quality, greater transparency ranges, the drive for higher
non-linear coefficients and higher damage thresholds, the OPO is becoming a serious
competitor to other tunable sources. Increasingly, OPOs are replacing other, more
conventional, laser sources in many areas of spectroscopy [27]-[30] and they are
reaching the level where they are being considered for applications such as
atmospheric spectroscopy and lidar [31]. In fact, the OPO has a broader tuning range

than any laser known.

Two recently developed laser materials are titanium-doped Al,O5 (Ti:sapphire) and
chromium-doped LiSrAlFg (Cr:LiSAF). Ti:sapphire has the broadest tuning range of
any laser, from 650 nm up to 1.1 pm [32], and can be frequency doubled to generate
light in the UV and blue [33]. Absorption occurs strongly at ~500 nm and cannot,
therefore, be diode-pumped until a diode laser with such a wavelength exists.
Cr:LiSAF was developed in 1989 and can be flashlamp pumped [34], or diode-pumped

[35]-[36] and has a tuning range of 780 nm to 1.01 pm. The tuning ranges of these

materials and others are shown in figure 1.2.

In the figure, the tuning ranges of a variety of metal ion- and rare earth-doped solid
state laser materials are shown. The OPO tuning range shown is for barium borate
pumped with the third harmonic of a Nd:YAG laser. To include the tuning range of
other OPOs would be superfluous; however, tuning ranges are attainable to down to the
UV [44] and into the mid-infrared [45]. Clearly, the OPO has the largest tuning range

of any laser material currently available.
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Ultraviolet Visible Near-infrared

BBO pumped at 355nm [37]-[38]
Alexandrite [39]
Cr:LiSAF [34]
Ti:Sapphire [32]
Cr:Forsterite [40]-[41]
Cr:YAG [42]
Tm:YAG [43]

Tm:YSGG [43]

FCEEEEEREE e M M i CEEENMA TR PR EE e e EE e e e e e e e ee e
0.5 1.0 1.5 2.0

Wavelength (microns)

Figure 1.2. A comparison ofsolid state laser tuning ranges compared with that ofa

BBO OPO pumped at 355 nm. Each tuning range is referenced after the material
name.

These solid state laser sources can also be used successfully as pump sources for the
OPO. The combined tuning capability of the OPO with that of the pump source can
create an impressive composite tuning range. Ti:sapphire is a popular choice of pump
source for an OPO for the generation of short pulses at wavelengths longer than the
Ti:sapphire tuning range. Using lithium triborate (LiB30 5, LBO) as the OPO gain
medium, pulse durations of a few hundred femtoseconds have been produced at
wavelengths of 1.374 pm to 1.530 pm pumped with a self-mode-locked Ti:sapphire
laser at 800 nm [46]. By varying the pump wavelength, the phase matching
temperature and the tuning profile changes. Other researchers have worked on similar
systems using potassium titanyl phosphate (KTiOP04, KTP) as the OPO medium to

extend this tuning range into the 1 pm to 3 pm region [47]-[48].
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Non-tunable sources are the most common choice for pumping the OPO. In the last 30
years, the field has moved steadily away from the use of the ruby laser to many varied
sources covering a wide range of wavelengths, Materials like BBO and LBO, which
are transparent down to ~200 nm, have provided access to the visible and blue spectral
regions as well as the infrared. In order to reach the blue/green spectral region, the
OPO requires a higher frequency pump wave, which falls in the UV region. To this
end, the excimer laser has proved to be an excellent UV pump source for the OPO,
initially with urea as the OPO gain medium [49]-[51], and later with BBO [52]-[54]
and LBO [44]. The advantage with the excimer laser is that the UV region is reached

without the need for frequency conversion.

Neodymium ion-doped laser hosts have provided the bulk of the pump sources for
OPOs in recent times. The Nd:YAG laser has been used extensively to produce Q-
switched pulses at 1064 nm which can be frequency-doubled to 532 nm, and sum-
frequency mixed to 354.7 nm in the UV (henceforth, this shall be written as 355 nm).
The fourth harmonic, generated by frequency-doubling the second harmonic or sum-
frequency mixing the fundamental with the third harmonic to produce 266 nm [55], is
also available in commercial Nd:YAG systems. The development of efficient UV
generation from the Nd:YAG laser has been instrumental in the resurgence of interest
in the OPO. In particular, the third harmonic of the Nd:YAG laser has been used
extensively to pump OPOs. The first urea OPO was demonstrated using the third
harmonic of a Nd:YAG laser [56] to generate light in the visible and near-infrared.
From then on, as new materials became available, the harmonics of the Nd: YAG laser

were often the first pump sources to successfully demonstrate oscillation in the new

crystal [57].

Other Nd-doped hosts which have been used as pump sources for the OPO include
YLF [58] and YAP (or YAIO3) [59]. Both have fundamental wavelengths in the 1 um

region, can be readily frequency-converted to the visible and UV and, like YAG, can
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be diode-pumped [60]-[62]. It is particularly this last feature of these laser materials
which have enabled them to progress with the development of the OPO, improving the
efficiency of the OPO and making it a more compact device. Ultimately, as the
cost/Watt of laser diodes fall, diode-pumped Nd-doped lasers will replace flashlamps

for many applications and become the common pump source for the OPO.

Indeed, the diode laser has progressed to such an extent recently that a direct-diode-
pumped OPO has been demonstrated by two research groups. Past attempts have
failed because of the stringent constraints imposed on the spatio-spectral structure of
the pump beam by the OPO crystal. However, in the first ever demonstration of its
kind, a doubly resonant KXTP OPO was pumped with a 210 mW diode to produce
12 mW of signal [63]. A few months later, a diode-pumped, degenerate, periodically
poled [64] LiNbO3 OPO pumped with a 977 nm master oscillator/power amplifier at
370 mW was reported with a threshold of 98 mW and peak output powers of 64 mW of

signal/idler radiation at 1.96 um [65].

1.4 A Review of Contemporary OPOs

It is the development of new non-linear crystals which has led to the resurgence of
interest in the OPO in recent years. In this section, the review of contemporary OPOs
begins in the mid-1980's, with the development of BBO by a group of Chinese
investigators under the supervision of Professor Chuangtian Chen at Fujian Institute of
Research on the Structure of Matter. Discussions on LBO and BBO will make up the
bulk of the review, since these materials are capable of parametric generation into the
visible, and BBO is covered in greater depth again, since it is this material with which

this thesis is concerned.
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Since its development, BBO has been reviewed extensively [66]-[69] and has proved to
be an excellent material for the generation of widely tunable light in the UV, visible
and the near infrared. The most versatile BBO OPO pumping scheme is currently the
355 nm pumped oscillator, This OPO can generate continuously tunable radiation
from 412 nm to 2.55 wm [70] with a total conversion efficiency of 24 %, and by double
passing the pump in the cavity, efficiencies of 41 % have been observed [71]. Similar
external efficiencies of 40 % have been seen using noncollinear phase matching to
counter the effects of Poynting vector walk-off within the crystal [38] and, using two
crystals in the cavity, conversion efficiencies of 32 % have been demonstrated [72].
The efficiency of this OPO is currently limited to the pulse duration of the pump light
which limits the number of round-trip passes the resonant signal (or idler) photons can
undergo in the cavity. With pump pulses of typically 10 ns in duration, the number of
round-trips of the resonant wave is less than that needed to fully saturate the pump to

reach the upper efficiency limit of over 60 % [66].

Tuning down to the UV is well within the capability of BBO with a sufficiently short
pump wavelength. The fourth harmonic of a Nd:YAG laser at 266 nm has successfully
been used to generate a wavelength range of 330 nm to 1.370 um [73] and, although
problems may arise from mirror-coating damage at this pump wavelength, intracavity

steering optics can largely eliminate this risk.

Without line-narrowing, the BBO OPO spectral width can vary between 1.5 nm and
10 nm or more as it is tuned from 450 nm towards degeneracy. By phase matching the
BBO OPO in the type II scheme, the overall linewidth variation over the same tuning
range is 0.05 nm to 0.3 nm [74]. Clearly, for medium to high resolution spectroscopy,
the linewidth needs to be significantly less than that produced by the free-running
OPO. Noticeable progress has been made in this area, and the BBO OPO is now
challenging other laser systems, such as the dye laser, as a laboratory spectroscopic

tool. Single-longitudinal mode operation of the BBO OPO has been reported with
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linewidths as low as 400 MHz by injection-seeding the cavity [27]-[28] and single-
mode operation has been observed using a grazing incidence configuration [75]-[76]
with similar products now available on the market [77]. Table 1.1 summarises some of
the significant BBO parametric oscillators developed with respect to their characterised

parameters.

It is clear from the table that 355 nm has proved to be the most popular and versatile
pump wavelength for the BBO OPO over several orders of magnitude of pump pulse
duration. The table also compares the performances of the ultra-narrow linewidth
OPOs (<0.017 em-! or ~500 MHz), and indicates the method used to narrow the line.
It is apparent that injection seeding the parametric oscillator ("In. seed" in the column
entitled "Cavity type") can produce a single-longitudinal mode with relatively high
external efficiency, but has a tuning range limited to that of the seed of ~10 nm (in the

case of a SLM laser diode).

The coupled cavity ("Couple" in the "Cavity type" column), on the other hand, has an
external efficiency which is an order of magnitude less than the seeded OPOs, but is
capable of generating a single-mode over an impressive tuning range. This coupled

cavity is discussed in greater depth in chapter seven.

Pump | Pulse | Tuning pm | Xtal length | Con Line- Cavity Ref

nm | length mm eff width type
%

527 190 fs 0.7-1.8 5.8 3 ~10 nm Synch [78]
308 17 ns 0.37-0.42 20 50%* / SRO [79]
308 12ns | 0.422-0.477 7.0 5.4 / SRO [52]
308 17 ns 0.36-0.62 20 O SLM Etalon [54]
308 10 ns 0.35-2.37 12 10 2-10 nm SRO [53]
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Table 1.1 continued.........

Pump | Pulse Tuning Xtal length | Con Line- Cavity Ref
nm | length | range pm mm .eff width type

%

360 30 ps 0.4-3.17 12 8.5 024 nm | Grating [59]
532 85 ps 0.68-2.4 7.2 30 ~10 nm Synch [80]
532 25 ps 0.65-1.02 10 30 0.35 nm Synch [81]
532 12 ns 0.94-1.22 9 10 / SRO [57}
532 20 ns 0.7-2.2 12 40* | 8-12 nm SRO [82]
355 65 ps 0.59-0.89 11.8 0.05 | 24cmt | Grating [83]
355 9 ns 0.67-0.69 5 20 {0017 cm ! | In.seed | [28]
355 Sns 0.61-0.62 12 17 10.013 cm! | In.seed [27]
355% 8 ns 0.48-0.63 17,12 12 2 cm-! SRO [74]
355 8 ns 0.48-0.63 11.5 9.4 / SRO [37]
355 6 ns 0.41-2.5 12 24 | <0.1 cm! SRO [70]
355 10 ns 0.41-2.4 10 41 0.2-5nm | P.refl. [71]
355 8 ns 0.42-2.3 11.5,9.5 9 1.2cm! | Grating | [72]
355 5 ns / 12 32 | 0.1cm! | In. seed [29]
355 6 ns 0.46-1.5 12 25 5 nm SRO [38]
355 6 ns 0.57-0.94 14 1.3 | 0.007 cm! | Couple [76]
355 19 ns 0.47-1.4 14, 14 1.9 | 03cm! | Grating [75]
266 9 ns 0.33-1.37 20.5 / / SRO [73]

Table 1.1. A summary of some BBO OPQOs pumped with various sources and

optimised for certain parameters indicated in the table. KEY: * = internal efficiency,
synch = synchronous pumping, P.refl = with pump reflection, couple = cavity
described in chapter seven. All are type I phase matched, except for 7.

In many respects, lithium triborate (LBO) corrected many of the problems associated
with BBO; namely, it is non-hygroscopic, has a smaller walk-off angle and a higher
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damage threshold [84]-[85]. However, its smaller non-linear coefficient means it is
less suited to high power, high threshold cavities and its smaller birefringence tends to
limit its phase matching spectral range. LBO, a biaxial crystal, has the advantage that
it can be phase matched in a number of different ways; type I and type II noncritical
phase matching (NCPM) are possible and tuning is accomplished by changing the
temperature of the crystal. NCPM allows for large crystal acceptance angles for
frequency conversion to the visible and infrared [86] and zero walk-off in the crystal.

In addition to NCPM, type I critical phase matching is also possible.

The first demonstration of the LBO OPO involved type Il NCPM using a frequency-
doubled Nd:YAG laser as the pump source to generate tunable light from 950 nm to
1.006 pm [87]. Since then, the LBO OPO has developed into a sophisticated device
capable of generating CW radiation by noncritical type I [26] and type II [88] phase
matching producing tunable radiation in the near-infrared with a 514.5 nm argon-ion
laser, and in the blue/green when pumped with an argon-ion laser at 364 nm [89).
Pulsed devices have also generated blue light in NCPM schemes, such as 355 nm
pumping a type 1I phase matched LBO OPO to produce tunable radiation from 457 nm
to 481 nm with an external efficiency of 27 % [90]. Further pumping into the UV, at
266 nm, has produced a wavelength of 310 nm with an external efficiency of 10 %
[91]. Other researchers have combined the high efficiency associated with NCPM with
the faster tuning type I phase matching to generate tunable radiation from 652 nm to

2.65 pm with pump radiation at 523.5 nm and depletions of 20 % [58].

Although NCPM LBO OPOs tend to have rather limited tuning ranges, critical phase
matching can also take place in the crystal to generate tuning ranges comparable to that
of BBO. Type I critical phase matching of LBO pumped at 355 nm can generate a

wavelength range from 435 nm to 1.922 pm, with a respectable conversion efficiency

of 22 % in a 16 mm long crystal [92].
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LBO has also been used extensively as a frequency converter of short-pulse lasers.
Owing to its favourable NCPM capability, LBO can be tuned in a synchronously-
pumped cavity without tilting the crystal, an act which requires the cavity to be
readjusted [93]. Efficient generation of 33 ps pulses has been seen from a picosecond-
pumped type I NCPM LBO OPO tunable from 0.909 um -1.235 pm using a frequency-
doubled, Q-switched diode-laser pumped Nd:YLF laser [94]. Critical phase matching
has also been demonstrated in similar cavities, producing considerably larger tuning

ranges but being encumbered by angle-tuning [95]-[96].

Finally, organic materials have played a small, but significant, role in the development
of the modern OPO. Urea, which has been mentioned earlier, awoke the field in the
1980's and recently deuterated L-arginine phosphate (d-LAP) has been reported which
has the potential of being a high efficiency, high damage threshold frequency converter
and it can be grown in large sizes [97]-[98]. Its phase matching properties have been
assessed in terms of second harmonic generation of 1.064 um, and these have proved
promising [99]. In fact, in 1993, Robertson er af reported optical parametric oscillation
in d-LAP for the first time [100]. Unfortunately, organic materials are often
characterised as being hygroscopic, which requires more elaborate crystal housing to
prevent crystal-contact with moist air. However, they also tend to have high non-linear
coefficients. Meta-nitroaniline (m-NA), for example, has a type I effective non-linear
coefficient for SHG of 1.064 pm of 10 pn/V [101] and N-(4-nitropheny!)-(L)-prolinol
(NPP) has one of the highest non-linear coefficients of any material transparent in the
range 510 nm to 1.65 um, with dy; = 56.5 pm/V [102]-[103]. In fact, near-infrared
optical parametric oscillation has been demonstrated in NPP, tunable from 900 nm to

1.7 pm [104]. If the problems of chemical instability are overcome, organic crystals

could play a much greater role in the future.
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1.5 Laser Isotope Separation

By combining the properties of tunability and narrow linewidth in an intense laser
beam, isotopes of a particular element can be selectively excited or ionised. In this
way, the abundance of a rare isotope can be increased. The enrichment of rare isotopes
has applications in the medical field as well as the nuclear industry, and it is with the

latter case that this work is predominately associated.

The 235U isotope has an odd-even nucleus and, as a result, is much less stable than the
naturally dominant 238U isotope. It is, therefore, 235U that undergoes fission in the
nuclear reactor process. Most reactors require enrichment from the naturally occurring
0.7 % abundance to around 3 % [105]. Currently, around 90 % of the enriched
uranium world-wide is produced by gaseous diffusion. This technique is, however,
inefficient and requires around 1000 stages of preparation to reach the required
separation. Separation by the method of gaseous centrifuse can increase the efficiency

and has up to ten times the production capacity of diffusion.

However, it has been predicted that laser isotope separation (LIS) could increase the
production by a further factor of 100 [106]. Two methods of enrichment using lasers
exist. These are Atomic Vapour Laser Isotope Separation (AVLIS) using atoms of
uranium metal and Molecular Laser Isotope Separation (MLIS) of the UF molecule.
Recently, however, the uranium LIS programmes both in Britain and the United States
have undergone a 'stop-start' process as the need for enriched uranium is assessed on
the world market. Currently, the expertise gained during the AVLIS program at
Urenco (Capenhurst) plc is being applied to other isotopes such as strontium for

medical applications.
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1.5.1 The Isotope Shift

The difference in the nuclear size of the 235U and 238U isotopes causes small variations
in their transition energies, called the isotope shift (IS). The AVLIS technique makes
use of the IS. Calculating the magnitude of the IS for the lightest elements is possible,
but for higher atomic numbers the problem becomes too complex. An estimate of the

shift cam be made by considering the following parameters and their effects.

The nuclear mass has an effect on the reduced mass of the atomic electrons causing a
mass dependence on the atomic level energies, or "mass effect" [107]. The mass effect
is proportional to 1/M2, for a nuclear mass M, and the contribution to IS falls off
rapidly with increasing atomic number Z. However, for values of Z>100, the
magnitude of the IS begins to increase due to a "volume shift" which is proportional to
the volume occupied by the atom. In the case of uranium, the IS is dominated by the

volume shift.

In addition to this shift, the energy levels of the isotope may split as a result of the
orientational potential energy of its nuclear magnetic dipole moment associated with
the nucleus in the magnetic field associated with the motion of the electrons. Splitting
may also occur from the interaction of the electric quadrupole moment Q of the
nucleus in the atomic electric field. This splitting of the atomic energy levels is
referred to as hyperfine structure. The energy shift, AE,,, arising from the interaction
of the nuclear magnetic dipole moment p; with the magnetic field Bge, caused by the

motion of the charged electrons, is

AE, =—(u; By,) (1.1

Clearly, hyperfine structure caused by this interaction only exists if the nucleus

exhibits a net magnetic dipole moment p;.
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For nuclei whose charge distribution departs from spherical symmetry, the electric
quadrupole moments Q=0 and the nucleus will have an orientational potential in the
atomic field which is not spherically symmetrical. The energy level splitting ABg
associated with the interaction of the electric quadrupole moment with the electric field

dV¢/dz of the orbiting electrons is given by

2 |
AEQ<c;V> 12

In the case of uranium, the energy levels of 235U are split by both the interactions
described above, and hyperfine structure is observed, whereas 238U exhibits no
hyperfine structure. The lack of hyperfine structure in 238U results from the fact that it
1s an even-even nucleus, that is, the atomic number Z and the mass number A are both
even (Z=92, A=238) giving a resultant nuclear spin of I=0 and, therefore, Q=y1;=0
leading to a single spectral line, The 235U isotope, on the other hand, is characterised
by a "spectral signature" as a result of having an even-odd nucleus (Z=92, A=235)

giving a resultant spin of I=7/2, and both Q and p; are non-zero, leading to (2I+1)=8

energy levels.

1.5.2 Laser Enrichment of Isotopes

An ideal laser isotope process may involve a spectrally narrow laser source tuned to
excite the electrons in one of the isotopes but not in the other. A beam of mixed-
isotope neutral atoms pass through a laser beam which excites the electrons of one of
the isotopes to a particular excited state or ionised state. The rare ions may then be

separated from the unwanted species.

The isotope shift of the atomic line between 235U and 238U is 7 to 10 GHz, so a laser

linewidth of typically less than one GHz is required. Moreover, the laser linewidth
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must be able to resolve the hyperfine structure of 235U. The separation of the
hyperfine structure splitting in 235U is ~100 MHz [105] and the radiation must be
spectrally pure (single-longitudinal mode). The two ionisation routes of most interest
in the 235U isotope are the two-photon process and the three-photon process. The two
photon route falls in the blue region of the spectrum and the three photon route requires

orange radiation.

1.6 Thesis Outline

In this thesis, chapter two details the basic theory of the optical parametric interaction
and this forms the basis from which other ideas are drawn throughout the work.
Chapter three compares LBO and BBO in terms of their suitability for line narrowed
operation, by attempting to predict their performance in such a cavity. Chapter four
details the ideas and theory of noncollinear phase matching, while the following
chapter sets out the experimental results of noncollinear phase matching in BBO at two
pump wavelengths. Chapters six and seven are concerned with the grazing incidence
OPO and the requirements of attaining single mode in the OPO and, in chapter seven,
the coupled cavity grazing incidence OPO is demonstrated. Finally, chapter eight

concludes the thesis and a discussion on future work is given.
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Chapter 2

Theory of the Parametric Interaction

This chapter presents an overview of the basic theory of the optical parametric
oscillator (OPO). The material in the following sections will be drawn on throughout
the thesis. It documents the nature of the three wave interaction of the OPO, the non-
linear coefficient and phase matching in both uniaxial and biaxial crystals. The

principles of momentum mis-match and Poynting vector walk-off are also discussed.

Unless otherwise stated, SI units are used throughout this analysis. The unit of the
non-linear coefficient is metres per volt. In the cgs system, the coefficient is measured

in centimetres per statvolt. The conversion between the two unit systems is

d(SI)= 4n/3-104d(esu).

2.1 Three Wave Interaction

Provided that the intensity of the electric field is low, the polarisation response of the
electrons in a optically transparent material can be considered to depend linearly on the
electric field. That is, the electron polarisation P is linearly dependent upon the electric

field E whose frequency is 1, such that

P(o,)=5,2"E(0,) @.1)
where g, is the permittivity of free space and (1) is the dimensionless linear
susceptibility. However, the linear dependence of the polarisation on the driving

electric field is an approximation valid for low electric field intensities only. When the

linear dependence breaks down in the presence of an intense electric field, other, higher
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order terms, must be included for the electron polarisation to be described. Under such

conditions, we write

Plo)) =1 E(o) + e, P E(0,) E(0s)+£,07 E(0,)E(05) E(og) (2.2)

+ higher order terms

where 1= @+ ©3= w4+ 05+ @g. The coefficients x(2) and ) are the second and
third order non-linear susceptibilities of the material. The concept of optical non-
linearity has long been known, but it is only since the advent of the laser in 1960 that
the high field intensities required to investigate the non-linear terms have become
available. The particular interest here is with the second order susceptibility, since this
is required for the parametric generation process and, incidently, the second harmonic
and sum-frequency mixing processes too. A lack of inversion symmetry in the
medium is necessary for all these interactions, since this ensures a non-zero second

order susceptibility.

For a more complete analysis of the three wave interaction coupling waves of
frequency w;, @9 and w5 it is necessary to invoke Maxwell's equations, and to include
in them a term for the non-linear polarisation. Neglecting terms of third order and

higher in equation 2.2, we obtain
Plo)) =5, E(@,)+ 8,7 E(0,)E(0,) (23)

When equation 2.3 is substituted into Maxwell's equations [1] the wave equation of the
E field in the non-linear medium is derived. In one dimension, this is shown to be
d*E 3 d*E d*P

L € + Ll
dZZ Mo df2 H, dtz

(2.4)
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With the interaction limited to the three frequencies @, @5 and w3, the corresponding

fields can be described in the form of travelling plane waves, in the form
E,(z,t) = E,(z)e" ) 2.5)

where the subscript i is used to denote the three waves 1, 2 and 3, k; is the wave vector
for the waves and E;(z) is the slowly varying amplitude associated with the electric
field Ei(z,t). The solution to equation 2.4 has been described in detail by Armstrong et
al [2] and several other authors [1] and [3] resulting in the coupled differential
equations shown below in equations 2.6. Each equation gives the rate of change of
amplitude at one frequency with distance as a function of the amplitudes of the other
two frequencies, and of the phase difference between the polarisation wave and the

electromagnetic wave.

dE; =i, ,bgax(z) B, Bl Utok):
dz €

P « tio, /E-O-sox@)ElE;*e"'("l”ff"s)z (2.6)
dz €,

d_E3_ = —i® 3 E_o_gox(z)ElEze—f(kl+"‘2‘k3)2
dz \’ €3

where g1, &5 and g5 are the relative electric susceptibilities. The phase difference can
be written as Ak =k;—k, —k,. In the case of an OPO, the field denoted by the
subscript 3 is referred to as the 'pump', and the two generated fields, E; and E,, are
called the 'signal' and the 'idler' waves. These terms are derived from the parametric
amplifier and, as such, are a little confusing when applied to the oscillator. In the
parametric amplifier, a weak signal and an intense pump are coincident on a non-linear
medium, and the amplification of the signal is accompanied by the generation of the

idler, such that = - @, where the subscripts i, s and p refer to the idler, signal and
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pump waves. In the case of an OPO, both the signal and idler fields are generated
simultaneously at the expense of the pump, in accordance with the conservation of
energy ®,= 0g+o; and the concept of a 'signal' is accordingly somewhat redundant.
This nomenclature is, however, frequently applied to the OPO and the convention
adopted in this thesis is the signal and idler refer to the generated waves of higher and

lower frequency, respectively.

Equations 2.6 contain a great deal of information concerning the nature of the three

wave interaction in the OPO. If the pump depletion is considered to be small, then

dE,[dz=~0 and E(0)=Ep(z). The first two equations can be rewritten to include a

coupling constant x for the signal and the idler, giving

d—fd; = —ix E E ¢

z

JE" @.7)
—L =ix,E,E "

dz ‘

where k, =, /1,8,xPE » /ns and a similar expression exists for the idler coupling

coefficient x;. The single pass gain of the OPO, v, is defined as

z_z_yg)z
o2

where yi =K,K; =KI, (2.8)
2
and K= 200"
WAN,E ¢

where I is the pump intensity in Wm=2. The signal power can be expressed as a
function of the single pass gain and the length of the gain medium by finding the
solution to the coupled differential equations in 2.7. This has been carried out by
several authors, for example [1], [3]-[4] and yields the signal intensity I from a crystal

length / as
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sinh? {[yi -(4)°] l}

19 |—

I
G= (—J =y2r (2.9)
o A2
L, [Yﬁ ~(4) ]12
20,0,%°1
where y2= —s—'x—35
111 ,€ ,C

with the superscript (2) of the second order susceptibility dropped for clarity. The

centre of the parametric gain profile occurs at Ak=0. At line centre, the signal power

gain is
G =sinh?(7-y,) (2.10)

Thus, the single pass power gain G is given as the ratio of the signal intensity I  to the
initial intensity I,. As an example, a typical value for y2 is 4x10-8 I, (Wm2). If I, is

taken to be 60MWem-2, for a 12 mm long crystal, the single pass gain is
G=[—}’i}~ull @2.11)

The single pass gain of the OPO gives some insight into the cavity length and
necessary pump pulse duration, since it is possible to estimate the number of cavity
round trips required for the oscillator to reach threshold. By arbitrarily defining the
oscillation threshold as a signal energy of 100 pJ [5] and by allowing one idler photon
to be present to begin the parametric process [6], we can state that the total gain
required to reach threshold is approximately 150 dB. Therefore, for a single pass gain

of G, n cavity passes are required to reach threshold, where

G" ~150dB ~11" (2.12)
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giving n=14 passes. For a 30 mm cavity length, the duration of 14 passes is
approximately 2 ns. For an OPO pumped by a 6 ns pulse, the build-up time to

threshold is 1/3 of the pulse duration and threshold is easily attained.

For non-ideal phase matching, Ak is not equal to zero and the parametric gain becomes
sensitively dependent upon the degree of phase mis-match. We can rewrite the single

pass power gain of equation 2.9 using a small gain approximation of Ak2/* /4 >> yﬁl 2

which yields
Gsmaﬂ =7 (27[2 sin C2 (“Aﬂ) (2 1 3)

From equation 2.13, it is seen that the gain depends critically upon the phase mis-
match of the three waves. In section 2.3, a technique to match the phase of the waves

is discussed.

Further examination of the coupled equations (2.6) shows that when each equation is
multiplied by its complex conjugate, the expressions are related by

pp

BE)= 1 (55)=-—2(E,5;) (.14

where the phase mis-match Ak in equation (2.6) is taken to be zero. This expression

can be simplified to describe the power exchange at each frequency to give

APS AP A'PP

il Al AP (2.15)
0] o, o

K i p

where AP is the change in power of the signal and similar expressions are shown for

the idler and the pump. This relation was first formulated by Manley and Rowe [7].
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Although the analysis of the three wave interaction has been carried out with reference
to the OPO, the Manley-Rowe relation has been derived from the coupled amplitude
equations without specifying the nature of the three wave interaction. The result is,
therefore, also relevant to both sum-frequency generation and difference-frequency
generation. For example, in sum-frequency generation (where two laser beams at
frequency o and m; are mixed in a non-linear medium to generate a third frequency
® ,, such that o =wstw;), the Manley-Rowe relation states that both the sources at w;
and o; will lose power to the generated frequency at op. But in difference-frequency
generation, ®,-w¢=0;, the same relation predicts that loss at o, is accompanied by gain
at both oy and ;. This is the same as saying the pump photon is split in two to form
two new, lower frequency, photons. If a weak signal source is passed through the non-
linear medium repeatedly it will gain power at every pass at the expense of the pump
photons. In the case of the OPO, rather than injecting the signal from an external
source, it can be a frequency component in the noise [6]. If the non-linear medium is
placed within a resonator, repeated passes of the signal can occur and providing the
gain exceeds the loss, such a system will oscillate. This is the essence of the optical

parametric oscillator.

2.2 Effective Non-linear Coefficient

The energy conversion efficiency of the parametric process is not only affected by the
phase mis-match Ak, but it is also strongly dependent upon the magnitude of the
second order non-linear susceptibility ¥ in the presence of three electric fields
conforming to ® , =, +®;. From the previous section, the polarisation vector P(wy),
induced by the interactions of the two electric fields E(w,) and E(w;) can be expressed
using the third rank tensor d;. Using the subscripts /, m, n for the three waves to

avoid confusion in the nomenclature, we get
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Pi(ml>zzgodijkEj((Dm)Ek(mn) (216)

where a summation takes place over repeated indices. dy is the second order
polarisation tensor of the non-linear crystal and is related to i by %ij=2-djj. The
tensor dy; is of rank three having 27 components, where the subscripts i, j, k denote the
X, Y, Z axes. Fortunately, in most materials, many of the individual tensor
components vanish and do not contribute to d;;. The fact that we can attach no
physical significance to the ordering of the two fields E; and Ey means that dy is
symmetrical in j and k, such that, for example, dy;3E,E3=d 37,E3E,. This can only be
true if d;53=d;3,. The consequence of this is to reduce the number of components of
the tensor to 18. An even more sweeping symmetry condition applies to non-linear
processes in which the lossless region of the crystal includes all the interacting
frequencies. This condition, first formulated by Kleinman [8], states that the elements
of the tensor d;;; formed by freely permuting i, j, k are all equal. This is equivalent to
stating that the susceptibility is not dependent upon dispersion. A more concise
notation known as matrix notation is often used in place of tensor notation as a result

of the reduction in the number of tensor elements.

In tensor notation, a component of djj would be written as, for example, dyj). In

matrix notation, this is rewritten as dy; and the general tensor is denoted d;,. The

subscript u maps on to the subscripts jk in the following way

Tensor notation 11 22 33 23,32 31,13 1221

Matrix notation 1 2 3 4 5 6

Re-expressing equation 2.16 in terms of the matrix notation gives
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E.\'(O)"))E.\'(CDH) —‘

B E‘,((D"')EV((D”)

Px(wt) d, d, dy dy ds dg E (0) )E (0) )
Py((’)/) =28,|dy dy dy dy dy dy E (o) )E :(m 3]_*_1:: (C; )E (co )
132(03/) dy dy dy dy  dy dy | y(mm)Ez(m")+E‘(mm)Ey(w”)
L .,T((l) "i')'E_)’(CO”) + Ey (m IH)E\’ ((1)), )—

As a result of the similarity in symmetry between the piezoelectric coefficients and the
non-linear optical coefficients, it has been the tradition to write both sets of coefficients
in the tensor reporting frame of the piezoelectric coefficients, XYZ. The relationship
between the two frames depends on the crystal class in question. The optical xyz
frame and the XYZ frame are spatially coincident with the principal dielectric axes of
the crystal in the cases of uniaxial and orthorhombic crystal classes, although they are
not necessarily oriented so that x maps on to X etc. In the case of other crystal classes,
a rotation of one of the axes with respect to the other may be necessary to reconcile the
two frames. In the uniaxial crystal class, there is an a priori relationship between the
axes of the two frames, namely, x=7 in a negative uniaxial and z=7 in a positive
uniaxial, where Z is usually taken to be the polar axis. This is dealt with in more detail

later.

Although the number of tensor components has been reduced to 18, the description of
the polarisation still involves a summation over the non-zero matrix elements and the
direction of polarisation of the interacting waves. Returning to the subscripts applied
to the parametric oscillator, the equation describing the polarisation can be simplified

by writing

Plo,)=28,d, E(0,)E(,)
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where the summation has been carried out already for the particular interaction being
described. Here, a new term is defined known as the effective non-linear coefficient

dquand is defined as

where a;,a; and a, are the unit vectors of P(0p), E(wg) and E(w;), respectively. All
further derivations are made using this effective optical non-linearity, which yields a
simple expression for the description of the strength of the coupling between the three
waves. A more detailed description of the effective non-linearity is now carried out

after Yao and Sheng [9], with relevant alterations made to conform to the convention

discussed by Roberts [10].

An optical wave propagating in an anisotropic crystal with a wave vector k will
decompose into two mutually orthogonal polarisation directions perpendicular to k
denoted by ey and e;. The projection on the co-ordinate axis system xyz of the two

electric displacement vectors D€, and D¢, for the two polarisation directions is given

by

Dj“ (0)1') :bj‘l

D4 ((D,-)[ and D% (w,)= b

D (0, ) (2.18)

where subscripts j=1, 2, 3 represent the x, y, z axes system, b® and b® are the

direction cosine unit vectors given by [9]

cosOcosdcosd, —singsind,
b* =| cosOsin¢coss; + cosdsind,
—sin0cosd,

(2.19)

—cos0Bcos¢ cosd; —sindcosd,
b® =| —cosOsind sind, +cos¢ cosy,;
sin®sing,
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0 is measured from the k vector to the z axis and ¢ is the azimuthal angle subtending
the x axis and the projection of the k vector in the xy plane. & is the polarisation angle

and is defined later in section 2.3.2.

Owing to the phenomenon of double refraction of the extraordinary ray in an
anisotropic medium, the displacement vector D is not necessarily parallel to the electric
field vector E. This is discussed in more detail in section 2.7. Failure to make this
correction in the calculation for dgz can result in a 0-20 % error in the calculation of

deer (max) and even larger for non-maximum values [10].

The vectors D and E are related by a second rank tensor in € and by suitable rotation of

the co-ordinate axis system the cross-product terms can be made to vanish to leave

EN (J: 0 0)D
E,|=| 0 ) 0D, (2.20)
E, 0 0 D,

This new co-ordinate axis system is called the principal dielectric axis. Equation 2.20
shows how the refractive index n depends upon the direction of propagation of the

waves in the crystal and is the basis of the index ellipsoid or optical indicatrix of the

anisotropic medium.

From equations 2.18 and 2.20 we can write the electric field vectors (perpendicular to

the Poynting vector) of the two polarisation states, E¢; and E®, as

EY =

=R-D*
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(o) ) G|,

e =
ny n, n (2.21)

=5-D*
Since the electric field can be projected on to the co-ordinate axis system in much the

same way as the displacement vector was in equation 2.18, we can write

1 B
« a = Ecl 222
el B (222)
E;

and a similar expression for the unit vector electric field associated with e;. By
considering equations 2.21, 2.22 and 2.18, we finally generate an expression for the

terms a;, a; and ay used in equation 2.17. These are

nl"zbl"‘ n b

A U R . e
a“ =X n b and a® =—|n"b (2.23)

270 270

1y by’ ny by?

To conform to the convention of Roberts [10], eq is the slow ray and e, is the fast ray
in the "positive NLO frame" but are reversed for the "negative NLO frame", where the
positive and negative frames are reserved for the positive/negative crystals. This
convention ensures that e; and e, conform to the traditional idea of an "e" and "o" ray
in the uniaxial limit. Thus, the effective non-linear coefficient can be determined for
each type of interaction by using the relevant polarisations in equation 2.17 and setting

3 to zero in equation 2.19. The general forms of d,gare shown in table 2.1, below.

In biaxial crystals, the distinction between positive and negative is less clear since
there is not necessarily a sudden change in the non-linear optical behaviour at the optic

axis. However, Roberts [10] recommends a convention which is discussed in section

2.3.2.
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Positive Negative
e, \2 L \2
(ar) (a2)
e, (a";l )2 ¢ (af;z )2
2z £z 1 4
a 5 CII 5
—| po (a”‘) —| ,n (a"z)
Type I dy =|ay |dy ‘ ’ dy =| @, Ay P
as 2ay'ay’ ad 2a3ay
phase matching 2ata 2a%a
e e e ¢
2ai'a; 2a,*a;
aya;? aa)
alas as' ay?
¢y 2 ™2 e, 272
a atq® al‘ as a'-'z
du — acz d ‘3 3 , , d — ael d : 3 *3
cff 2 k| e ey I off 2 73 I, s
T I s Qy dy" +aya, e a,a;” +a, 4a,
yp € 3 € A% €l 4% a €1 gt ¢ 42
ayay +aya; alay +aia;
phase matching ay'ay’ +a)ay ay'a; +aya?

Table 2.1 General form of the effective non-linear coefficient for type I and type Il
phase matching in both positive and negative crystals.

2.3 Phase-matched Interactions and Frequency Tuning

The consequence of three waves propagating through a medium with different
frequencies is that their relative phase changes. That is, a mis-match occurs between
the polarisation wave and the generated electromagnetic waves because of colour
dispersion. The birefringence of an anisotropic material can, however, be exploited to
force the waves to travel through the medium at a single phase velocity, ¢/n. This
phenomenon is called phase matching and is most simply illustrated in a uniaxial

crystal.
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2.3.1 Uniaxial Crystals

We found in the previous section that, for a given direction in the crystal, two linearly
polarised modes exist which are the rays of propagation. Each mode possesses a
unique direction of polarisation (direction of D) and velocity of propagation (the
corresponding index of refraction). The polarisation directions and indices of the two

rays are found from the general form of the index ellipsoid in the principal axis system,

X, V, Z given by

2 2 2
x“ Yo oz
T+“—2+—2=1 (224)
ny h, n,

The two eigenvectors, in general, experience different refractive indices and can be
found by solving the quadratic in n of the Fresnel equation [11]. Using n' and n" to

represent the two eigen refractive indices, we have

K %
n =[ 2 ] and » :[ 2 } (2.25)
—B+JB-4C ~B-JB-4C

B= [—kﬁ (n;,2 —n? ) - kf, (n_\fz - nz‘z) —k? (n_\‘.2 —n? )]

where

_fr2,2,-2 22 -2 -2 ;2 -2 2
C~[kxny nrkon S +kin ]

and ky, ky and k;, are the spherical polar co-ordinates of the k vector in the principal

axis system, given by k, =sin0cos¢, k, =sinOsin¢ and k, = cosB.

A uniaxial crystal has a single optic axis. That is, a single direction exists in the crystal
where the two eigen refractive indices are equal. In general, however, the eigenvalues
are not equal since it is found that one depends on the polar angle 0. A positive

uniaxial has ny=ny=n, and n,=n, whereas a negative uniaxial has ny=n,=n, and n,=n,
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where n, and n, are referred to as the ordinary and extraordinary refractive index,
respectively. The relative magnitudes of the ordinary and extraordinary refractive
indices determine whether the crystal is of a "negative" or "positive" uniaxial class.
For ng-ny>0, the crystal is considered to be positive and for ng-n,<0, the crystal is
negative. When the refractive indices are substituted into equation 2.24, the generated
surface for both crystal classes is an ellipsoid. For a positive uniaxial, the ellipsoid
resembles the shape of a "rugby ball" whilst a negative uniaxial indicatrix is like the
shape of a "Smartie". Both have their optic axes along the axis of rotational symmetry.

Figure 2.1 illustrates the index ellipsoid for both classes of crystal.

X axis Z axis A (optic axis)
(optic axis) Ne
n e
No No
Negative uniaxial Positive uniaxial

Figure 2.1. Index ellipsoid (or optical indicatrix) of a negative and a positive uniaxial
crystal.

The cross section of the normal to the optic axis in both ellipsoids in figure 2.1 is a
circle, indicating that ng=n.. Therefore, the orthogonal D, and D, vectors
perpendicular to a wave travelling along the optic axis experience the same refractive
indices. This defines the optic axis. In general, however, for a wave vector at an angle

0 to the optic axis, D, experiences a different refractive index to D,. This is illustrated
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in figure 2.2(a) for a positive uniaxial crystal, where D, and D, point in the direction of
the minor and major axis of the elliptical cross section of the indicatrix. It is clear from
the figure that as the k vector angle of propagation 0 varies, the direction of the
polarisation of the ordinary ray (D,) remains the same whilst that for the extraordinary

ray changes. In fact, the extraordinary refractive index changes from n (6=0°)= n, to

ng(0=90°)= 1.

The generated three-dimensional surface of n, and n, as functions of both 6 and ¢ is
called the normal surface of the crystal. Its construction is derived from the index

ellipsoid and is shown in figure 2.2(b).

z axis A z axis A

(a) (b)

Figure 2.2 (a) shows the construction of the directions of the displacement vectors for
a given wave normal propagation in a positive uniaxial and (b) the subsequent
development of the normal surfaces

In a uniaxial crystal, the ellipsoid of revolution is symmetrical about the optic axis

which allows the refractive index to be described in terms of 6 only without loss of

generality.
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A prerequisite for efficient parametric generation is that the three waves are phase

matched so that Ak=0 and momentum and energy are conserved according to

k, =k, +k;, (for collinear phase matching) and o,= Oy to; respectively.

Taking the phase matching requirement, and using the expression K9 = gn®) /c, we

can derive the phase matching requirement for the collinear phase matching regime as

o, = n(m"‘)m. +nl®p (2.26)
In normal dispersive materials, the index of the ordinary wave or the extraordinary
wave increase with @, making equation 2.26 impossible to satisfy if all three waves are
of the same polarisation. However, under certain circumstances, if one of the waves is
ordinary, or extraordinary, the equation can be satisfied. Two types of phase matching
in birefringent crystals are possible in principle; type I has the signal and idler of the
same polarisation (either both ordinary or both extraordinary), and type II has
orthogonal signal and idler polarisations. Whether the waves propagate as o-rays or e-
rays in type I phase matching is determined by the crystal class, that is, whether it is a

positive or negative uniaxial.

The general form of the phase matching types, given in terms of the eigen refractive

indices are

n;,w p = N0+ 10, type [ phase matching

n,®, = no, +no, type II phase matching (2.27)
where n'is the larger of the two eigenvalues.

Table 2.2 shows the eigenvalues for both type I and type II phase matching for each
uniaxial crystal class and includes the concise nomenclature borrowed from second

harmonic generation where e’ and 'o' denote extraordinary and ordinary polarisations.
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1] 14
n n
. . . o2 2 7%

Negative uniaxial [sm 6 cos 9} n,
2 2
ne I’lo

.y . N ) 2 -5
Positive uniaxial n, sin” 0 . cos 0
27

Table 2.2. Eigen refractive indices for uniaxial crystals.

For a fixed pump frequency, o, it is apparent from the form of equation 2.26 and
figure 2.2(b) that changing 6 changes the refractive index of the e-ray and also causes
the signal and idler frequencies to change, to preserve the phase matching condition.
By rotation of the crystal with respect to the pump k vector, the signal and idler
frequencies can be made to tune in accordance with the conservation of energy. This is
know as angle tuning and is characterised by critical phase matching (CPM). Other
forms of frequency tuning also exist. Fast tuning over relatively small ranges can
result from electro-optic tuning [12]. Phase matching can be made to depend
noncritically on the acceptance parameters of the crystal (see chapter 3 for detail on
acceptance parameters) by directing the pump light normal to one of the axes of the
index ellipse. Tuning is usually then accomplished by changing the temperature of the
crystal, providing the refractive indices are sufficiently sensitive to changes in
temperature. This is known as noncritical phase matching (NCPM) and has the
additional advantage of zero walk-off of the extraordinary ray. Greater detail on both

CPM and NCPM is provided in the next chapter.

2.3.2 Biaxial Crystals

The existence of two optic axes in biaxial crystals makes phase matching more
complicated to analyse. The wave surfaces form a two-sheeted surface and neither of
the two optic axes coincide with a principal axis. Although the phase matching

directions still form a cone around each of the optic axes, the cone cross-section is not

LAW Gloster 57 PhD Thesis




Chapter 2 Theory of the Parametric Interaction

necessarily circular. In principle, the two eigenvalues of refractive index can both be
extraordinary in nature, but usually the phase matching is chosen to take place within a

principle plane of the crystal. In this case, one eigenvector behaves as an ordinary ray

and the other as an extraordinary ray.

Figure 2.3 shows the index ellipsoid for a positive biaxial crystal. With ny<ny<n,, the
optic axes lie in the xz plane of the principal axis system at an angle Q to the z axis.
The shaded areas represent only the planes of intersection that have a circular cross

section. The normal to each plane is an optic axis (OA).

Z axis
OA A OA

Figure 2.3 Index ellipsoid of a positive biaxial crystal. The optic axes lie in the xz

plane at an angle Q2 to the z axis when the axes of the ellipse are defined as n,<n,<n,.

M

When phase matching takes place in a principal plane of the crystal, not only do the
eigen vectors behave like an "o" and an "e" ray, but the polarisation angle 8 is zero.
This "uniaxial" behaviour results from the k vector always remaining at right angles to

an axis of one of the three ellipses which make up the biaxial indicatrix. For example,

LAW Gloster 58 PhD Thesis




Chapter 2 Theory of the Parametric Interaction

when phase matched interactions take place in the xy plane, k is always perpendicular
to the z axis. The refractive index experienced by the eigenmode parallel to the electric
displacement vector along this out-of-plane axis remains constant and equal to the
length of the z-semi-axis. The other eigen mode experiences an index of refraction
whose value varies from the semi-axis lengths of the two other ellipses as the tuning
angle changes from 0° to 90°. Under the conditions of a general phase matched

direction k(8,¢), both the eigenvectors behave as e-rays and the polarisation angle is

non-zero.

The polarisation angle & is shown in figure 2.4 and subtends the e and the k-"3" plane.

x=3 A

k(9,¢)

zZ=

Figure 2.4 An octant of the index ellipsoid of a biaxial crystal. The displacement
vector is decomposed along two orthogonal directions e; and ey  When phase
matching takes place away from a principal plane, the polarisation angle 8 is non-

zero. The optic axis lies at an angle Q from the z axis in the xz plane. Its formulation
is in the text. (Figure is based on [10])

The polarisation angle is defined as

tan28" = sin2¢ cos0 (2.28)

sin® ¢ —cos” O cos® ¢+ cot’ Q, sin’ O
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for a positive biaxial, and

—sin2¢cos0

tan26; = — — 5 —
cos” ¢ —cos” Osin” ¢ +tan” Q, sin“ O

(2.29)

for a negative biaxial crystal. The definition of negative and positive biaxiality is taken
from the magnitude of the angle Q) which is the position of the optic axis from the z
axis. The crystal is said to be negative for (3>45° and positive for Q<45°. In a

marginal case, the crystal can be considered to be both positive and negative. The

definition of Q is

2 2
A n.|n,—n,
st:—‘l: : 2] (2.30)

By considering the plane of interaction in the crystal, the eigen refractive indices n' and

n" can be found. These are tabulated below (table 2.3)

1 "
n n
. =2 2 _%
k in xz plane (0<Q) [sm 6 cos 9} ny
2 2
n; "
k in xz plane (6>Q) n sin?® cos’0 ]
2 + 2
n; n;
. .2 2 _%
k in xy plane sin” ¢ , os ) n,
n? n,
. ) A
k in yz plane n, sin’®  cos” @
7 T
n; 1,

Table 2.3. The eigen refractive indices for phase matching in the principal planes of a
biaxial crystal.
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2.4 Oscillation Threshold

When considering the threshold of an oscillator, we require that the single pass
parametric gain of the resonant wave(s) is sufficient to offset the round-trip cavity
losses. For a singly resonant oscillator (SRO), Brosnan and Byer [5] have derived a
model for the threshold of a parametric oscillator. Using Gaussian wave forms to
describe the pump and the resonant signal, the model considers a time independent
gain profile whose width is determined by the time for which the oscillator has net gain
greater than unity, which in practice is taken to be the pump pulse duration. Threshold
is defined as a signal energy of 100 pJ generated at the expense of the pump. The

pump threshold fluence for a collinear phase matched SRO is given by

225 [ 1 I ’
Jy= 2 o n P20 14 In——+1n2 231)
Kg, L |{2t¢ p, VR

where K is defined in equation 2.8, g is the signal spatial mode coupling coefficient, 2
7 is the pump pulse duration, /, is the optical cavity length, o is crystal absorption and
R is the mirror reflectivity. L is the effective crystal length after Poynting vector walk-
off has been taken into account This is discussed in more detail later. For a threshold

of 100 J, the signal to noise power ratio of In( 2,/ P,) ~ 33.

The approximation of a time independent gain profile predicts a higher theoretical
threshold fluence than that observed by the authors of the model. Indeed, this trend has
been found by other researchers [13]-[14]. In reference [14], the authors attribute the
high predicted threshold value to the use, in their experiments, of a multi-mode pump
source rather than the single-mode pump source assumed in the model. Others [15]
attribute the discrepancy to erroneously low values of the effective non-linear

coefficient. Generally, it should be noted that the gain of the oscillator is unlikely to
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exceed the losses for the duration of the pump pulse, which makes T in equation 2.31

large.

2.5 NMomentum Mis-match

In practice, the phase matching in OPOs is often far from ideal, since the pump wave
has a finite divergence and is non-monochromatic. In section 2.1, the gain equations
for the OPO are critically dependent upon the magnitude of the phase mis-match.
Therefore, it becomes necessary to calculate the degrec to which the spectral and
angular spread of the pump wave and the temperature changes of the crystal affect the
gain of the interaction. In general terms, the mis-match of the three waves can be

written as a Taylor series [16], in this case to first order, as

Ak = AK(0)+ ABK) g, ABK) ., O(AK)
ov aT

AT (2.32)

where Ak(0) is the mis-match for perfect phase matching and is obviously zero. Each
partial derivative can be evaluated by assuming the other two arguments are constant
under the varying condition. The point at which the mis-match is defined to be

intolerable is when it equals 7/l where [ is the crystal length [4].
The collinear phase mis-match can be written as

Ak =[n,0, ~no, —n,-(n,-]-l (2.33)
C

where p, s, 1 denote the pump, signal and idler. In order to calculate the acceptance
angle of the crystal which is angle tuned, equation 2.33 is differentiated with respect to

6 under the condition that the cavity is resonating the signal wave. With © =2mnc/A,

we obtain
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b4 NI . 2.34
B (2.34)

d(Ak) zzn{dﬂp 1 dn 1 jl
Since the acceptable limit of Ak is n//, substituting this into equation 2.34 gives the

maximum half angle divergence of the pump wave, according to
1[dn, 1 an 1T
i )
AO, = e Lo_am L (2.35)
211 d6, A, d&, M\,

In a type I interaction in a negative uniaxial (in simple nomenclature, the interaction
can be described as e—o+o, where e and o are the polarisation states of the waves) the
second term in the brackets is zero and the acceptance angle limit is dependent upon
the variation of the extraordinary refractive index of the pump wave with respect to the

phase matching angle O, the pump wavelength and the crystal length.
In a similar way, the maximum allowable frequency bandwidth of the pump wave can

be calculated by differentiating equation 2.33 with respect to frequency and setting

Ak =7/l once again. When the frequency is substituted for wavelength, this gives

-1
¢ on, on
Av, = 7[;\,.[% ] - xp[%i}(np -n,.)} (2.36)

in Hz. The temperature bandwidth of the OPO can be expressed in a similar method by

differentiating the phase mis-match with respect to temperature. It is also useful to be
able to calculate the temperature sensitivity of the OPO: the frequency change induced

in the OPO per degree change in temperature. This parameter can be written as

Br= (2.37)
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A similar expression can also be sought for the angular sensitivity, as described

elsewhere [17].

2.6 Inherent Oscillator Linewidth

A principal difference between a laser and an OPO is that a laser can absorb and store
uncollimated energy of a broad frequency range, and re-emit radiation in accordance
with the dominant energy transition of the gain material. The central wavelength and
inherent bandwidth of a laser are generally not affected by the spectral and spatial
distribution of the pump radiation. In contrast, the inherent linewidth of an OPO is
influenced by the divergence and frequency of the pumping radiation, since phase

coherence between the pump, signal and idler is important.

There are three contributing factors to the inherent linewidth of the OPO. The first,
and most dominant, factor is the degree to which the signal frequency may depart from
the ideal phase matching condition before which the fall in gain becomes intolerable,
which has been previously defined as Ak=n//. The calculation is similar to that carried
out in the previous section, except that in this instance we assume that the pump
frequency is fixed and the signal and idler frequencies are free to change. By
differentiating the collinear phase matching equation 2.33 with respect to the signal

frequency and noting that dw ; = —dw,, we obtain

Sdn, dn,

-1
Avgl)(Hz):%[(ni-—ns)+7» any _y, d”"] (2.38)
In the type I phase matching regime, the term in the small brackets becomes large as n;-
ng—>0 close to the degenerate condition (wg=m;), causing the linewidth to increase
sharply. Maximum signal (and idler) linewidths at degeneracy under such phase

matching conditions are a common feature of OPOs and the result is the linewidth can
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change by an order of magnitude or more across the tuning range. The two other
contributing factors to the linewidth of the OPO are the angular and spectral spread of
the pump beam. The linewidth component arising from the angular spread, or
divergence, of the pump beam can be determined by considering the measured
divergence as a fraction of the maximum allowable divergence (section 2.5) and
multiplying this by the allowable variation of the signal Av(sl). This can be expressed

as

-1
@ _ c (o dn, . dn,
avd = A0, | (1 —my)+ 0, -, 2.39
vs (ae) P [:(n.' }’ls) Sd?\.s ldki ( )

in Hertz, where AQ, is the full angle divergence of the pump beam. Finally, the
contribution to the linewidth resulting from the finite bandwidth of the pump can be

determined in a similar fashion. Referring to equation 2.36 in section 2.5, we can write

. d 1
Av(s3):Av, (n —ni)+%i%——?\. T (ITl-—nx)-l"?\.Yﬂ-—)\.,-ﬂ (2.40)
i dn, ¥ dxr, /. dA,;

1

in Hertz. The total linewidth of the OPO is the sum of the three components. av? s

N
often considerably smaller than the other two contributions since the actual pump

bandwidth Av, is usually smaller than the restriction placed upon it by the crystal

(equation 2.36), and for practical purposes can usually be excluded. However, as we

shall see in chapters seven and eight, when Av, ~ AV s AV(SB) plays an important part

in the overall linewidth of the OPO.

2.7 Poynting Vector Walk-off

In birefringent materials, D, the displacement vector and E, the electric field vector, do

not always point in the same direction. Since D is perpendicular to the wave vector k
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and E is perpendicular to the power flow S, the direction of power flow and the wave
normal separate during their passage through the crystal. These vector pairs form an
orthogonal set with H (figure 2.5 (a)), where H points in a direction perpendicular to
the page. S is known as the Poynting vector and is equal to E AH. The angle between

the orthogonal sets is known as the walk-off angle, p.

g D OA

(a) (b)

Figure 2.5 (a) Vector construction showing the walk-off angle between the Poynting
vector S and the wave vector k and (b) the wave surface of a negative uniaxial.

Figure 2.5 (b) shows the wave surface of a negative uniaxial with k at an angle © to the
optic axis (OA). The Poynting vector of the extraordinary ray is constructed so that it
lies normal to the surface of the wave. In an isotropic medium, the phenomenon of
Poynting vector walk-off is not seen, since the octant of the ellipse drawn in figure 2.5
(b) would be a circle and the two vectors would lie parallel. This is also the case for
ordinary rays. From the figure, it is clear that when 6=0° or 90°, the walk-off angle p
is zero. Although phase matching cannot take place along the optic axis (0=0°), in
many materials it is possible to phase match at 90° to the optic axis. This is known as

noncritical phase matching (NCPM).

A simple method of calculating the walk-off angle is to consider the angle the Poynting

vector makes with the optic axis, say, B. Then, from geometry, we find
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2
tanf = (”—j tan0 (2.41)
n

e

The walk-off angle, p, for a uniaxial crystal is then the difference between B and .
Providing the analysis is made in the principal axis system, equation 2.41 also applies
to biaxial crystals since the behaviour of the refractive indices is analogous to that of

"ordinary" and "extraordinary" waves,

Considering a phase matched interaction in the principal plane of a crystal (uniaxial or
biaxial), one wave is necessarily polarised differently to the other two. The Poynting
vector of the e-ray(s) will separate from its wave normal and, in so doing, will separate
from the Poynting vectors of the o-ray(s). Consequently, Poynting vector walk-off can
have a severely detrimental effect on the conversion efficiency of the OPO, since it
ultimately limits the useful crystal length available in the interaction. It is interesting,
in this respect, to talk about the walk-off length. That is, the useful length of the
crystal in the interaction before the waves become too separated to interact. The walk-

off length /;, can be defined as [5]

I, =

Jrnow
2

2 (2.42)
P

where wy, is the electric field radii of the pump wave.

2.8 Conversion Efficiency

The optical conversion efficiency is a measure of the amount of pump light that is
converted into signal and idler light. The analysis for the conversion efficiency of a
singly resonant oscillator (SRO) has been carried out by a Kreuzer [18] using plane-
wave assumptions. Bjorkholm [19], however, considers the implications of conversion

efficiency using Gaussian waves. This analysis is summarised here.

LAW Gloster 67 PhD Thesis




Chapter 2 Theory of the Parametric Interaction

If 1;, is the input pump intensity, 7, is the threshold intensity, 7. is the transmitted
in put p th Ys 4y
pump through the oscillator and I; and [; are the signal and idler intensities,

respectively, then

for I;, 21, , the internal conversion efficiency is given by

PR _
P

in in

I~

r

MNint = (243)

-

where P represents the power (in W) and the subscripts are defined above.
Considering a perfectly phased matched interaction (Ak=0) the efficiency for the plane-

wave assumption is given by

Nige = 1— cos’ Y (2.44)
where

Ly sin? y

I in ’Y 2

By integrating (2.44) over the pump beam cross section, Bjorkholm found the

Gaussian-beam solution to be

)2 ln(“%,l h]

Ptr' th -X 2

i Tt e ¥ .cos”ylx)dx 2.45

B, 2" ekt 24
where

Pu e sin® y(x)

B, v*(x)

Equation 2.45 has been numerically integrated by Bjorkholm and compared with the
solutions to the plane-wave equations. The results show that full pump depletion is not

possible with Gaussian waves. The maximum conversion efficiency is 71 % under the
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pumping condition of P;~6.5-P;,. However, for a uniform plane-wave pump, 100 %

conversion efficiency is possible when P, = (n/ 2)2 Py, (or Py~2.5-Pyp).

The external conversion efficiency of the OPO is simply a fraction of the internal
efficiency, according to the losses experienced by the wave under study. For the non-

resonant wave, or free wave, the efficiency is

®
_ Jree
Nexe = Mint (246)
p
For the resonant wave, or confined wave, the conversion efficiency is given by
®
_ Y eonfined €.
Next = : “Mint (247)
®, &t

where g is the loss coefficient which contributes to the output of the confined wave
including the mirror coupling and losses resulting from mirror tilt. €; is the loss
coefficient for non-contributory waste including Fresnel reflection from the crystal face

and crystal absorption.
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The matching of a non-linear material to a pump laser source for a specific OPO
application is extremely important. Often, the choice of pump source has already been
made by what is available in the laboratory, and the question lies only with the choice
of crystal. In the case of this thesis, the harmonics of a Nd:YAG laser were available.
For each application, the crystal transparency, tuning range, effective non-linear
coefficient, acceptance parameters, double refraction angle and damage threshold must
be considered carefully to ensure that the final device will operate efficiently over the
desired tuning range. The particular interest here is with the generation of tunable,
narrow linewidth radiation in the visible region of the spectrum, particularly in the
orange/red and the blue regions. The two crystals under study are barium borate
(BBO) and lithium triborate (LBO). Both exhibit respectable non-linecar coefficients,

high damage thresholds and can be phase matched across the visible region.

This chapter examines the figures of merit for BBO and LBO crystals initially to allow
a comparison to be made. Further studies are then carried out on each of these crystals

to determine which is best suited to narrow linewidth operation.

3.1 Figure of Merit

In an attempt to classify non-linear crystals by way of their performance, a figure of
merit (FOM) can be calculated in each case and different crystals can then be directly
compared. Defining the FOM, however, can be a troublesome matter. In trying to
circumvent the cumbersome procedure of calculating all the parameters of a crystal, the
FFOM often fails to give a complete picture of the crystal performance. Each FOM
must, therefore, be treated with a degree of caution for reasons which are explained

below.
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The most commonly used FOM is defined as

d
M, =—L (3.1)

com
n AT

which is taken from the equation of the gain coefficient (2.9). Using the third
harmonic of a Nd:YAG laser at 355 nm as the pump source, both LBO and BBO can
be phase matched to generate radiation across the visible spectrum. Comparing the
common FOM for type I-BBO, type I-LBO and type II non-critically phase matched
(NCPM) LBO all pumped by the third harmonic of a Nd:YAG laser (shown
graphically in figure 3.1) we see that BBO has the highest FOM, almost a factor of two
greater than LBO. However, this definition of the FOM fails to take into account the

Poynting vector walk-off of the extraordinary rays in the crystal; an effect which is

more detrimental in BBO than in LBO and non-existent in NCPM interactions.
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Figure 3.1 Common FOM of BBO, LBO and noncritically phase maitched LBO over
the tuning range of each oscillator pumped at 355 nm.
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It should be noted that the tuning range of the NCPM LBO OPO is unlikely to extend
across such a large range, as indicated in the figure, because of its relatively insensitive

refractive index change with temperature,

In defining a FOM which allows for the effect of Poynting vector walk-off, we have
returned to the idea of an effective length of the crystal. The separation of the waves in
the crystal can be thought of as forming a cone or a truncated cone, depending upon the

crystal length, as shown in figure 3.2.

< / >

%@
-,

(a)

(b)

Figure 3.2 (a) depicts a schematic of the extraordinary ray departing from the
ordinary ray, thus, defining a walk-off length Iy (b) shows the generated "cone" of the
interaction volume. The initial area of the beam is A and the area of interaction at any
point in the crystal is A'.

This cone defines the volume of interaction of the waves. Any incremental crystal

length beyond the interaction volume cannot contribute to the gain of the OPO. The
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parametric gain coefficient can be expressed in terms of plane-waves for the case of

perfect phase matching as

2
G=y21%= $m” D |ph (3.2)
€,¢ J| nyngyh A

s

where vy is defined in equation 2.9, | is the pump intensity (W cm2) and A is the area
of the pump beam. From equation 3.2, we can define a FOM M,, to encompass the
effects of walk-off by defining the crystal length / as the effective length of the crystal

losr The conditions imposed on the effective length are

for I <l

leff: f
for/ >lp

le=1p

where the walk-off length, /,, is defined as w, ~ p-I where w;, is the pump radius and

p is the double refraction angle. As the beams gradually separate within the crystal,
the overlap, or pumping volume, can be calculated (assuming that the overlap is
circular) and the calculated value of the power available for the interaction reduced

accordingly. From equation 3.2, we can write

d> P 7
My=t| 2 | V.24
2 npnn-?» A, A A

LR R e ]

where A is the average interaction area of the beams, giving

1| dy 2 P, |2-1,-1
M, == — "¢ |y e |2 el 3.3
i 2[11 1A X.](eﬁ) A [ / il 3:3)

PSS P
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Equation 3.3 for the FOM has units of W/V2, Calculations based on equation 3.3 have
been carried out again for the three cases used previously, with P, set at 50 MW/cm?
and a 2 mm diameter pump beam. The calculation was performed by summing over
incremental crystal lengths to find My, The result is shown in figure 3.3. For any
crystal length, the corresponding value of M,, can be found. We see that the value of
M,y for BBO rises more rapidly than that for LBO, for crystal lengths up to 14 mm.
With longer crystals the effects of Poynting vector walk-off become intolerable, and
M, falls with increasing length. NCPM LBO, on the other hand, experiences no walk-
off and consequently has a greater FOM than LBO (CPM). The effects of walk-off do

not seriously affect the performance of LBO (CPM) until crystal lengths of about

30 cm are reached.

80 [

-~
(=}
1

[=2]
(=]
T

LBO (NCPM)

]
=]
T
‘\
~

Walkoff FOM (pW/V?)
& &

R
Q

-
o

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Crystal length (cm)

Figure 3.3 Walk-off FOM applied to BBO, LBO and LBO (NCPM) Jor pumping
intensities of 50 MW/cm? and a 2 mm pump beam diameter, versus crystal length.

The results of a similar calculation are shown in figure 3.4 where the variation of M,,
over the tuning ranges of the parametric oscillators for a fixed crystal length of 14 mm

and a pump size of 2 mm diameter in each case.
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Figure 3.4 Variation of the walk-off FOM for a 14 mm crystal in BBO, LBO and
(NCPM) LBO over the visible tuning range of each oscillator.

Here, M,, for BBO is ~1.5 times greater than LBO (CPM) but only exceeds LBO
(NCPM) in the blue region of the spectrum. However, the tuning range of (NCPM)
LBO is exaggerated in figure 3.4, since such a wavelength range would be impossible

for the reasons given eatlier.

In summary then, My, shows clearly the superior behaviour of BBO over LBO,
whereas M,, indicates an improved performance for LBO when walk-off is taken into
account. Other FOMs can also be calculated to include different crystal parameters
such as surface damage threshold. However, implicit from the variation of the two
different FOM definitions shown here is that all FOM calculations must be used only
as a crude guide to the overall crystal performance and not as a substitute for a more

detailed crystal feature study. Such an analysis is now carried out for both BBO and

LBO.
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3.2 Barium Borate

Barium borate (BaB,0O,4, BBO) is an inorganic, negative uniaxial crystal which
crystallises in two phases, o and . The first phase has a square non-linearity tensor of
zero, whilst the second lacks the inversion symmetry necessary for optical non-linear
processes. Initially, BBO was assigned to the wrong crystal class which resulted in
errors in the calculation of the effective non-linearity in early publications [1]-[2]. The
crystal class was finally confirmed by Eimerl et a/ [3] and the effective non-linear

coefficient for both type I and type II phase matching is given by

o = dy55in0 —dy, cosBsin3g
(3.4)
o =y cos® B cos3¢

The values of the coefficients are dp,=(1.78+0.09) pm/V and d;5=(0.1210.06) pm/V
[4], although some researches have found these to be low and have published

d9»=(2.2230.09) pm/V and d{5=(0.16+0.08) pm/V [5].

To maximise dgz in the case of a type I (e~>0+0) interaction, the azimuthal angle ¢ is
set to 90° (or 30°) Both maxima are shown in figure 3.5(a), which depicts the topology

of the square of the effective non-linear coefficient with 0 and ¢ variations.

Type I (e—o+e) phase matching is also possible in BBO [6], but the interaction has a
smaller effective non-linear coefficient. This is evident from figure 3.5(b) which
shows the surface dropping away more quickly as 0 is increased as a result of the
cosine squared term in equation 3.4, despite the maxima for each type of interaction

being the same.
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(@ (b)

Figure 3.5 (a) Topology ofthe square o fthe effective non-linear coefficient o fBBO for
a type I interaction, and (b)for a type Il interaction as 0 and (j) are varied.

BBO has a transparency which extends from 189 nm to 3500 nm and, owing to its
large birefringence (n0-ne = 0.12 at X = 532 nm), phase matching can be carried out to
generate radiation into the UV. For example, second harmonic generation of 410 nm
has been demonstrated to produce UV light at 205 nm [1], [3]. Shorter wavelengths
are obtainable by sum frequency mixing of UV and infrared light [7] to generate light
at 190 nm. BBO also has a high damage threshold of ~13 GWcnr- [3], making it a
strong contender for high intensity pumping. For a more detailed overview of the

phase matching properties of BBO, see reference [8].

The dispersion relations (Sellmeier equations) for BBO, given by a number of

researchers, conform to the empirical equation

n2=a+— d A
A —¢

The constants a, b, ¢, d and e (where necessary) are shown in Table 3.1
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Reference a b ¢ d e
[1] N, 2.7359 0.01878 0.01822 0.01354 0

n, 2.3753 0.01224 0.01667 0.01516 0

31 N, 2.7405 0.0184 0.0179 0.0155 0

g 2.3730 0.0128 0.0156 0.0044 0

(91t n, 1.46357 1.26172 | 0.01628 0.00166 30
e 1.40567 0.95869 | 0.01431 0.01644 30

bAr  da?

T conforms to n? = a + e
A—-c AN -—e

Table 3.1 Sellmeier data for BBO from three reference sources.

From the data given in table 3.1, the type I and type II phase matching curves for a
BBO optical parametric oscillator can be calculated using equations 2.27 for a given

pump wavelength of 355 nm. The tuning responses are shown below in figure 3.6.
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Figure 3.6. Tuning curves for type I and type II phase matching in BBO pumped at
355 nm.
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The tuning curves span the visible part of the spectrum and extend into the near
infrared to wavelengths near the infrared cut-off. The availability of such an extensive
range of wavelengths for both types of phase matching has made BBO an extremely
useful source of visible radiation. However, further investigations need to be made
into the acceptance angles of the crystal and the extent of Poynting vector walk-off
experienced by the e-ray(s), to fully assess the potential of the crystal for both type 1
and I phase matching. To this end, the angular, spectral and temperature bandwidths
to the point where the gain falls by n// from the perfectly phase matched condition can
be calculated for both type I and type 1I interactions in BBO from equations 2.35-2.37.
The maximum allowable pump bandwidth in GHz is shown in figure 3.7 over the
tuning range of each type of interaction for a pump wavelength of 355 nm. In both
cases, idler resonance places a less severe restriction on the spectral parameters of the
pump, but even the signal resonance is much broader than the bandwidth of a free

running Nd:YAG laser (~ 30 GHz).
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Figure 3.7, Maximum pump bandwidth for type I and II phase matching of BBO
pumped at 355 nm using 12 mm crystal lengths.
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The pump spectral width will not, therefore, adversely affect the performance of the

OPO for the crystal lengths of 12 mm, used in this calculation.

The acceptance angle of the crystal limits the divergence of the incoming pump beam
for a given crystal length. It is well known that the acceptance angle in BBO is strict;
for modest crystal lengths the allowable divergence of the pump laser is small. Figure
3.8 shows the acceptance angles for type I and type II phase matching over the tuning
range of the respective oscillators. For type I phase matching, the limit is shown to
vary from 0.3 mrad to 0.24 mrad. A near diffraction-limited Nd:YAG laser beam at
the fundamental wavelength has a typical divergence of 0.5 mrad (full angle), so this
restriction can be expected to be a source of loss. In the type II regime, the restriction
is again alleviated to some extent and is shown to increase to 0.55 mrad near

degeneracy.
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Figure 3.8. Acceptance angles for BBO in both the type I and type Il phase matching
regimes. The calculation is based on a 12 mm long crysial.
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To remain within the limits imposed by the acceptance angle would result in a severe

restriction in the length of the BBO to only a few millimetres.

The temperature bandwidth of BBO is not sufficiently narrow for the crystal to require
temperature stabilisation in a simple cavity oscillator. Type I and type II phase
matching bandwidths are shown in figure 3.9 and both indicate that a crystal

temperature change of >50°C would be needed before a significant fall in efficiency is

observed.
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Figure 3.9 Temperature bandwidth of BBO in both the type I and type II phase
matching regimes. A crystal length of 12 mm was used in the computation.

The observed temperature insensitivity not only means that stabilisation is not
necessary, but also that temperature increases caused by pump energy absorbed by the

crystal will not significantly detune the oscillator. This is a positive attribute for high

power pumping.
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The effects of Poynting vector walk-off can severely limit the conversion efficiency of
the oscillator and this is an important parameter to consider when selecting a crystal for
a given application. The walk-off angles for both type I and type II phase matching

have been calculated and are shown in figure 3.10.

Pump wave

Idler wave

Walkoff angle (degs)

3 i i I I L i L n i 1 " n I " 1 A 1 L 1 1 L 2 Il M 1 L " i 1 1 n L . " (]
20 25 30 35 40 45 50 55
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Figure 3.10 Double refraction angles(walk-off angles) for pump (type I and type II)
and idler (type II) rays in BBO over the range of phase matched angles.

In the case of type II phase matching, both the pump and the idler waves are polarised
as e-rays and so both experience Poynting vector walk-off. The walk-off angle (or
double refraction angle) varies over the phase matching angle and peaks at 4.2° and
4.5° for the idler and pump, respectively. This dual walk-off can be exploited in a type
II phase matched oscillator by allowing the idler wave to be resonant in the cavity and
the signal to be free or non-resonant. The idler, as a result of its walk-off, more closely
shadows the pump during its passage through the crystal and this ensures a lower
oscillation threshold than a similar set-up with the signal resonant. Such a comparison

has been demonstrated by Bosenberg ef al [6] where the authors reported a 2.4 fold
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decrease in the oscillation threshold of the idler-resonant OPQO over an otherwise

identical signal-resonant device.

The walk-off of the extraordinary pump ray in the type I phase matched regime is the
same as that for the type II pump wave, but limited to the type I phase matching angle
range of ~21° to ~33°. The large double refraction angle of ~4° is a result of the large
birefringence of BBO. In the collinear phase matching configuration, it can severely
limit the crystal length available for interaction. Noncollinear phase matching,

however, can significantly reduce these effects This is discussed in greater detail in

chapter four.

Finally, the signal linewidth of each type of phase matching have been modelled
according to equations 2.38 and 2.39. Results are shown in figure 3.11 for a 12 mm
long crystal. Signal linewidths of the type I oscillator are shown to vary from 1 nm at
the blue end of the tuning range to more than 12 nm when the interaction nears

degeneracy.
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Figure 3.11. Theoretical signal linewidths of a type I and type II OPO using a 12 mm
long BBO crystal pumped at 355 nm. The experimental data points are taken from a
simple cavity BBO OPO under the same conditions as stated in the theory.
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Type 1I phase matched signal linewidths, on the other hand, remain almost constant at
~1 nm over the tuning range. Experimental data are also shown for a type I, 355 nm
pumped 12 mm long BBO OPO. These points were measured using an optical
multichannel analyser (OMA) and are shown to be slightly greater than the theoretical
values, which could be a result of an underestimation of the pump beam divergence of
2 mrad used in the calculation. The experimental points are also seen to level off at

550 nm with a linewidth of 3 nm which is the resolution limit of the OMA.

The increased difference in the response of the signal linewidth for the two phase
matching regimes near degeneracy can be explained in terms of the rate of tuning of
each oscillator which is known to govern the output linewidth of the device [10]; the
greater the rate of tuning, the broader the linewidth is expected to be. From the tuning

response (figure 3.0), the rate of tuning is clearly greater in the type I oscillator as

degeneracy is approached.

3.3 Lithium Triborate

Lithium triborate (LiB305, LBO) was developed in China at the Fujian Institute on
Structure of Matter and first reported by Chen et af in 1989 [11]. The aim was to
improve on the properties of BBO. To some extent, this has been achieved since LBO
has an extremely high damage threshold of 25 GWem2 [11], a large transparency
range comparable to that of BBO, a smaller walk-off angle, larger acceptance angles
and moderate temperature sensitivity allowing for non-critical phase matching.
However, the effective non-linear coefficient is lower in LBO than in BBO and this can

lead to higher oscillation thresholds. The propeities of LBO are now discussed in more

detail,
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LBO is an inorganic, biaxial crystal belonging to the point group mm?2 whose
piezoelectric axes X, Y and Z are parallel to the crystallographic axes a, b and ¢ such
that X-—a, Y—>b and Z—>c. When the axes of the index ellipsoid are ordered so that
n,<ny<n,, the principal axes map to the crystallographic axes according to x—a, y—»c
and z—>b. Hence, the three orthogonal axes systems are grouped as (b, Y, z), (¢, Z, ¥)

and (a, X, x).

Despite the large transparency range of 160 nm-2600 nm [9], phase matched second
harmonic generation in LBO is only possible for fundamental wavelengths greater than
554 nm [12]. However, the generation of UV radiation down to the UV cut-off at

160 nm is possible by sum-frequency mixing of infrared radiation with UV light [12].

LBO has temperature-sensitive indices of refraction and can be temperature tuned. The
first parametric oscillator based on LBO was demonstrated with 532 nm pumping by
Kato [13] in 1990. The oscillator was type II noncritically phase matched and
temperature tuned, generating tunable radiation from 950 nm-1.006 pm. Since then,
LBO has risen to be a front-runner for parametric generation of radiation from the UV
[14], through the visible [15]-[16] and into the near infrared region [17]-[19]. As a
biaxial crystal, LBO offers more phase matching possibilities than BBO since phase
matching can be accommodated in any of the three principal planes xy, yz and xz

without the non-linear coefficients vanishing.

The principal refractive indices for LBO have been determined by different researchers

and a collection are tabulated below in Table 3.2 in order of publication.
The form of the Sellmeier equations is

zb—x—dx-?@ (3.5)

—CX

ne = ax+
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na nb ne nd
n? [11] 24517 0.01177 0.00921 0.00960
mt 2.5279 0.01652 0.005459 0.01137
n” 2.5818 0.01414 0.01186 0.01457
n2 [20] 2.4542 0.01125 0.01135 0.01388
n 2.5390 0.01277 0.01189 0.01848
n’ 2.5865 0.01310 0.01223 0.01861
n? [21] 2.45316 0.01150 0.01058 0.01123
n 2.5369 0.01249 0.01339 0.02029
n? 2.58515 0.01412 0.00467 0.01850

Table 3.2 A collection of published Sellmeier data for LBO.

and two similar expressions for nﬁ and #?, except for nf, T, whose denominator terms
are added instead of subtracted in equation 3.5. LBO has three non vanishing non-
linear coefficients, namely d33, d3, and dg;. The d35 coefficient is small (~0.2 pm/V)
and may be ignored. The other coefficients, d3, and d3;, have been reported as
1.46 pn/V and 1.1 pm/V [11] and more recently as 1.24 pm/V and 1.15 pm/V [22]. In

the analysis presented here, the first reported set by Chen ef al are used.

LBO can be critically (CPM) and noncritically phase matched (NCPM). Noncritical
phase matching can take place along the x and z axes of the crystal, but not along the y
axis, as the effective non-linear coefficient is zero here. At 355 nm pumping, type II
NCPM is possible along the z axis, but infrared absorption at the idler wavelength
prevents both type I and II NCPM along the x axis at room temperature. CPM in a
type I geometry in the xy plane can take place, when pumped by the third harmonic of

a Nd:YAG laser, and a similar tuning range to that of BBO can be observed. Type II
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CPM also exists in both the xz and yz planes. A brief analysis of these phase matching

schemes is now carried out.

3.3.1 xy plane

The type I critical phase matched tuning curve for LBO pumped at 355 nm is shown in
figure 3.12. The full tuning range spans more than 20° of rotation and is shown to
exceed the infrared cut-off at the extreme end of the curve. The corresponding
effective non-linear coefficient is also depicted and is seen to fall off more rapidly

approaching degeneracy.
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Figure 3.12 Type I phase matching in LBO pumped at 355 nm in the xy plane of the
crystal, with the corresponding variation of the effective non-linear coefficient.

Under certain pumping conditions, type I noncritical phase matching (NCPM) can take
place along the x axis (¢=0). An optical parametric amplifier has been demonstrated

under such conditions [23], where the effective non-linear coefficient is a maximum.
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In the case of 355 nm pumping, the infrared absorption edge at 2.6 um is reached at
about ¢=17°, thus preventing further tuning down to the x axis and NCPM. The
effective non-linear coefficient for this interaction is given by dgp = d3jcosd and
reaches its maximum in the type I regime. The critical phase matched tuning range in
this plane covers much of the visible part of the spectrum, and is similar to type 1 phase

matching in BBO.

As aresult of a smaller birefringence, LBO exhibits a smaller walk-off angle than BBO
which again has its maximum in the xy plane. This is seen in figure 3.13 which shows
the double refraction angle reaching a maximum as the internal phase matching angle

nears the degenerate condition.

11
i Xy plane
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Figure 3.13 Variation of the double refraction angle of the extraordinary pump wave
in LBO, in the xy plane, with phase matching angle. The pump wavelength used in the
calculation was 355 nm.
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Figures 3.12 and 3.13 indicate that near-degenerate oscillation in LBO in the xy plane
may become increasingly inefficient, resulting from the combined effect of an increase

in the double refraction angle and a decrease in the effective non-linear coefficient.

3.3.2 xz and yz planes

Noncritical phase matching presents an attractive option in any material since the
frequency conversion efficiency may be improved in the absence of Poynting vector
walk-off, and with an increase in the angle of acceptance. LBO exhibits phase
matching in the xz and yz planes. Noncritical phase matching has been demonstrated
for type I phase matching along the principal x axis [16], [19] for which the effective
non-linear coefficient dgg = d3pcosd is a maximum. Type II NCPM has also been
demonstrated using an excimer laser at 308 nm along the z axis of the crystal [14]. In
this work, critical phase matching was further explored by rotating the crystal away
from the noncritical condition to probe into both the xz and yz planes. An example of

phase matching in this geometry is shown in figure 3.14 with the third harmonic of a

Nd:YAG laser as the pump source.
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Figure 3.14 Type Il phase matching in LBO pumped at 355 nm in the xz and yz planes.
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In this case, the effective non-linear coefficient is again a maximum in the noncritical
geometry. It is observed that noncritical phase matching along the y axis is not
possible as a result of the vanishing non-linear coefficient. The effective non-linear
coefficient for each plane is dy, cos’@+dy,sin?0 and dyjcos® for type I phase

matching in the xz and yz planes, respectively.

The double refraction angle associated with both these interactions is shown in figure
3.15. As expected, the double refraction angle p is zero at 6=0° and initially increases

smoothly as the angle increases into the respective planes.
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Figure 3.15 Double refiaction angle in xz and yz planes in LBO

In the xz plane, p increases monotonically to a maximum of 1.3°, at which point the
idler reaches the infrared cut-off of LBO. In the yz plane, on the other hand, p rises
and falls to zero at the principal axes. Unfortunately, however, NCPM using UV pump

sources in this plane is impractical for large tuning ranges since it has been reported
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that even small tuning ranges of 10 nm require temperature changes of several hundred

degrees [24].

3.4 Criteria for Crystal Selection

The previous two sections have reviewed some of the properties of BBO and LBO in
an attempt to assess which material best lends itself to line-narrowing in a potentially
high threshold cavity, whilst maintaining a broad tuning capability. The main
advantages of LBO are that it exhibits noncritical phase matching and possesses a high
damage threshold. However, in order to generate a broad visible tuning range the most
favourable option in LBO is critical type I phase matching in the xy plane, which also
has the highest non-linear coefficient of interaction. The non-hygroscopic nature of

LBO must not be underestimated, as this property facilitates easy sample handling.

BBO, by comparison, has a superior effective non-linear coefficient, a potentially
larger tuning range and a lower damage threshold. Although type II phase matching is
possible, we believe that its low non-linear coefficient rules it out for highly frequency-
selective cavities. The principal detrimental feature of BBO is its large double

refraction angle which limits the three wave interaction length.
Table 3.3 below summarises some of the main properties of BBO and LBO, including

the theoretical oscillation threshold of each oscillator calculated from equation 2.31 for

the crystal lengths given in the table.
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BBO Type 1 LBO Typel LBO (NCPM)
Walk-off angle, p 4.2° 1.1° 0°
Walk-off length 1.4 cm 5.0 cm N/A
Acceptance angle, A9 0.25 mrad 0.9 mrad 40 mrad
Oscillation threshold 0.55 J/cm? 1.2 J/em? 0.8 J/cm?
Crystal length 1.4 cm 1.5 cm 1.5 cm

Table 3.3 A summary of features of BBO and LBO calculated firom the Sellmeier data
presented in sections 4.3 and 4.4 and the crystal lengths in the table.

From the calculations set out in this chapter, and the data summarised in Table 3.3,
type I phase matching in both BBO and LBO offer the desired combination of a broad
tuning range and modest non-linear coefficient. BBO has been selected as the most
suitable for use in a frequency selective cavity because of its high temperature
bandwidth and higher effective non-linear coefficient which make it particularly suited
to high threshold fluence cavities. Although the oscillation thresholds shown in table
3.3 are high (in chapter five the threshold for a similar cavity using BBO is measured
to be ~0.3 J/cm?), the threshold for type I LBO is still potentially close to the damage

threshold of generally available cavity optics at ~1 J/cm?2.

3.5 Conclusions

LBO and BBO have been characterised with reference to their FOM, effective non-
linear coefficients, tuning ranges, acceptance angles, temperature bandwidth and walk-
off angles. BBO has accordingly been selected as the most suitable material for a
highly tunable, narrow linewidth, high threshold device. In the following chapter,
noncollinear phase matching is explored as a phase matching technique which reduces
the effects of Poynting vector walk-off, and increases the overall performance of the

oscillator.,
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Noncollinear Phase Matching

Phase matching in non-linear optical processes takes advantage of the different
refractive indices that orthogonally polarised light experiences as a result of crystal
birefringence. With appropriately polarised fields, waves of different optical frequency
propagate through the material at the same velocity, remaining in phase with one
another. This permits the pump wave to interact with the generated electromagnetic
waves throughout the interaction length of the gain medium. This assumes, however,
that the waves remain spatially aligned during their passage through the crystal. In
collinear critically phase matched interactions, spatial separation of the waves is
observed as a result of double refraction of the extraordinary wave. Methods to
counter this effect can cause dramatic increases in the conversion efficiency and reduce
the operational threshold of the parametric oscillator. One such technique is

noncollinear phase matching, which is explored in this chapter.

4.1 Extraordinary Ray Walk-off Compensation

An inherent phenomenon associated with critically phase matched (CPM) interaction
processes is the effect of extraordinary ray Poynting vector walk-off. This results from
the birefringence of the non-linear material and is characterised by the gradual
separation of the extraordinary wave (e-ray) from the ordinary wave (o-ray). This
effect is only experienced by the e-ray, as discussed in section 2.7. The greater the

birefringence of the non-linear material, the greater the degree of walk-off observed.

Since the effect of Poynting vector walk-off can impose serious restrictions on the
actual interaction length of the parametric process, the technique of noncritical phase
matching (NCPM) has been widely used in certain non-linear crystals whose indices of

refraction are sensitive to changes in temperature, particularly more recently in lithium
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triborate (LBO) [1]-[3]. Other techniques include increasing the pump beam spot size
which causes an increase in the interaction length [4]. Another strategy is noncollinear

phase matching.

Noncollinear phase matching was first reported in optical parametric oscillators by
Falk and Murray in 1969 using a LiNbO5 crystal pumped with a ruby laser [5]. Since
then, however, this phase matching technique has received relatively little attention.
Dou et al have investigated noncollinear phase matching in parametric amplification
[6] and sum-frequency generation in 3-methyl-4-nitropyridine-1-oxide (POM) [7].
Also, Piskarskas et al have used this approach to improve the overall efficiency of their
barium borate parametric oscillator [8]-[9], and a similar arrangement was incorporated
by Wachman et af in their KTP oscillator [10]. In references [9] and [10], the authors
report a significant increase in the conversion efficiency of the OPO when noncollinear
phase matching is incorporated. In particular, Bhar e/ al [11] have employed
noncollinear phase matching in difference-frequency mixing in BBO and have
demonstrated more than an order of magnitude increase in the conversion efficiency

compared with CPM.

To illustrate noncollinear phase matching, a negative uniaxial crystal is first considered
in a type I critical phase matching regime. Here, an extraordinary pump wave is
required to pump the crystal and two ordinary waves are generated (e—>0+0). The e—
oo interaction in a negative uniaxial is shown in figure 4.1 using one quadrant of the
wave vector loci of the three waves. The figure is constructed from the normal
surfaces discussed in chapter two, section 2.3.1 and has been converted from the
variation of refractive index with propagation angle to mol'nentum variation. The
pump k vector Kk, therefore, is shown as a quadrant of an ellipse and shows the angular
dependence of the variation of the photon momentum within the crystal. The o-ray
signal and idler k vectors, kg and k;, have loci which broadly vary as parts of circles.

Plotting the exact momentum loci of the o-rays is complicated by the change in radii of
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Figure 4.1. Locus of the wave vector of the pump, signal and idler for a type I
critically phase maiched interaction in a negative uniaxial.
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varies.

the circle resulting from the consequent change in frequency as the propagation angle

The vector k, lies at an angle 0, to the optic axis, which shall be called the phase
matching angle. This represents a critically phase matched OPO with the resonant axis
parallel to Kk, kg and k;. The direction of the Poynting vector of the pump, Sy, is also
shown and is non-paralle] to the resonant axis of the OPO, which is in the direction of
k. The Poynting vectors of the signal and idler are coincident with their respective k
vectors, as they are both ordinary waves. Since the Poynting vector is the direction of

the energy flow of the wave, the interaction between the pump wave and the resonant

wave diminishes as the separation continues to develop through the crystal
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It is apparent from the figure that for an e-ray, there exists only two positions along the
surface of the ellipse where S, is collinear with k,, and the walk-off is zero; the first is
along the optic axis where the anisotropic medium exhibits no birefringence, and the
second 1is perpendicular to the optic axis. It is here that noncritical phase matching can

take place in an appropriate material, as discussed in section 2.3.1. Explanation of the
parameters ktAk, in figure 4.1 will be given in the next section.

The noncollinear phase matching geometry can partially or wholly compensate for the

oriented.

extraordinary ray walk-off of the Poynting vector from the resonant axis. Figure 4.2
illustrates how the three waves of a noncollinearly phase matched OPO might be
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Figure 4.2. Wave vector locus for the three waves in a noncollinear phase matched
geomelry. The signal Poynting vector (coincident with K¢) is aligned parallel to that of
the pump, S,
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Here, the arrangement of the collinear signal and idler k vectors, shown in grey,
represents the position of the pump k vector, and the new noncollinear positions of
these vectors are shown in black. In this case, the signal is the resonant wave as it is

evident that the geometry causes kg to align parallel to the Poynting vector of the pump

wave, Sp.

In other words, the effect of Poynting vector walk-off has been reduced or even
eliminated by the collinear propagation of the Poynting vector of the signal and that of
the pump, thereby increasing the parametric interaction length. The degree to which kg
(and, hence Sq) overlaps with ), depends upon the degree of noncollinearity imposed

on the OPO cavity and this, in practice, may be limited by the crystal aperture.

The noncollinear phase matching geometry is induced in the OPO either by directing
the pump beam into the crystal at an angle to the oscillation axis, or by rotating the
cavity mirrors of the oscillator about the crystal of an otherwise collinear arrangement.
Both methods result in the oscillation axis lying at an angle to the pump axis. The first

method was described by Falk and Murray [5].

Pump

-< //py/\ Idler

Signal

Figure 4.3. Noncollinearly phase matched parametric oscillator as demonstrated by
Falk and Murray [5].
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Tuning was achieved by varying the angle between the oscillation axis and the pump
beam, and was the result of two independent effects: the change in the extraordinary
refractive index of the pump and the change in angle between the pump vector and the
resonant idler vector. Figure 4.3, adapted from reference [5] shows the cavity designed

by Falk and Murray.

Disadvantages of this method are the limitation on cavity length imposed by the
steering prism, and the difficulty in varying the degree of noncollinearity,
Nevertheless, the effect of Poynting vector walk-off is partially compensated by this
geometry as the pump k vector, K, is refracted in the normal sense within the crystal

whereas the Poynting vector, Sp» 1s shown crossing the resonant axis.

In the work presented here, the noncollinear geometry is imposed upon the cavity by
rotating the two cavity mirrors of the collinearly phase matched oscillator such that the
resonant wave tends to reposition itself over the Poynting vector of the pump. The
degree of noncollinearity is determined by the extent to which the cavity is rotated
relative to the direction of the pump k vector. It is, perhaps, obvious to state that the
direction of the cavity rotation is important and must be in the direction of the Poynting
vector walk-off, otherwise the detrimental effects of extraordinary ray walk-off are
compounded. Typically, a rotation of 10 mrad or less is sufficient to observe a
noticeable increase in the efficiency of the OPO. Tuning the OPO takes place by

rotation of the crystal relative to the pump k vector, ky, although the act of twisting the

cavity mirrors itself tunes the device.

Figure 4.4 illustrates the OPO in a noncollincar geometry, with BBO as the gain
medium. Although the Poynting vector Sp is shown at an exaggerated angle to the
pump k vector, the geometry is seen to partially compensate for the walk-off through

the repositioning of the resonant axis.
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Figure 4.4. Noncollinear geometry used in the work presented here. The twist
imposed on the cavity causes the Poynting vector of the resonant wave (in this case,
coincident with k) to move towards the Poynting vector of the pump, Sp.

Apart from compensating for the walk-off of the Poynting vector of the extraordinary
ray, it is possible for the noncollinear geometry to ease the restriction on the

acceptance angle imposed on the pump beam. This is explained in the following

section.

4.2 Acceptance Angle

The acceptance angle is defined as the planar angle over which the mis-match of the
wave vector for the interaction is not greater than n//. Critically phase matched, angle-
tuned parametric generation is usually characterised by a small acceptance angle. For
example, in chapter three, the acceptance angle for a 355 nm pumped BBO parametric
oscillator was calculated to be about 0.25 mrad. Although this is considered to be

small, acceptance angles of less than 1 mrad in a 1 cm crystal are not uncommon. The
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acceptance angle can be determined by means of a Taylor expansion of the phase mis-

match which has been described in chapter two.

There are two conditions under which the first order term vanishes and the acceptance
angle becomes dependent upon the second term of the Taylor series. The first is
NCPM and the second situation arises when the optical beams are propagated
noncollinearly so that the tangential phase matching condition applies [12]. NCPM
will not be discussed further here. To understand tangential phase matching better, we

return to figures 4.1 and 4.2.

Figure 4.1 shows the wave vectors propagating collinearly at an angle B, to the optic
axis. Here, the phase matching condition relies critically on the angle of propagation in
the optic plane, and the exact phase maiching condition is satisfied by the discrete
intersection of k; with kj,. When propagated in a noncollinear geometry, however, the
tangential phase matching condition can be reached (figure 4.2) where the intersection
between k; and k;, is no longer discrete and the allowable phase mis-match is much
greater. Figure 4.2 is designed to illustrate the increase in the allowable deviation from
the perfectly phase matched case by showing the idler wave vector loci for both the
collinear and noncollinear cases. Where the respective loci intersect the dashed line
representing k-Ak, the lower acceptable mis-match limit is reached. Clearly, the

degree of allowable mis-match is greater in the noncollinear phase matched case.

The tangential condition is only reached when the vector propagation of the signal and
idler are in the direction shown in figure 4.2; that is when 0,<0, in the case of a
negative uniaxial. Under the tangential phase matching condition, the maximum
tolerable beam divergence becomes dependent upon the second term of the Taylor
series for the phase mis-match, and relatively large acceptance angles are obtainable.

The exact solution to the second order term is not given here, but it is of the order
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which has been derived from reference [12] for a type I phase matched interaction in a
negative uniaxial crystal. It is shown in the next chapter that the allowable pump beam
divergence increases by an order of magnitude relative to the critically phase matched
values. Consequently, pump beams of greater divergence can be phase matched by the

crystal in a noncollinear geometry.

4.3 Frequency Tuning

The tuning method of the noncollinear OPO is no different to that usually employed for
a collinear OPO, and involves rotation of the crystal relative to the pump k vector, Kp.
As previously mentioned, the change from collinear to noncollinear geometry also
causes the OPO to tune by forcing a change in the propagation direction of kg (and

consequently, k;) relative to the optic axis, thereby changing the phase matching

condition.

By considering the vectorial triangle made up from the three momentum vectors Kp, Kg
and k; in figure 4.5 and resolving the vectors in two orthogonal directions the
noncollinear phase matching equation can be calculated. The axes of resolution were
chosen to be along kg and perpendicular to ky. The roots of the ensuing equation are
then found, and the tuning response of the OPO calculated for a particular degree of
noncollinearity. The angle q in figure 4.5 indicates the degree of noncollinearity

imposed on the cavity and is defined as the angle subtending Kk, and kg in free space.
y g gk s p
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Figure 4.5. Nowncollinear geometry characterised by the vectorial triangle of the three
k vectors. The degree of noncollinearity is denoted by q, the angle sublending ky and
ks in free space. The angles O, and Oy subtend ky, and the optic axis and X and the
optic axis respectively within the crystal. For the noncollinear process to compensate
Jfor Poynting vector walk-off and tend towards the tangential condition, O, must be
greater than O, in a negative uniaxial.

Equation (4.2) below can be solved to predict the tuning response of any

noncollinearly phase matched OPO. With the appropriate eigenvalues of refractive

index, the equation may be applied to both type I and type II phase matching.

2 2 2
i B | [P o e s -0 )=
(xp] +(MJ [KJ 2{%%](;05(9,) 0,)=0 (4.2)

where n is the refractive index and A is the free space wavelength where p, s and i

denote the pump, signal and idler respectively. Equation 4.2 is quadratic in 1/A, (or
similarly, 1/A;) and has two roots which both have a physical significance. The
existence of the two roots arises from the asymmetry of the k-vectors about the
resonant axis and, therefore, does not apply to the collinear phase matched geometry.
One root denotes the resonant signal and the other represents the resonant idler, both at
the same degree of noncollinearity. Later, in chapter five, the equation is solved for

both roots and the corresponding tuning response is corroborated experimentally for

each case.
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4.4 Oscillator Gain Bandwidth

The gain bandwidth of the parametric oscillator increases as a result of the noncollinear
geometry. This is broadly explained by an increase in spatial mode coupling of the
pump Poynting vector with the resonant wave. To be more specific, it is necessary to
return to the coupled amplitude equations for the signal and idler electric fields.
Equations 2.7 described the variation of the electric fields of the signal and idler waves
as they propagate through the crystal. Similar equations can be derived in the case of
noncollinear phase matching. The propagation of the interacting beams is shown in

figure 4.6 for type I (e—>0+0) phase matching

Zz axis

Y

Figure 4.6. Propagation of the noncollinear waves in the type I e—o-+o interaction. S
and k are the Poynting and wave vectors, respectively and p, s and i denote the pump,
signal and idler. p is the walk-off angle of the pump ray and o. and B are the angles
subtending the idler and signal Poynting vectors to the z axis. [ is the crystal length.

In figure 4.6, the z axis is not necessarily related to the crystallographic axes but is the
variable over which the evolution of the electric fields of the signal and idler is studied.
This choice of axis allows the coupled noncollinear propagation equations to be

compared directly with those developed in chapter two for the collinear geometry.
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The coupled wave equations for the noncollinear interaction describing the directional

derivatives of the fields of the signal and idler in the z direction are given by [13]

dE,  J&,EE,

dz cosf @3)

dE: _ jKiEsEp

dz coso

where k is defined in the collinear interaction (equation 2.8). The exact solutions to
these equations have already been discussed in chapter two of this work, and by

various authors (see, for example, [13]) and yield a gain coefficient given by

) ZmSa)i(deﬁ)zlp
ne 3

WNE .7 COSaL COsf

(4.4)

It is evident that the parametric gain coefficient increases in the noncollinear phase
matching domain as a result of the new denominator in the equation (c.f. equation 2.8),
which contains two trigonometric terms. Moreover, when all the other parameters are

held constant, the parametric gain coefficient grows as the degree of noncollinearity is

increased,

In addition to this increase in the parametric gain coefficient, the effective gain length
of the crystal increases with the increased overlap of the pump Poynting vector and that
of the resonant wave as a result of the noncollinear geometry. The walk-off length is
approximately given by [, =w, / p, where w,, is the electric field radius of the pump

beam. Brosnan ef al [14] have defined the parametric gain length of the interaction as

5 (4.5)

p

Lo = lperf[ﬁ ! ]
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for Gaussian beams, where / is the actual crystal length. The walk-off length, however,

increases with the degree of noncollinearity and can be altered accordingly, such that

L=—2 (4.6)

where B is defined in figure 4.6. Hence, L. in equation 4.5 is the effective interaction
length of the noncollinear geometry when /, is used as the walk-off length. The gain of
the noncollinear OPO has been calculated and compared to that of an otherwise
identical collinear OPO. The calculation carried out here is for a BBO OPO pumped at
355 nm with an induced noncollinearity of =54 mrad, where q is defined in figure 4.5.

The data used in the calculation is tabulated below.

Ai(um) | Ag(um) | B(°) | o) Ny g n; | des(pm/V) | p(°)

2.376 0.417 1.78 | 10.20 | 1.676 | 1.689 | 1.633 1.64 3.82

Table 4.1. Pump is 355 nm and q=54 mrad for the noncollinear gain calculation. All
other paramelers used in the calculation are contained in the table.

Using the line centre gain expression discussed in chapter two (equation 2.10) together
with equations 4.4-4.6, the expressions for the collinear and noncollinear gain as a
function of length can be compared. It should be noted, however, that the depletion of

the pump, resulting from the onset of oscillation, has not been considered.

Figure 4.7 shows the logarithm of the gain as a function of crystal length for both a
collinear and a noncollinear OPO based on BBO pumped at 355 nm at two pump radii.
Although the calculations are based upon equations which ignore crystal absorption
and fail to exploit Gaussian beam intensity propagation, it is clear that the noncollinear
geometry can be successfully used to improve significantly the gain of the OPO.

When the crystal is thin, the functional dependence of the gain of both types of
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geometries is similar. For crystal lengths in excess of 6 mm, however, saturation of the

collinear gain begins and enhanced gain is obtained with the noncollinear geometry.

7 -
Ip=100MW/cm? P
6F | : 7
—— Noncollinear y /7
5 | | ---Collinear //
No walkoff
=  Walkoff ignored ) wp=1.0mm
— 4 l
e
c
-1 3}
wp=1.0mm
2+ o wemmmmmmmmme o e
0.5mm
1L
T T T T T Wp=05mm T
0 Il 1 1 1 J
0 5 10 15 20 25 30

Crystal length (mm)

Figure 4.7. Logarithm of gain as a function of crystal length for the pump beam radii
of 1.0 mm and 0.5 mm in collinear and noncollinear OPOs. The pump intensity is
100 MW/cm?.

This observation has great practical importance, particularly in materials with low
damage thresholds or large walk-off angles, or when the pump intensity is limited. In
such cases, noncollinear geometry can be used to enhance the resonant wave power
and facilitate the use of longer crystal length, Clearly, this is not so for collinear phase
matching, where saturation occurs at shorter crystal lengths and further extensions
become futile. The reason for the saturation in gain of the collinear OPO is obvious
since, as [ increases to a point beyond which the signal and pump beams no longer
overlap, any further increase in crystal length fails to contribute to the gain of the OPO.
Moreover, if crystal absorption and pump depletion are taken into account, the gain

would eventually begin to fall with increasing /. Naturally, this is true for both the
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collinear and noncollinear OPOs, but the effect is observed at shorter crystal lengths in

the collinear case.

The figure also includes the logarithm of the gain of two pump beam radii; 0.5 mm and
1.0 mm. As expected, the gain is greater when the pump spot size is increased as a
result of the greater degree of overlap between the pump wave and that of the resonant
wave for a constant pump intensity. Such a technique for gain enhancement of the
OPO has been studied by Robertson er al [4] with successful results and its

effectiveness is apparent from the figure here.

The collinear gain has also been calculated under the condition of zero walk-off of the
extraordinary pump wave. This is shown as a thick, dashed curve in figure 4.7.
Clearly, in the absence of Poynting vector walk-off, the gain continues to increase with
crystal length, as expected. This demonstrates the importance of including the effects

of Poynting vector walk-off and illustrates the detrimental effect it has on the gain of

the OPO.

The search for the optimum gain of an OPO should take into consideration the walk-off
angle in addition to the effective non-linear coefficient. The size of the pump beam for

a given intensity is also important and influences the walk-off behaviour.

4.5 Oscillation Threshold

It has been demonstrated above that the noncollinear geometry leads to a higher gain in
the OPO. This results in a reduction in the oscillation threshold of the device. Using
the theoretical model developed by Brosnan and Byer [14], the oscillation threshold
fluence of a pulsed OPO can be determined assuming it is singly resonant and coupling
only into the TEMgy modes of the cavity. The model has been previously discussed in

section 2.4. Although the model takes care of the effects of walk-off by a
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corresponding reduction in the interaction length, the noncollinear geometry requires

an increase in the gain expression K. This is defined as

K, =- 4.7)

where y2, is defined in equation 4.4. Moreover, the walk-off length must be altered
according to equation 4.6. Therefore, for a given degree of noncollinearity, the

threshold fluence of the noncollinear OPO is described by

Jo\q

2.25coso.cosf
a)- 2Bl |

/ 1 ’
2 n33+20,/+In——+1In2 4.8
27c ! VR } (“4.8)

for a type I e>o+o OPO. Lic has been defined previously as the effective walk-off
length in the case of noncollinear phase matching, K is defined in equation 2.8 and o
and [ are shown in figure 4.6. All other terms are explained in reference [14].
Equation 4.8 has been successfully applied to a noncollinearly phase matched OPO and
is shown to describe the threshold response as a function of the degree of

noncollinearity q well. These and other results are discussed in the next chapter.

4.6 Noncollinear Oscillation Linewidth

The higher gain brought about by the noncollinear geometry causes the linewidth of
the parametric oscillator to increase. One of the three contributing terms to the
inherent linewidth of an OPO (discussed in section 2.6) is the phase mis-match of the
resonant frequency before the fall in gain becomes intolerable. This is actually a
definition of the gain bandwidth of the oscillator, and is the major contributing factor
to the inherent linewidth of an OPO. It is perhaps not surprising, then, that the

linewidth of a noncollinear OPO increases with degree of noncollinear phase matching.
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Noncollinear phase matching demonstrates that the gain of the OPO is a variable

parameter, which can be increased accordingly.

4.6 Conclusions

The theory of noncollinear phase matching has been described in a negative uniaxial
crystal. It has been shown that significant increases in the gain can be attained by
noncollinear phase matching by compensating for the Poynting vector walk-off of the
extraordinary pump ray. Moreover, when the tangential condition is reached, the
angular acceptance of the crystal becomes dependent on the second term of the Taylor
series, thereby lifting the otherwise tight restriction on the pump beam divergence. In
the following chapter, noncollinear phase matching is applied to BBO at two different

pump wavelengths.

It should be noted, however, that the noncollinear phase matching analysis carried out
in this chapter does not take account of the displacement of the Poynting vector of the
non-resonant idler from the cavity axis as a result of the phase matching geometry.
Since the parametric interaction requires all three waves to be present, this action may
have a detrimental effect on the parametric gain. The real effect of the increase in the
parametric gain may, therefore, result entirely from the opening up of the acceptance
angle brought on by the noncollinear geometry. Further analysis is required to fully
understand whether the increase in the parametric gain of the noncollinear oscillator
results from the increase in crystal acceptance angle or the greater overlap of the
resonant wave Poynting vector with that of the pump wave (despite the widely

diverging non-resonant Poynting) or a combination of the two effects.
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Chapter 5

Noncollinear Phase Matching in BBO

This chapter describes the experimental design, methodology and results of
noncollinear phase matching in barium borate optical parametric oscillators. Two
systems have been investigated and are presented here. Both use the harmonics of a
Nd:YAG laser; the first is a 355 nm pumped BBO OPO, and the second is a BBO OPO
pumped at 532 nm. The first oscillator has a signal wavelength that spans the visible
region of the spectrum whilst the second overlaps with the red end of the first and
continues into the near infrared. The contents of the previous chapter will be referred
to and, in places, expanded upon during the course of the experimental description

here,

At this point it seems appropriate to describe the lasers used throughout the work
described in this chapter. Two different Nd:YAG systems have been incorporated.
The first, a Spectra-Physics DCR 11, with a 6 ns pulse duration and a maximum output
energy of ~28 mJ/pulse was used as the pump source for the 355 nm pumped
noncollinear OPO. The second, a Spectron SL804 1614 intracavity telescope
oscillator-amplifier, was used to pump the 532 nm noncollinear OPO. This had a pulse
duration of 19 ns. Both systems were operated at a 10 Hz repetition rate. The second
Nd:YAG laser had an improved beam quality over the first. By careful adjustment to
an intracavity aperture and the lens separation of the telescope, the beam profile could
be configured to fit to a Gaussian intensity distribution to better than 95 %. It is
thought that the smoother spatial profile of the Spectron Nd: YAG laser pulse
presented less of a hazard to the crystal surfaces compared to the more ragged contour

of the Spectra-Physics laser.
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As the walk-off angle in BBO pumped at 532 nm is smaller than that pumped by
355 nm, the detrimental effects associated with the walk-off process are less severe at
higher wavelengths. However, the 532 nm pumped oscillator is inherently less
efficient as a result of the lower frequency pump wave. In such circumstances, it is
arguable that attempts to increase the conversion efficiency of the OPO become more
important for 532nm pumping. Both the 355nm and the 532nm pumped

noncollinearly phase matched OPOs are now presented.

5.1 BBO Pumped at 355 nm

This section describes the performance of type I phase matched BBO OPOs pumped by
the third harmonic of an Nd:YAG laser. A single crystal is used with a cut of 6=35°
for 355 nm pumping and ¢$=90° to maximise the effective non-linear coefficient.
Following the theoretical predictions carried out in the last chapter, the OPO was
constructed in collinear and three noncollinear phase matching configurations and the
results of the tuning responses, threshold and general gain bandwidth are compared to

the theory where appropriate.

5.1.1 Angular Acceptance

In the previous chapter, it was argued that the noncollinear phase matched
configuration could extend to the point where the acceptance angle of the crystal
depends solely on the second term of the Taylor series since the first term vanishes, or
becomes small compared with the second term. This condition is know as tangential
phase matching. Although the precise point at which the tangential phase matching
condition is reached has not been calculated, the first term becomes small at modest

degrees of noncollinearity. This can be shown by considering the first order
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acceptance term of the Taylor series for type I noncollinear phase matching in a

negative uniaxial crystal [1]

-1
4[4
A@p=§ .C%’_.xl_cos(a—ﬁ)—%‘e—sin(&—ﬁ) 5.1

p p p

where o and [ are the internal angles defined in figure 4.6 arising from the
noncollinear process. The ratio of dn,/dB, to n, is about 0.07 for type I phase
matched BBO pumped at 355 nm, with a 5 % variation over the tuning range of the
OPO. A consequence of this ratio is that when the argument of the sine and cosine
functions is 4° or more, the first order term AG'[) vanishes since sin 4°=0.07 whilst
cos 4°~1. This is termed the A inflection point. With a degree of noncollinearity of
54 mrad induced in the OPO, a=10° and P~2° causing the term in brackets in equation
5.1 to become negative. This in turn makes the first order acceptance angle
meaningless, and the second order term must then be used. Evidently, when the phase
matching geometry is collinear, the trigonometric arguments are zero and the first order
term reduces to equation 2.35 for a type I interaction in a negative uniaxial. In this

case, the acceptance angle depends inversely on the crystal length.

Applying the second order term discussed in chapter three to this OPQ, the allowable
angular acceptance of the crystal can be calculated under the condition of A inflection.
Great simplification in the form of this term can be achieved by assuming dff/do. =~ 1,

when the second order acceptance angle becomes

(5.2)

The angular acceptance now depends inversely on the square root of the crystal length,

leading to greatly enhanced acceptance angles. Applying this to the noncollinear phase
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matched BBO OPO pumped at 355 nm in a type I configuration, the acceptance angle
increases an order of magnitude to 4.3 mrad compared with the collinear phase

matched acceptance angle of 0.3 mrad (figure 5.1). A crystal length used in the

calculation is 12 mm.

Easing the acceptance angle restriction can lead to an increase in the conversion
efficiency of the OPO. In the collinearly phase matched BBO OPO, the acceptance
angle of a 12 mm long crystal is 0.3 mrad which is smaller than the 0.5 mrad full angle
divergence of a typical Nd:YAG laser. This result means that the crystal is unable to
simultaneously phase match all the spatial frequencies in the pump beam, and the
higher spatial frequencies are, in effect, wasted. It is clear that with an acceptance
angle of 4 mrad the entire Nd:YAG beam can readily be phase matched, and the use of

longer crystals becomes possible.

—First order

—o—Second order

Acceptance angle (mrad)

0_1 1 L ] 1 1 1 1
20 22 24 26 28 30 32 34
Internal phase matching angle (degs)

Figure 5.1. First and second order acceptance angles for BBO pumped at 355 nm.
The crystal length used in the evaluation is 12 mm.
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5.1.2 Phase Matching and Frequency Tuning

Three noncollinearly phase matched OPO configurations have been studied and
compared to an otherwise identical collinear system. The B-BBO crystal used in the
experiments measured 6x4x12 mm3 (X, Y, Z) and was grown by the Fujian Institute of
Research on the Structure of Matter, People's Republic of China. The three degrees of
noncollinearity selected were q=40 mrad, 54 mrad and 90.8 mrad. At all times, the
crystal was housed in a windowless oven maintained at 48°C to reduce the effects of
water absorption in the crystal. The temperature was controiled to +1° by a feedback
loop varying the current supplied to a Peltier module. Mounted on an automated
rotation stage (Newport 495) with a resolution of 0.001°, the crystal was placed
between two flat mirrors to form a plane parallel oscillator. A cavity length of 30 mm
was maintained throughout all the measurements. Figure 5.2 shows the experimental

design of the OPO.

The OPO was aligned with the use of a helium-neon (He-Ne) laser. A pin hole, placed
beyond two silvered mirrors used to steer the He-Ne beam, was used as the target point
for the pump spot and, later, the signal (or idler) beam of the collinear OPO. By
ensuring a spatial overlap of the He-Ne and the pump beams, the crystal face of the
OPO was positioned so that it retro-reflected the He-Ne beam back down the pin hole.
One OPO cavity mirror at a time was mounted and the retro-reflection process
repeated. Providing the pin-hole is positioned sufficiently far from the OPO cavity
(typically 1 m) good alignment accuracy is obtained. Furthermore, depending on the
reflectivity of the cavity mirrors, the formation of etalon rings were occasionally
observed and these were centred on the pin hole for fine alignment. The generated
signal/idler waves should also fall onto the pin hole if good alignment is achieved.
However, it was usual practice to optimise the output of the OPO once it was

oscillating by fine adjustments made to each cavity mirror.
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Figure 5.2.  Experimental design of the noncollinear OPO. The fundamental
Jrequency of the Nd:YAG is tripled to 355 nm by two KD*P crystals. The intensity is
controlled by a %:-wave plate, P. M3 and M4 are 99.5% R at 355 nm at 45°, LI and
L2 are positive fused silica lenses of focal lengths 100 mm and 40 mm respectively.
M1 and M2 are the OPO cavity mirrors for resonant signal or resonant idler. a, b, ¢
indicate the crystallographic axes, where c is the optic axis and X, Y, Z relate to the
crystal edges in the laboratory frame. q indicates the degree of noncollinearity.

The pump spot size was reduced to 2.5 mm diameter using two positive fused silica
lenses of 100 mm and 40 mm forming a 2.5 times compression telescope. The 1/e” fall
in the peak intensity of the beam was taken to be the radius and this was determined

using a silicon photodiode array (Reticon) consisting of 256 elements each of 25 um in

size creating a 6.4 mm length array.

The orientation of the crystal relative to the pump beam ki, is shown in figure 5.3 with
the erystallographic axes a, b, ¢. The crystal surfaces were polished and uncoated. For
the type [ interaction, the pump beam enters the crystal as an e-ray. Its electric field is

polarised in the plane containing the optic axis and the wave vector Kp.
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Figure 5.3. Orientation of the BBO crystal cut at 0=35°. Tuning was accomplished by
rotation about the crystallographic b axis. As drawn, the projection of ky, on the ab-
plane is such that it lies at 90° fo the b axis.

The cavity was initially constructed with a set of high reflectivity mirrors in the range
of the signal wavelength with reflectivity (R) >97 % at 500 nm-600 nm or 600 nm-
700 nm with transmission (T) >85 % at 355 nm. Fewer mirror sets are necessary to
cover the tuning range of the OPO for signal resonance compared with a resonant idler
device. In fact, two mirror sets were used to cover the tuning range of the resonant-
signal OPO, whereas an estimated four sets would have to be incorporated in order to

cover the corresponding range of the resonant idler,

With the collinear OPO aligned, the BBO crystal was pumped above threshold at
20 ml/pulse. The residue pump light was removed from the output signal by means of
a UV filter. This was unnecessary for values of ¢>0 as the three waves become

separated by the noncollinear geometry. The output signal wavelength was measured
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using a calibrated optical multichannel analyser (OMA, EG&G 1461) via a fibre. For
each phase match angle, the signal component was measured and the idler inferred
from this value. The degree of noncollinearity, q, was varied by rotating the cavity
mitrors about the crystal. The magnitude of q was measured by determining the
separation of the output signal spot from that of the pump (at the pin hole) at a known
distance from the crystal centre. The cavity length was maintained throughout at
30 mm. Full angle tuning curves were measured for the collinear and three
noncollinear geometries of q=40 mrad, 54 mrad and 90.8 mrad. These tuning curves

are shown in figure 5.4.

The collinear phase matched OPO tuning response ranges continuously from 450 nm-
1.68 um, with a small gap from 660 nm-768 nm corresponding to the roll-off point of
the cavity mirror reflectivity. Similar tﬁning ranges are shown for q=40 mrad and
q=54 mrad. Further tuning into the UV for these three OPOs was hampered by the
excessive rotation of the crystal. For q=90.8 mrad, the OPO was only capable of
tuning from 535 nm-1.055 pm. This limited tuning range resulted from the signal no

longer having a clear aperture through the crystal due to the extreme noncollinear

orientation.

The theoretical tuning curves are also shown and these were calculated in each case
from the solutions of equation 4.2 for each degree of noncollinearity. The Sellmeier
data used in the calculations are after Kato [2] which were found to produce the best fit
to the experimental points. The break in the theoretical tuning curves result from an
insufficiency in the root-finding method near degeneracy and bears no physical
meaning. Single resonant oscillation is guaranteed in the three noncollinear OPOs as a

result of the phase matching geometry and continuous tuning was observed.
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Figure 5.4. Collinear (q=0) and noncollinear (q=40 mrad, 54 mrad and 90.8 mrad)
tuning responses in a BBO OPQ pumped at 355 nm. Symbols represent experimental
data points and the solid lines represent the theoretical tuning curves.

The experimental data points and theoretical tuning responses of each OPO are seen to
be in good agreement. For a given t1111i11g angle, the curves become increasingly blue-
shifted as the magnitude of q increases. A higher degree of noncollinearity was
attempted, specifically chosen to fully compensate the walk-off of the extraordinary

ray. Under these conditions, the benefits of walk-off compensation should be

LAW Gloster 124 PhD Thesis




Chapter 5 Noncollinear Phase Matching in BBO

maximised so that a maximum conversion efficiency and a minimum oscillation
threshold should be recorded. The calculated value of q for this condition is 130 mrad.
The crystal aperture allowed a degree of noncollinearity of 133 mrad, but it was
impossible to tune the OPO away from 600 nm. The linewidth was excessive and

mode structure was observed. The data point has not been included in the figure.

In the previous chapter, it was stated that the roots obtained from the noncollinear
phase matching condition depended upon whether the resonant wave is the signal or

the idler. The equation is repeated here for convenience.

2 2 2
nP ) ( Pres J (nfree ) [ }’lp ires :l ( )
4| Ies - L =2 -—"——"|cos GJ—G,.L,S (53)
[ A'.D 7\'1'(-3.5‘ )\'free 7\'P ’ ?\'"es ]

The right hand side of the equation is a cross-term which is dependent upon the
resonant wavelength and refractive index, A5 and ny,, and not on the properties of the
free (or nonresonant) wave. The roots of the equation, therefore, are dependent on the

form of the resonant wave when noncollinearly phase matched.

To verify the existence of two roots and to demonstrate their physical meaning, the
phase matching equation has been solved for both resonant signal and resonant idler
oscillators. In both cases, the degree of noncollinearity was q=40 mrad. The cavity
mirrors were R>95 % 500 nm-600 nm (T>80 % 900 nm-1200 nm) for the resonant
signal and R>85 % 800 nm-1000 nm (T>90 % 550 nm-640 nm) for the resonant idler.
In all other respects, the cavities in both cases were identical. Figure 5.5 shows the
tuning curves and theoretical predictions for both the cavities described. As expected,
the responses differ from one another with the resonant idler tuning curve slightly red-
shifted from that of the resonant signal. The prediction of these tuning ranges
illustrates the asymmetry of the noncollinear geometry about the oscillation axis, which

is not observed in the collinear case.
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Figure 5.5. Tuning ranges for both resonant-signal and resonant-idler oscillators,
both noncollinearly phase matched at g=40 mrad.

5.1.3 Oscillation Threshold

Near threshold, the OPO becomes unstable as a result of pump intensity fluctuations
about the threshold point of the OPO. This makes it difficult to take an accurate
measurement of the threshold. The threshold of each OPO was determined, however,

by reducing the pump beam intensity at 355 nm using a Y2-wave plate (or, A/2 plate) at
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the laser head until oscillation is barely maintained. As a guide to standardising the
measurement for each OPO, threshold was taken to be the input pump intensity capable
of turning the oscillator "on" once in every 10 pump pulses, or every second. The
energy of the pump pulse was measured at the laser head. Allowing for the Fresnel
reflections at the surfaces of the lenses, the energy at the OPO input mirror surface was

deduced.

The noncollinear theoretical model based on the model developed by Brosnan and
Byer to predict the threshold of a collinear OPO [3] was applied to each OPO in turn.
Equation 4.8, described in chapter four, takes account of the increased effective walk-
off length and gain coefficient observed in noncollinear geometries. The equation is

repeated here for convenience.

2.25cosa cosP
J(g)=
e

§He

2
[ 1
2 _In33+2al+In—+1n2 5.4
21c VR } 5.4)

The values used in equation 5.4 are given in the table below.

Variable | 2t | [, | al | R Ag A degg | ng | 0y | my, | g

Value 6 3.8 1 10971 600 | 870 1.7 (166 1.65]|1.67 | 09

Units ns | cm | % % nm | nm | pm/V | — | — | — | —

Table 5.1. Symbols, values and units for the variables used to calculate the threshold
Jfluence for the noncollinear OPOs.

The effective gain length L. of the crystal varies according to the degree of
noncollinearity. The variation of the walk-off length as a function of the external

tuning angle is shown in figure 5.5 for each of the noncollinear geometries. In the
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figure, a dramatic increase in the walk-off length is seen as the degree of
noncollinearity increases. The walk-off length is the interaction length within the
crystal after which the separation of the waves becomes intolerable. The figure shows,
therefore, how sensitively the interaction length depends upon the degree of

noncollinearity as well as the useful maximum crystal length for a given geometry.

Using equation 4.5 from the previous chapter and figure 5.5, it is possible to compute
the noncollinear parametric gain length for each geometry at any phase matching angle.
This is the final variable required in the threshold calculation. The calculated values

are tabulated below (table 5.2) for the OPOs under study with a signal wavelength of
600 nm.

q (mrad) 0 40 54 90.8

L, (cm) 1.04 1.13 1.15 1.19

Table 5.2. Values of parametric gain length L, for corresponding degrees of
noncollinearity for a crystal 12 mm in length.

It is clear from the table that at 90.8 mrad, the effective parametric gain length is close
to the physical crystal length (1.2 cm), and the effects of walk-off are almost
eliminated. At the most extreme degree of noncollinearity reached (133 mrad), the
effective parametric gain length is equal to the physical crystal length, as the Poynting

vectors of the pump and resonant wave are collinear in the crystal.
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Figure 5.5. Walk-off length in the type I 355 nm pumped OPOs for collinear and the
three noncollinear geometries under study, versus the angular tuning range.
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Using these values, the threshold for the oscillators has been calculated and compared
with the experimental data. These results are shown in figure 5.6 for a signal

wavelength of 600 nm.
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Figure 5.6. Oscillation threshold versus degree of noncollinearity of the OPOs.
Different reported values of d;5 have been used in the calculation.
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The threshold is seen to fall with the increasing degree of noncollinearity, as predicted
by the theoretical threshold fluence. Three values of dy, have been used in calculating
the threshold. These have been taken as 1.7 pm/V reported by Chen et al [4], 2.0 pm/V
[5] and 2.6 pm/V[6]. With dy; at 1.7 pm/V, the theoretical oscillation threshold is in
fairly good agreement with the measured values. More importantly, perhaps, is the
condition of full walk-off compensation which, theoretically, occurs at 130 mrad.
Although a minimum threshold was observed at g=130 mrad, further degrees of
noncollinearity were not attainable due to the constraints of the crystal aperture. The

verification of a true minimum was, therefore, not possible.

5.1.4 Conversion efficiency

The conversion efficiency of each OPO was determined by measuring the input pulse
energy of the pump and the corresponding energy of the generated signal and idler
pulses. Owing to the symmetry of the cavity mirror reflections, the energy coupled out
of one mirror has been doubled. (The pump energy stated was measured at the laser
head and Fresnel losses at the four faces of the two lenses making up the telescope
have been taken into account). The loss at each surface was ~4 % which amounted to a

total loss of 15 % (1-0.964) at the pump wavelength.

Figure 5.7 shows the OPO output energy against pump laser input energy for the four
OPOs under study. The limited power of the Nd:YAG laser meant that none of the
OPOs reached saturation. The slope efficiencies for each have been calculated and
these increase from 36 % in the collinear case to 62 % in the most extreme
noncollinear OPO of q=90.8 mrad. More significantly, perhaps, is an incident pump
energy of 15 mJ which brings the collinear OPO to just above threshold, whilst the

q=90.8 mrad OPO delivers 5.3 mJ giving an external conversion efficiency of 35 %.
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Figure 5.7. Total output energy/pulse of the signal and idler versus input pump energy
Jor the four OPOs under study.

The OPO cavity mirrors in each case were coated to highly reflect the signal and to

transmit the idler and the pump waves. The efficiency curves were measured at a
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signal wavelength of 600 nm. In practice, the signal made up less than 10 % of the
total power of the converted photons. In each case, saturation could not be reached and
maximum pumping was limited to ~28 mJ/pulse (0.1 GW/cm?2) at 355 nm from the

Nd:YAG laser, a factor of four less than the reported damage threshold of BBO [7].

5.1.5 Oscillator Linewidth

The linewidth of the parametric oscillator is made up from three contributing factors:
the gain bandwidth of the OPQ, the pump bandwidth and the pump beam divergence.
In the case of the four OPOs studied here, the last two contributions remain the same.
Any change in the signal (and idler) linewidth, therefore, indicates a corresponding

change in the gain bandwidth of the OPO.

Using a calibrated OMA, the signal linewidth of each OPO was measured across the
entire tuning range. A resolution limit of 3 nm was measured for the OMA using a
single-mode He-Ne laser. Figure 5.8 shows the linewidth variation of all four OPOs
over their tuning ranges. The linewidth of the intermediate noncollinear geometries
(q=40 mrad and 54 mrad) are presented as datum points only, whilst the collinear
(q=0 mrad) and the most extreme (q=90.8 mrad) have best fit curves fitted. This has
been done to illustrate the salient points to be made from the figure and to avoid line
confusion. It is clear that the greater the degree of noncollinearity, the greater the
signal linewidth and, hence, the greater the OPO gain bandwidth. The theoretical
linewidth has been determined by considering the two largest contributors to the OPO
linewidth, that of the gain bandwidth and the pump beam divergence (see chapter two,

section 2.6). This is shown as a dotted line on the figure.
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Figure 5.8. Signal linewidth versus tuning range for each OPO. The theoretical
linewidth for the collinear OPQO is also shown (dotted line).

The collinear linewidth is seen to differ from the theoretical linewidth, although the

trend is in good agreement. The reason for the apparent discrepancy may be due to an
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underestimation of the pump beam divergence and the resolution limit of the OMA.
The linewidth of the q=90.8 mrad OPO increases sharply as the device is tuned
towards degeneracy, reaching a maximum value in excess of 25 nm. Linewidths of the
intermediate noncollinear geometries fall between those of the collinear and the

q=90.8 mrad case, further supporting the theory that the gain bandwidth increases with

noncollinearity.

5.1.6 Summary

In summary, noncollinear phase matching has been demonstrated in BBO pumped at
355 nm using the third harmonic of a Nd:YAG laser. The tuning responses of the
collinear phase matched OPO of 450 nm-1.68 um can be matched by noncollinear
geometries up to at least =54 mrad with a corresponding increase in external optical
efficiency from 6 % to 27 % (at 20 mJ/pulse pump energy). A reduction in the
operating threshold from 0.27 J/em? to 0.18 J/em? is also observed for the same two
oscillators. In all cases, the tuning response has been predicted accurately by
modelling the noncollinear phase matching condition. The full benefits of exact walk-

off compensation can be attained through the use of larger aperture crystals.

The requirements of the pump beam quality have been discussed for efficient phase
matching and the restriction placed upon the pump beam divergence in the collinear
geometry appears to ease in the noncollinear cases. Full spatial walk-off compensation
has been calculated to be at g=130 mrad and the lowest threshold was observed under
these conditions. Unfortunately, further degrees of noncollinearity were not possible to
determine the existence of a true minimum. Table 5.3 summarises the experimental

results for the OPQOs.
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Property q=0 mrad q=40 mrad | q=54 mrad | ¢=90.8 mrad
Slope efficiency (%) 35.5 42.1 58.4 62.4
Peak efficiency (%)* <0.2 1.8 12.2 34.0

Threshold (J/cm?2) 0.27 0.25 0.23 0.18
Tuning range (nm) 450-1680 450-1680 450-1680 535-1055

Table 5.3. Summary of some of the experimental data for the collinear and three
noncollinear OPOs (* measured at 15.5 mJ/pulse pump input energy).

5.2 BBO Pumped at 532 nm

This section details noncollinear phase matching in 532 nm pumped BBO optical
parametric oscillators. The lower pump photon energy means that these oscillators are
inherently less efficient compared with the UV pumped devices. It is likely, therefore,
that if OPOs based on this pump/crystal combination are to become contenders for
frequency selective cavities, the external conversion efficiency will need to be
improved. It is shown here that noncollinear phase matching does significantly

improve the conversion efficiency, whilst still maintaining a prolific tuning capability.
Areas of analysis in section 5.1 for BBO pumped at 355 nm which are directly

applicable to this section will not be discussed in further detail, but they will be alluded

to where necessary.

5.2.1 Acceptance Angle

For the reasons discussed in section 5.1.1, the acceptance angle of the BBO crystal can

be dramatically increased by implementing a noncollinear geometry so that the
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tangential phase matching condition is reached. Under such conditions, the second

order term of the Taylor series describing the acceptance angle is used.
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Figure 5.9. First and second order acceptance angles for BBO pumped at 532 nm
using a 12 mm crystal.
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Figure 5.9 shows the first and second order acceptance angles derived from the first
two terms of the Taylor series of the allowable phase mis-match with respect to angular
divergence of the pump beam. The first order acceptance angle for critical phase
matching is equal to ~0.5 mrad, which is greater than that experienced by BBO
pumped in the UV. However, since the full angle divergence of Nd:YAG laser is
typically 0.5 mrad any beam compression is likely to affect the efficiency of the OPO.
As expected, the tangential phase matching condition has an associated acceptance
angle which is an order of magnitude larger than the critical condition and whose limit
is well in excess of the compressed pump beam divergence. As previously discussed,

this should contribute to a more efficient device.

5.2.2 The Pump Laser

The laser pump source used in the experiments described in this section is a
commercially available Spectron SL.804 1614 Q-switched telescopic Nd:YAG system.
The pulse duration is 20 ns at 532 nm and the repetition rate is variable although
maintained at 10 Hz. Contraction of the second harmonic beam waist to a diameter of
1.5mm is carried out using a Galilean telescope before the OPO. The Galilean
telescope was chosen to avoid a real focus in the pump beam which is liable to cause
dielectric break-down of the air, and a possible loss of peak power from the beam
through plasma absorption. However, focused back-reflections from the curved

surface of the negative lens caused breakdown at high pump fluences.

5.2.3 Phase Matching and Frequency Tuning

The OPO cavity is constructed in a similar way to that described for the UV pumped
oscillators. Two identical flat mirrors separated by 30 mm constitute the cavity,

allowing for ~100 round trips of the resonant wave. Two mirror sets are sufficient to
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cover the observed tuning range of the OPOs. The sets are coated to transmit >95 % at
532 nm and have dielectric coatings of R>95 % over 600 nm-800 nm and 800 nm-
1000 nm, respectively, allowing resonance of the signal wave only. Figure 5.10 shows

the experimental arrangement.

TEM ,, Nd:YAG Laser Separator
KD*P
532nm
Detail of noncollinear OPO 7
580 NN M2
M1 G
Noncollinear Telescope
OPO
| * Kp , —af-
v X | 532nm v g
[\‘Z b
BBO crystal
M1 X a

Figure 5.10. Experimental arrangement of the noncollinear OPO. The fundamental
Q-switched radiation is doubled to 532 nm using KD*P. A telescope made up of
lenses of focal lengths of +100 mm and -50 mm compresses the beam before being
launched into the OPO. M?2.: Pump steering mirrors with R>98 % at 532 nm at 45°.
MI: R>95 % over 600 nm-800 nm and 800 nm-1000 nm with >95 % transmission at
532 nm. DETAIL: pump is polarised parallel to the bench and becomes an e-ray in
the crystal. Signal and idler are generated as o-rays. p is the Poynting vector walk-off
of the e-ray, and q indicales the degree of noncollinearity. [a, b, c] are the
crystallographic axes and [X, Y, Z] are the laboratory axes.

The BBO crystal was grown by the Fujian Institute and measured 4x4x12 mm® (X, Y,
7). It had a cut of 21.75° between the normal to the uncoated entrance faces and the
optic axis ¢ for type I (e—>0+0) phase matching at 532 mm. The crystal was mounted in
the same windowless oven used in the UV pumped OPOs which was held at 48°C and

mounted in the same fashion on the automated stage. Tuning was accomplished by
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rotation of the BBO crystal about the crystallographic b axis. As in the previous
nomenclature, the angle q subtending the wave vectors ky and kg (the resonant wave)

in free space denotes the degree of noncollinearity.

In BBO pumped at 532 nm, the condition of full spatial walk-off is satisfied at a
noncollinearity of q=98 mrad, corresponding to an internal angle of 3.5°,
approximately the walk-off angle of green light in BBO. Owing to the dimensions of
the crystal aperture of 4x4 mm, it was not possible to obtain oscillation at ¢=98 mrad.
This meant that full walk-off compensation was not possible with this crystal.
Significant walk-off compensation was, however, observed using noncollinearities of

q=14.8 mrad, q=28.4 mrad and q=47 mrad, as well as the collinear case (q=0 mrad).

As in the UV pumped noncollinear OPOs, the profile of the noncollinear tuning curves
depends upon whether the signal or the idler wave is resonant in the cavity for a given
degree of noncollinearity. In keeping with the experimental arrangement here, the
noncollinear phase matching condition (equation 5.3) has been solved for type 1 phase

matching in a BBO OPO pumped at 532 nm with the signal as the resonant wave.

The resulting theoretical tuning curves for q=14.8 mrad, q=28.4 mrad and q=47.0 mrad
which arise from the roots of the phase matching equation are shown in figure 5.11
with the corresponding experimental data. In each case, the degree of noncollinearity
was set by the twist in the cavity, as described in section 4.1. The tuning curves were
then determined by rotating the crystal about the b-axis and measuring the wavelength
using an OMA. Experimental results are seen to be in good agreement with the
theoretical tuning response, and the profiles are similar to those observed with the UV
pumped OPOs. For comparison, the collinear phase matching tuning curve is also
shown. More extreme degrees of noncollinearity were unobtainable as a result of the

limited crystal aperture. All the oscillators were able to generate signal wavelengths
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down to 700 nm, although reaching degeneracy (A=A;) became increasingly difficult at

more extreme angles of noncollinearity.
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Figure 5.11. Tuning responses of collinear and three noncollinear OPQOs pumped at
532 nm. Solid lines are the theoretical responses and datum points are experimental.
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As observed in the UV pumping solutions, the theoretical tuning curves do not reach
degeneracy as a result of a shortcoming of the root-finding method employed. The
observed reduction in the tuning range with increasing q is an inevitable consequence
of the diminished oscillation aperture arising from the phase matching geometry and
the crystal cut. With careful choice of these parameters, full tuning ranges should be
realisable at extreme values of g, and it should then be possible to accomplish the

condition of exact walk-off compensation at =98 mrad.

For a given tuning angle, the curves are seen to blue-shift as q increases. A similar

response was also observed with the UV pumped OPOs.

5.2.4 Oscillator Linewidth

It is clear from figure 5.11 that the gradients of the tuning profiles (that is, dA/d®) are
greater with higher degrees of noncollinearity. The rate of change of tuning in the
parametric interaction is a measure of the gain bandwidth and, therefore, the signal
linewidth of the OPO. This is described by the following expressions. The gradient of

the signal portion of the tuning curve is given by [8]

d?"\ _ '—}“25 aKP _ aKv . aK': (5 5)
a0 b 2mc| O 80 60 '
where b= _8& - »a—&
0w, 0w,

In equations 5.5, ¢ is the speed of light and b is a dispersive constant given by [9].

From this, the full width at half maximum in Hz of the gain bandwidth is given by

1
|Av,|~ o (5.6)
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Figure 5.12. Experimental linewidth variation of collinear and noncollinear OPOs.
The theoretical linewidth of the collinear OPQO is also shown where the characteristic

minimum is in evidence.
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where [ is the crystal length. It is apparent from equations (5.5) that large tuning
gradients arise from small values of b and, from (5.6), that these correspond to regions
of large linewidths. We can therefore expect to see a signal linewidth increase at the
extreme regions of the tuning ranges since the gradient is large both near degeneracy
and far from degeneracy. Figure 5.12 shows the signal linewidths of the collinear OPO
configuration for both the theory (dashed line) and experimental data. The profiles are
similar and both exhibit minima. The theoretical linewidth is derived from equations
2.38 and 2.39 of chapter two; equation 2.38 describes the gain bandwidth of the OPO
and 2.39 gives the linewidth contribution from the finite divergence of the pump
source. The effects of multiple-passes of the resonant wave have not been taken into

account and may explain the off-set between theory and experiment.

The signal linewidths of the noncollinear OPO configurations are also shown, with the
exception of q=14.8 mrad which has been omitted as it was found to be experimentally
indistinct from the collinear case. Best-fit lines have been added to clarify the trends.
Characteristically, all the signal linewidths exhibit minima. Since the only variable
contribution to the signal linewidth is the gain bandwidth of the OPQ, it is apparent
that the increase in the minima is a measure of the increase in parametric gain of the
noncollinear OPOs at increasing values of . The minimum linewidths vary from
4.2 nm at ¢=0 mrad to 6.1 nm and 7.6 nm at q=28.4 mrad and 47 mrad, respectively.
This is a direct result of the partial compensation of the extraordinary pump ray walk-

off from the ordinary resonant signal ray arising from the noncollinear geometry.

5.2.5 Conversion Efficiency and Pump Depletion

In accordance with the increase in parametric gain with noncollinearity, an increase in
the external conversion efficiency of the OPOs was observed as ¢ increased. The

pump energy incident on the OPO cavity was measured using a Laser Instrumentation
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power meter, model 5262A, head model 17AN. In all cases, both the signal and idler
radiation were measured as the output from the cavity at a resonant signal wavelength
of 830 nm. The signal wave, however, made up just 10 % of the overall power
measured since the cavity had a high finesse at the signal wavelength. Figure 5.13

shows the efficiency curves for each of the OPOs studied.

400

q=28.4 mrad

350 q=47 mrad

q=14.8 mrad
300

N
a1
o

N
o
o

Output energy (pJ)

-
4
o

100

50

~-—r-rrrerorrTerr T rrrrrrJrrrrrroro o rrrri

G

0 . XA W W W R W VAN [ VN N W SN Y W M U MR RN DU SR NN S

2,5 3.5 4.5 5.5 6.5
Input energy (mJ)

-
14|

Figure 5.13. Efficiency curves for the collinear and three noncollinear QPOs.
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The unsaturated convetsion efficiencies increased from 11.3 % at g=0 mrad to 16.6 %
at q=47.0 mrad. The conversion efficiency is seen to increase as a result of the

noncollinear geometry, although the effect is not as dramatic as that observed in the

UV pump OPOs.

The efficiencies are, however, unsaturated and it is clear that greater efficiencies are
obtainable at higher pump fluences. A corresponding fall in oscillation threshold of
the oscillators from 2.1 mJ to 1.7 mJ per pulse is also observed as predicted for the

noncollinear geometry.

To verify the effects of the noncollinear geometry on the cavity efficiency, the pump
depletion for each of the configurations under study has also been measured. Two
identical EG&G fast risetime (0.5 ns) photodiodes were positioned at the input and
output of the OPO. With the OPO crystal detuned from the phase matched condition,
both the photodiode responses were observed on a Gould 4096 (200 MHz, 1.6 Gs/s)
oscilloscope and the position of the photodiodes adjusted so that the traces became
coincident. In this configuration, both photodiodes record the undepleted pump
intensity. The crystal was then tuned and optimised and depletion of the pump was
seen at the second photodiode. Figure 5.14 shows the four profiles, from (a) through to
(d), corresponding to the noncollinear geometries in increasing order of

noncollinearity.

For the collinear geometry, figure 5.14(a), the pump was depleted by 19.7 %. Figures
5.14(b) and 5.14(c) have similar depletions of 24.3 % and 28.5 % in line with the
energy conversion efficiencies measured at q=14.8 mrad and q=28.4 mrad. Figure

5.14(d) shows a depletion of 39.7% at q=47.0 mrad confirming the efficiency

increases at large q.
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Figure 5.14. Pump depletions of the four OPOs at a signal wavelength of 830 nm.
Time base is 10 ns/division.

The apparent discrepancy between the external efficiency and the pump depletion
arises from the internal losses of the cavity at the signal and idler wavelengths. The

external efficiency is related to the internal efficiency (or pump depletion) by

_q (5.7)
Vext = flint (op £c+e? o).

using equations 2.46 and 2.47 of chapter two. In equation 5.7, co denotes the frequency
and the subscripts p, s and i are the pump, signal and idler waves where, in this case,
the signal is the resonant wave. sc is the loss coefficient associated with the mirror
coupling of the signal and 8/ is the loss coefficient responsible for Fresnel reflection
and crystal absorption at the wavelengths denoted by the superscript. R is the loss to

the idler from uncoupled photons from the cavity resulting from less than 100 %
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transmitting mirrors. Pump depletion measurements presented here are single shot and,
as is often the nature of the OPO, shot-to-shot power fluctuations in the pump intensity
cause the pump depletion to vary from shot-to-shot. Snap-shot pump depletion
measurements may, therefore, give a distorted picture of the internal efficiency of the
OPO. External efficiency measurements, on the other hand, are more stable since the
power meter does not respond to single shot fluctuations. The power meter
fluctuations in these measurements were <10 %. By estimating the losses at the signal
and idler waves associated with the cavity, the pump depletion can be calculated and
compared with the measured values. At a signal wavelength of 830 num and a
corresponding idler wavelength of 1480 nm, the Fresnel loss per crystal surface is 5 %.
This represents a round-trip loss of the resonant signal of 20 % and a single pass loss to
the idler of 10 %. Since the transmission of the cavity mirrors at the idler wavelength
is 80 %, R becomes a loss of 20 %. The total loss at the cavity mirrors at the signal
wavelength is 15 %. By substituting these values into equation 5.7, the pump
depletion can be found. Table 5.4 shows the measured and calculated pump depletion
along with the measured external efficiencies taken at the same pump fluence and the

peak external efficiencies obtainable from the OPOs.

MNext MNint Nint MNext
(observed) | (calculated) | (observed) (peak)

q=0 mrad 93 % 24.3 % 19.7 % 11.3%
q=14.8 mrad 10.0 % 26.1 % 24.3 % 13.1%
q=28.4 mrad 12.0 % 31.4 % 28.3 % 13.8 %
q=47 mrad 14.7 % 38.4 % 39.7 % 16.6 %

Table 5.4. Bold percentages show the calculated and observed pump depletions for the
OPOs based on the measured external conversion efficiency 1,,, (observed). The peak
external conversion efficiencies are also included.
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From table 5.4, it is clear that the calculated pump depletions agree in general with
those observed, although they tend to predict higher values. There are a number of
factors which could account for this, for example, the calculations are sensitive to the
accurate determination of the losses in the cavity, and it is possible that these have been
over estimated. The peak external efficiencies are also included in the table. These are
measured at the highest pump fluence used in pumping the OPOs. In all cases, the
internal and external efficiencies increase as the noncollinearity increases as a result of

the spatial walk-off compensation.

5.2.6 Summary

When noncollinear phase matching is applied to 532 nm pumped OPOs, it is clear that
a significant increase in the efficiency of the devices can be obtained, with a
corresponding fall in the operational threshold. Full spatial walk-off compensation has
not been demonstrated due to a limitation of the crystal aperture, however, a doubling
in the internal efficiency has been observed at modest angles of noncollinearity. The
linewidth of the oscillators is also seen to increase, further demonstrating the increase
in the parametric gain bandwidth with noncollinearity. The parametric tuning ranges
for all the OPOs have been calculated and shown to be in excellent agreement with the

measured ranges.

5.3 Conclusions

This chapter has shown the advantages of noncollinear phase matching in BBO optical
parametric oscillators and the ease of inducing the effect on a plane-plane cavity. Such
a geometry is seen, in accordance with the theory described in chapter four, to reduce
the operational threshold and increase the conversion efficiency of the device. The

effectiveness of noncollinear phase matching in countering the effects of extraordinary
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ray walk-off is illustrated in the case of the UV pumped OPO. Increases in external
efficiencies by a factor of four have been observed, with a modest fall in threshold
from 0.27 J/cm? to 0.19 J/em2. This not only increases the efficiency, but also allows
for the use of longer crystal lengths. In addition, the extent of the collinear tuning

range is, in most cases, preserved in the noncollinear geometries.

In general, the advantages of noncollinear phase matching can be harnessed for all
critically phase matched parametric oscillators and, indeed, any second order critical
phase matching process. Further increases in the external conversion efficiency can be
attained by pumping past the input mirror to avoid unnecessary reflection losses of the
pump beam;: a technique which cannot be applied in the collinear phase matching

regime.

In terms of spectroscopic sources, however, narrow linewidths are generally required.
Free-running OPOs are not generally considered to be useful spectroscopic sources
because of their broad linewidth, and the results of this chapter show that noncollinear
phase matching causes a further linewidth increase. The following chapters detail the
work carried out on line narrowing the OPO based on BBO whilst endeavouring to

maintain a broad tuning range.
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Chapter 6

Narrow Linewidth Oscillators

The historical development of line-narrowing in optical parametric oscillators is
summarised, in this chapter. Building on the brief discussion in section 1.5, methods of
linewidth control such as intracavity elements and injection seeding are discussed and
key relevant experimental results are quoted to provide a back-drop to the narrow-
linewidth work contained in this chapter and the next. Of particular interest to this
thesis is the grazing incidence cavity. Previous work with grazing incidence lasers and

optical parametric oscillators is discussed.

The grazing incidence optical parametric oscillator (GIOPO) was developed as a source
of highly tunable, narrow linewidth radiation predominately in the visible region of the
spectrum. The ultimate aim was to develép a stable, single-longitudinal mode source.
However, the relationship between the bandwidth of the pump laser and the subsequent
linewidth of the OPO is not well documented. Single-frequency OPOs have been
reported using single-frequency pump sources, but whether a multi-mode pump source
could produce the same result is not clear. In order to explore the relationship between
the pump bandwidth and the OPO linewidth, the linewidth of the OPO in a grazing
incidence configuration is studied using two different pump bandwidths. Finally, a
broad tuning range, narrow linewidth grazing incidence OPO is discussed at the close of

the chapter to demonstrate the potential of the OPO as a spectroscopic tool.

6.1 A Brief History of Narrow Linewidth OPOs
In 1969, Kreuzer presented a theoretical analysis showing that in steady-state operation,

gain saturation will prevent more than one mode oscillating in a singly resonant OPO

(SRO) providing the pump power is less than 4.6 times above threshold. Longitudinal
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mode competition within the gain profile of the device results in the threshold being
exceeded for only one mode. This single-mode grows at the expense of the others and
saturates the gain. The resonant mode is usually the one nearest to the wavelength
where the phase mis-match is at a minimum or zero. Using intracavity dispersive
elements, the linewidth of the resonant wave can be made to narrow, but the non-
resonant wave reflects the axial mode spectrum of the pump field. For example, using a
pump source of >4 cm-! linewidths of <1 em-! were demonstrated in the steady state
operation of a LiNbO3 OPO for the resonant idler, whilst the corresponding signal wave
had a linewidth of 5.8 cm-! [2]. In this case, the steady-state condition was reached
using a 400 ns pump pulse duration. The steady-state assumption is not, however,
applicable to pulse durations in the 6 ns to 20 ns regime. Under these conditions, unless
special precautions are taken, many modes are excited and the OPO linewidth can be as
broad as the OPO gain bandwidth. At degeneracy, the linewidth of angle-tuned OPOs
can easily reach 10 nm so the need for line narrowing is apparent for spectroscopic

applications.

Factors affecting the OPO linewidth include the pump beam divergence. In chapter
three, the bandwidth of the pump laser was dismissed as having little influence on the
overall free-running OPO linewidth since it is it typically an order of magnitude less
than the total linewidth of the OPO. In practice, however, it has been reported that a
single-longitudinal mode (SLM) pump source leads to greater conversion efficiency and
improved OPO amplitude stability, and can reduce the linewidth [3]. Finally, the

linewidth of the OPO may also be affected by the cavity geometry and the pump energy

in relation to the threshold energy.

In general, there are three techniques that are widely used for reducing the linewidth of
OPOs: dispersive elements (such as gratings and prisms), injection seeding and etalons.

Intracavity etalons and injection seeding were employed in the first two reported SLM
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OPO devices. In the first, reported by Kreuzer in 1969 [4], mode-selecting etalons were
inserted inside the OPO cavity. This method, widely used in laser resonators for the
same purpose, produced SLM in the singly resonant OPO and has since been used by
other researchers [5]. In the second, Bjorkholm and Danielmeyer [6] seeded a CW
single-mode Nd:YAG laser into a ruby laser pumped LiNbO; OPO to produce a SLM
output. The non-tunable Nd:YAG laser line meant that the SLM OPO was not tunable.
Since then, injection seeding of OPOs has been widely demonstrated by many
researchers and, in general, it has been reported that this method readily produces SLM
in the OPO whilst enhancing the conversion efficiency and lowering the threshold of the
device. Moreover, such effects can be seen at remarkably low seed energies. Abdullin
et al [7] reported saturation of the OPO gain at injection signals of just 0.1 nJ. Hovde er
al [8] have reported near-transform limited 120 MHz bandwidth 10 ns pulses by seeding
with a few micro-Watts in a LiNbOj3 crystal, whilst Haub et a/ [9] demonstrated the

spectroscopic potential of a BBO OPO by seeding the oscillator with 2 GHz bandwidth

dye laser radiation.

One disadvantage associated with injection seeding is that the tuning range of the
narrow linewidth OPO is limited to the tuning range of the seed source. In some cases,
the seed source is a fixed frequency but even with a single-frequency diode laser, the
tuning range can be as little as a few tens of nanometres. In a system reported by Fix et
al [10], however, tunability is maintained throughout the single-mode operation of the
OPO. This is achieved by constructing a very short plane-plane cavity using BBO
which causes a relatively large cavity mode spacing of 1 cm~!. A single-frequency is
isolated from the OPO using a Fabry-Perot etalon and this then becomes the seed source

for a second BBO parametric oscillator.

The third method employs the use of intracavity dispersive elements and the techniques

involved are varied. Brosnan and Byer [11] used a diffraction grating preceded by
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expansion prisms and a tilted etalon and stable SLM was demonstrated from their
LiNbO5 OPO. The intracavity prisms expand the light in the cavity on to the diffraction
grating causing the resonant radiation to "see" more of the grating grooves. This
maximises the resolution of the grating and, therefore, causes it to feed back spectrally
narrower radiation. A similar result can be obtained by positioning the grating so that
the intracavity radiation grazes the grating surface, thereby illuminating most of its
length. High spectral resolution can be sought in this way, which is considered in more

detail in the following section.

Similar devices have been constructed using one order of a diffraction grating as the
output coupler and feeding back another order on axis providing cavity resonance. This
is known as a Littrow configuration. Using a similar technique, Burdulis et al [12]
reported a linewidth of 0.24 nm from a 502 nm pumped BBO OPO whilst Piskarskas et
al [13] reported a linewidth of 72 GHz in a synchronously pumped BBO OPO, by
allowing the first order of the grating to feed back into the cavity. In all of these cases

where the pump laser is specified, an injection seeded pump source was used.

Finally, it is well known that a high angular rate of tuning in an OPO leads to large
linewidths and, by inference, the reverse is also true. It was shown in chapter three that
the rate of tuning is smaller in type II critically phase matched BBO compared with type
I and the linewidth, therefore, is narrower. Experimentally, type II phase matching has
been demonstrated in BBO pumped at 355 nm [14] and linewidths of 0.05 nm to 0.3 nm
have been reported over the tuning range of the OPO which extended from 480 nm-
630 nm (810 nm-1360 nm in the idler). Although this shows a dramatic improvement of
two orders of magnitude in linewidth over type I phase matching, type II phase
matching in BBO is inherently less efficient compared with type I phase matching and

in this instance two crystals were used in the cavity.

LAW Gloster 155 PhD Thesis




Chapter 6 Narrow Linewidth Oscillators

6.2 The Grazing Incidence Cavity

The grazing incidence cavity was first reported for a dye laser by Littman and Metcalf
[15] and, independently, by Shoshan, Danon and Oppenheim [16]. Generally, the cavity
can be configured to provide enough spectral selectivity to generate narrow linewidth in
a single-longitudinal mode without the use of intracavity etalons or beam expansion
optics. Sufficient dispersion can be obtained by positioning the grating at a high degree
of incidence where its dispersive properties are maximised. This makes the oscillator
inexpensive to build and keeps the number of cavity elements to a minimum which, in
turn, reduces the number of surfaces in the cavity producing loss. The simplicity of the
cavity means that, in general, it can be made short, increasing the number of round trips

experienced by the resonant wave and maximising the longitudinal mode spacing.

By positioning the grating in a grazing configuration, the resolution is maximised. This
is shown by considering the resolving power of a grating, R, defined as
A

R= 6.1)
A7\‘min

where AA,;, is the minimum resolvable bandwidth or the limit of resolution and A is the
mean wavelength of light impinging on the grating. Using the Rayleigh criterion for a
diffraction grating [17] we find

Nd(sin@, —sin®,)

R= A (6.2)

where N is the total number of grating grooves illuminated, 84 is the angle of diffraction
and O; the angle of incidence of light of wavelength A on the grating of period d.

Evidently, the resolving power of the grating is a function of the grating length Nd and
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this is maximised when the light grazing the surface illuminates the greatest number of

grooves.

In the Littman and Metcalf cavity, light incident on the grating from the dye cell is
diffracted towards the tuning mirror in first order (figure 6.1). The tuning mirror then
reflects the light back into the cavity which then impinges on the output coupler.
During each cavity round trip, the light strikes the grating twice. Only light of a specific
wavelength range will be fed normally onto the tuning mirror and subsequently reflected
back on axis in the cavity. The laser is tuned by rotating the tuning mirror and hence

changing the wavelength range which is fed back into the cavity.

Pump light
Zeroth order

Output coupler [15]

bz—

Dye cell
High reflector [16] Diffraction grating

Figure 6.1. Transversely-pumped grazing incidence dye laser cavity based on the
designs of Littman and Metcalf [15] and Shoshan, Danon and Oppenheim [16].

A significant loss associated with this cavity design is the zeroth order of the grating
being coupled out during each round trip. Shoshan er al overcame this problem by
replacing the output coupler of Littman's cavity with a high reflector and used the zeroth
order of the grating as the useful output of the laser. This is also incorporated in figure
6.1. The system adopted by Shoshan ef al is similar to that used in the OPO described
in this chapter, where the output coupling is from the zeroth order of the grating.

Since the simultaneous publication of the grazing incidence dye laser cavity, much work

has been carried out on this cavity using various designs and gain media. An estimation
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of the line narrowing capability of the cavity can be sought from the single pass

linewidth model detailed here.

6.3 Single Pass Linewidth Model

The first order angle of diffraction 04 of light of wavelength A incident on a holographic

grating of period d at an angle 6; is given by

A =d(sin®, —sin@,) (6.3)

where angles 0; and B4 are measured on opposite sides of the normal to the grating. In
the case of grazing incidence, equation 6.3 is simplified since 6; ~90° and both angles

are measured on the same side of the normal. Equation 6.3 can be rewritten as

A =d(1+sin0,) (6.4)

The angular dispersion of the grating is given by the differential, d0/d). For the grazing

incidence configuration, this is given by

ﬂ(z_ 2
dh  dcosb

(6.5)

The factor of two arises because the light undergoes diffraction twice before returning to
the gain medium. Using equation 6.5, Shoshan e al [16] were able to estimate the
single-pass bandwidth of a grazing incidence dye laser to be 6.5 GHz. Experimentally,
they found the linewidth to be 3 GHz. It is not unexpected that the calculated single-
pass bandwidth is high since the resonant light is likely to undergo more than a single-

pass during the pump laser pulse duration. For this reason, the model can be regarded as

an upper limit on the laser linewidth.
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Later, both Littman {18] and Shoshan and Oppenheim [19] were able to achieve reliable
single-axial mode operation by substituting the tuning mirror with a second diffraction
grating used in Littrow mode, thereby increasing the resolving power of the cavity.
Using rhodamine 6G dye pumped at 532 nm with a pulse duration of 7 ns, Littman was
able to produce a single shot linewidth of 300 MHz which increased to 750 MHz when
the pulses were time-averaged to take account of the shot-to-shot jitter, In 1984,
Littman was able to reduce the linewidth further, by means of improved cavity stability,
to <150 MHz [20] by reverting back to just one grating and a silvered tuning mirror.
Apart from greater cavity stability, the cavity length was made as short as possible (4-
5 cm) to maximise the longitudinal mode spacing, and the dye cell was longitudinally
pumped to better define the optical path. Since then, the grazing incidence laser cavity
has been used with titanium doped sapphire as the gain medium [21] and much work has
been spent stabilising the cavity length for stable single-axial mode operation (see, for

example, [22]).

Recently, the optical parametric oscillator has been demonstrated in a grazing incidence
cavity by Bosenberg, Pelouch and Tang [23] using two BBO crystals pumped at
355nm. At an angle of incidence of 87°, linewidths of 0.03 nm (~30 GHz in the
visible) were reported. However, owing to poor grating efficiency, the authors reported
a high oscillation threshold and low conversion efficiency of the grazing incidence
cavity compared with a grating mounted in a Littrow configuration. They concluded
that the order of magnitude improvement in linewidth, nevertheless, made the grazing

incidence cavity ideal for lower efficiency, high resolution applications.
In 1992, Bosenberg, Guyer and Moody [24] reported a single-longitudinal mode grazing

incidence KTP OPO capable of tuning from 700 nm to 900 nm (1.3 pm to 2.2 pm) with

a linewidth of 600 MHz and an external conversion efficiency of 12 %. It was during
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this time that work independently began on the visible grazing incidence OPO based on
BBO which makes up the work presented in this chapter and the next of this thesis. At
the Conference on Lasers and Electro-Optics (CLEO 1993), Spectra-Physics Lasers
launched a series of grazing incidence oscillator/amplifier OPOs based on BBO (known
as the MOPO-700 series) for narrow linewidth operation in the visible region of the
spectrum. Since then, other commercial systems have become available which variously
use BBO as the oscillator (e.g. Continuum's Mirage), to reach the visible region of the
spectrum, and the same material or other gain media, such as KTP, as the amplifier.
Generating stable, single-longitudinal mode in the visible using BBO, however, has
been difficult to achieve in the grazing incidence OPO and even some commercial
systems have experienced problems in this respect [25]. In the following sections, a
grazing incidence OPO based on BBO is fully investigated using multi-mode pump
sources and in chapter seven single-longitudinal mode operation of the OPO is achieved

using an injection-seeded pump source.

6.4 Grazing Incidence Optical Parametric Oscillator

It is apparent that single-mode operation in a grazing incidence OPO is less easily
reached without the combination of a single-mode pump source and frequency-selective
elements in the OPO cavity. In their grazing incidence OPO, Bosenberg et al were
unable to observe single-longitudinal mode operation in the OPO when the pump source
was operating multi-mode. The OPO, however, "snapped" to single-mode on the action
of the pump source being seeded [26]. Unlike a laser, the parametric process is not an
energy storing process and the spectral quality of the generated radiation tends to reflect
that of the pump source. The correlation between the bandwidth of the pump source and
the linewidth of the generated OPO radiation is not well understood. The remaining
sections of this chapter seek to explore the effects on the linewidth of the OPO in the

grazing incidence cavity when the bandwidth of the pump source is altered from 28 GHz
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to 7.5 GHz, and to assess the feasibility of single-longitudinal mode operation of the

OPO with a multi-mode pump source.

For the purposes of this work, two 355 nm Nd:YAG laser sources were used and two
grazing incidence cavities were designed. Our first demonstration of the grazing
incidence OPO used a 20ns, 10 Hz repetition rate Spectron SL804 1614 with a
bandwidth of 28 GHz at 355 nm and a single BBO crystal grazing incidence cavity.
However, subsequent work carried out at 28 GHz pumping took place at the Vrije
Universiteit, Amsterdam, utilising a 6 ns, 10 Hz repetition rate Spectra-Physics GCR-3

and a dual-crystal grazing incidence OPQO.

The inclusion of the second crystal in the cavity was simply to yield a higher OPO gain,
which was required as the bandwidth of the pump laser was reduced. Under this new
cavity design, some results were repeated at 28 GHz and it is shown that the inclusion of
the second crystal had little bearing on the linewidth of the OPO. However, caution
must be exercised when comparing the threshold and efficiency results of the 20 ns
Spectron laser and the single BBO crystal with similar measurements taken using the
6 ns Spectra-Physics GCR-3 and two BBO crystals because of the different number of

cavity round-trips and crystal lengths.

Section headings in this chapter are ordered according to the bandwidth of the pump
source and not the number of BBO crystals in the cavity. As a consequence, some

results are presented for the 28 GHz pumped dual-crystal OPO before the dual-crystal

cavity is formally described in the text.
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6.5 Single-Crystal Grazing Incidence OPO Design

A short cavity grazing incidence OPO (GIOPO) has been constructed for the initial
investigation based upon a single BBO crystal (Cleveland Crystals Inc.) measuring
4x6x14 mm3. The pump source was the 28 GHz Q-switched, tripled Spectron Nd:YAG
laser described in chapter five. A schematic diagram of the single-crystal GIOPO cavity
design used in the initial work is shown in figure 6.2. In order to maximise the
diffraction efficiency of the grating in first order it was necessary for the resonant

intracavity wave to be p-polarised with respect to the grating surface.

Grating

BBO

Figure 6.2. Schematic diagram o fthe grazing incidence OPO cavity. The cavity output
is the zeroth order from the grating.

In the type I phase matching process, the e-ray pump beam generates the signal and idler
as o-rays. The pump beam was, accordingly, polarised perpendicular to the plane of the
optical table and the generated signal and idler were polarised parallel to the table
making them perpendicular to the grooves of the grating. A sinusoidal, holographic
grating was chosen since problems can arise from a blazed grating in a grazing

incidence cavity. The main concern is unwanted direct feedback into the gain medium
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from a grating order higher than the one being used. Under these circumstances, the
grating behaves as if it were in a Littrow configuration and it is possible that this can
occur simultaneously with the grazing incidence condition. These problems are avoided
with the use of a holographic grating. Moreover, the greater degree of groove regularity
in a sinusoidal grating make it more efficient at high angles of incidence. A
2400 lines/mm diffraction grating was chosen for its high dispersion, with dimensions of

50 mm in length by 16 mm by 6 mm.

The incident angle 6; and the first order diffraction angle 64 are shown in the figure and
described by the grating equation (equation 6.3). In addition, the grazing angle, o, is
shown which is a measure of the degree of grazing incidence and subtends the normal to
the incoming ray and the grating surface. From the grating equation for a grazing
incidence configuration, with a 2400 lines/mm grating, A spans the visible region of the
spectrum from 450 nm to 700 nm when the diffraction angle varies from 4.5° to 43°.
From the cavity geometry, the diffraction angle is also the angle subtending the plane of
the grating surface and the tuning mirror surface. In our case, the angular variation of
40° required to cover most of the visible region of the spectrum is made just possibie by
the mechanical motion of the tuning mirror. However, the reflectivity of the cavity

optics may ultimately limit the tuning capability of the OPO.

Figure 6.3 shows a plan view of the grazing incidence cavity used in the initial work.
The rotation stage for the tuning mirror of the grazing incidence cavity was a Newport
M471 with a resolution of 0.3 arc-sec when used with a DM-13 differential micrometer.
The back mirror, tuning mirror and grating were mounted on Photon Control Micropoint
25D holders. The Micropoint holder of the back mirror was then mounted on a Micro-
Controle translation stage. This allowed the mirror to be retracted and the optic changed

without upsetting the alignment of the OPO. A further development included mounting
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the diffraction grating on a translation stage. This enabled the incident angle of the

cavity to be varied without further alignment of the system.

Axis of crystal rotation W ////

Photon Control mounts

T
;\ —
= u L V\J

PTR grating

N

%

Newport rotation stage Tuning mirror

Figure 6.3. Detailed plan view of the short cavity grazing incidence OPO used in the
initial work. The rotation stage for the crystal is omitted for clarity. The axis of
rotation of the crystal is in the plane of the paper.

The grating, which was held in a home-machined mount, was mounted on a Micro-
Controle translation stage which was attached to the base plate of the cavity above the
tuning mirror rotation stage. The tuning mirror was an aluminium coated glass substrate
measuring 45 mm by 12 mm by 10 mm. This was housed in a home-made mount and

attached to the edge of the plate, which was mounted on the moveable section of the

rotation stage.
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The back mirror, M1, was coated for high reflectivity centred at 633 nm, with a
reflectivity range extending to + 10 % of this value, It transmitted 85 % of the pump
power at 355 nm. M2 was a 355 nm filter designed to reflect most of the residual pump

light to protect the grating surface and pass the visible and near infrared.

6.6 Diffraction Grating Efficiency

The greatest source of loss to the resonant wave in the grazing incidence cavity is
provided by the diffraction grating and whether oscillation threshold is reached in the
OPO depends strongly on the efficiency of the grating in first order. The proportion of
light which the grating is able to diffract into the first order, as a percentage of that
incident on its surface, is strongly related to the angle the incident light makes with the

plane of the grating surface, the grating period and the condition of the element itself.

There was a choice of five 2400 lines/mm gratings in the laboratory from two sources:
NPL (National Physical Laboratories) and Optometrics. The efficiency of each grating
was measured by reflecting a polarised He-Ne at an angle of 88° to the grating normal
from the grating surface. The incident power, reflected power and that diffracted into
the first order of the grating were measured using a Spectra-Physics 404 continuous
wave power meter. The polarisation state of the He-Ne was perpendicular to the
direction of the grating grooves to reproduce the conditions in the cavity. The grating
efficiency was defined as the ratio of power diffracted into first order and the difference
of the incident power and that scattered. The scattered light is the part of the beam
which passes parallel to the surface of the grating and is undeviated. This gives a

measure of the absolute grating efficiency.

The efficiency results are tabulated below in table 6.1 for the five gratings.

LAW Gloster 165 PhD Thesis




Chapter 6

Narrow Linewidth Oscillators

Grating identification Ist order efficiency %
NPL #1 11.4
NPL #2 10.5
NPL #3 7.8
Optometrics #1 3.2
Optometrics #2 6.1

Table 6.1. First order diffraction efficiencies for five holographic 2400 lines/mm
gratings.

From the measurements presented here, the NPL #1 grating is seen to have the greatest

first order efficiency and was subsequently used throughout the experiments detailed in

this chapter.

6.7 Alignment of the GIOPO

A diagram of the pumping scheme for the grazing incidence OPO (GIOPO) is shown in
figure 6.4. Since accurate alignment of the tuning mirror M3 is imperative for
successful operation of the GIOPO, a low-power helium-neon laser (He-Ne) at 633 nm
was used to position this optic correctly. The He-Ne beam passed through a pin hole
and was positioned to illuminate the diffraction grating at a high incident angle
(typically 88°). A good criterion for this alignment was to adjust the angle of incidence
until a long, symmetrical first order was observed falling on the tuning mirror. The
grating was then adjusted in the vertical plane to ensure the optical height of the beam
was maintained after reflection from the grating surface. The back mirror M1 was then
installed. The reflection from M1 was then retro-reflected onto the grating surface and
back onto the pin hole. It is important that the reflected light from the back mirror
strikes the grating on its return to the pin hole. At this stage in the alignment, the filter

M2 is positioned. This has high reflectivity at the pump wavelength, but transmits the
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visible, thus preventing laser damage to the grating face. It is important to locate this
optic in a position so that is it unable to form a short cavity around the BBO crystal with
the back mirror. This unwanted short cavity has a lower threshold than the grazing

incidence cavity. Its operation, therefore, obscures the narrow linewidth operation of

the GIOPO.

$1 Harmonic Nd:YAG laser
separator | |KD*P [—]KD*P 1064nm

Y 355nm

— — — 7 2400lI/mm

N Wi Mk
s2 lU U| o s3

b M1

x2 telescope M3 ‘)

Etalon A
PD1 ﬂ

*
0 — PD2 BT\ sS4
Etalon B

Figure 6.4. A schematic diagram of the GIOPO pumping scheme. S| and S2 are
steering mirrors for the 355 nm pump beam. The beam is compressed using a x2
telescope before being launched into the GIOPO. Ml is HR at 570 nm-700 nm and
ransmits the pump at >85 %. M2 is HR at 355 nm and has a broad visible AR coating.
M3 is a silvered tuning mirror. S3 and S4 are silvered steering mirrors for the signal
wave. Bl splits the signal radiation into etalons A and B for diagnostics in conjunction
with photodiodes (PD1 and PD2) and the compuler interface.

With these optics in place, the BBO crystal is then inserted such that it too retro-reflects
the He-Ne beam. The tuning mirror M3 is rotated until a faint spot is seen travelling in
a counter direction to the rotation direction of the mirror. This spot has been diffracted

twice by the grating and has passed out of the cavity by zero order reflection from the
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grating. The vertical adjustment is made with the M3 mirror mount where necessary so
that the spot is incident with the pin hole. The pump beam is then introduced through
the back mirror and is aligned collinearly with the residue He-Ne light transmitted
through the back mirror M1. When good alignment is achieved, the pump beam lies in
line with and just below the pin hole of the He-Ne. It is lower than the pin hole as a

result of Poynting vector walk-off as it passes through the crystal.

The position of the tuning mirror means that the cavity is aligned to resonate at 633 nm.
The rotational position of the crystal, therefore, must similarly be set for generation of a
signal wavelength of 633 nm. A simple method used to introduce the correct rotational
position of the crystal was to place a temporary output coupler (usually a glass slide) to
couple back some of the zero order radiation. The effect of this additional coupling was
to create a simple cavity between the glass slide and the back mirror M1 via a reflection
from the grating surface The OPO was able to oscillate without the frequency
constraints of the grazing incidence cavity. Positioning the crystal so that the generated
signal was approximately 630 nm became greatly simplified since the glass slide/M1
cavity had a low threshold of oscillation relative to the grazing incidence cavity. With
the glass slide removed, the tuning mirror was then carefully rotated until grazing
incidence oscillation took place. Once the cavity was optimised, further tuning no
longer required the incidental use of the glass slide since progressive small rotations of
the crystal followed by a corresponding rotating of the tuning mirror to the required

wavelength allowed unhindered tuning,

Analysis of the OPO spectra has been carried out using a Burleigh Pulsed Laser
Spectrum Analyser (PLSA) interfaced to a computer. The PLSA consists of two broad-
band coated etalons which are referred to as etalons A and B, respectively. Etalon A isa
Fizeau with a free spectral range (FSR) of ~250 GHz. Etalon B is a Fabry-Perot with a

FSR of ~10 GHz. Both have a finesse of 50 giving a resolution of ~3 GHz and
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~200 MHz, respectively. Single-shot spectra can be analysed using a photodiode array
positioned through the centre of the fringe pattern and interfaced to a computer. The

detection range of the PLSA is 400 nm to 1100 nm.

6.8 28 GHz Pump Bandwidth and the Single-crystal GIOPO

The initial investigation into the grazing incidence OPO involved the use of a broadband
Nd:YAG laser. The fundamental frequency of the Q-switched Spectron S1.804 1614
laser was tripled to 355 nm using two KD*P crystals. The pump bandwidth of the
fundamental wavelength was measured using a PLSA to be 13.5 GHz. Although the
PLSA etalons were not coated for 355 nm, by measuring the doubled frequency
(24.0 GHz) it is possible to estimate the bandwidth of the tripled light by the interaction

of Gaussian beams. This was found to be about 28 GHz.

With the pump beam polarised perpendicular to the plane of the optical table, a 2 times
Galilean telescope consisting of lenses of focal length =100 mm and f=-50 mm
contracted the diameter of the beam to 1.4 mm at the 1/e2 point of the intensity profile
prior to being launched into the GIOPO. In order to benefit from the improved spatial
profile of the pump beam in the far field, the OPO was placed more than a metre from
the negative lens. The pulse duration and the pulse repetition rate were 6 ns and 10 Hz,

respectively.

6.8.1 The Single-crystal GIOPO

The pump beam was directed through the back mirror of the cavity, M1. This optic
measured 25 mm in diameter by 6 mm in width with a custom CVI coating of

reflectivity 570 nm-700 nm, and a damage threshold of 300 MW/cm? and transmission

of 90 % at 355 nm. The perpendicularly polarised pump beam enters the BBO crystal as
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an e-ray necessary for the type I interaction with the crystal mounted on its side and
rotated about an axis parallel to the plane of the optical bench. This geometry is
required to maximise the efficiency of the grazing incidence cavity since the generated
o-ray is polarised horizontally to the optical bench and, therefore, perpendicular to the
grooves of the grating. This maximises the first order diffraction efficiency of the
grating. In order to protect the grating surface from the residual pump light, a filter M2
is placed between the BBO crystal and the grating. M2 (Technical Optics Ltd)
measured 10 mm in diameter by 3 mm thick, with high reflectivity at 355 nm and high
transmission in the visible (480 nm-700 nm). The overall physical cavity length is 7.5

cm.

6.8.2 Tuning the GIOPO

In the grazing incidence cavity, the position of the tuning mirror determines the
frequency which oscillates in the cavity. Similarly, the orientation of the BBO crystal is
frequency dependent. Tuning of the two aspects of the cavity, therefore, must be
coincident. Once the crystal has been detuned from the frequency required by the
cavity, the GIOPO switches 'off ', since there is no longer any feedback from the tuning
mirror M3. Steady rotation of the tuning mirror M3 turns the GIOPO back 'on' at the
new wavelength. The degree of rotation of the tuning mirror is determined by the
grating equation in grazing incidence configuration (equation 6.4) although, in practice,

finding the resonance condition again is usually a simple process.

The tuning range of the GIOPO was limited to the reflectivity of the back mirror, M1, of
570 nm to 700 nm. At these limits, the reflectivity fell dramatically. Tuning towards
the degenerate point at 710 nm can be carried out using the technique described above,
with the crystal always rotating towards the 'red' direction, and the tuning mirror angle

0 4 increasing. Tuning beyond the degenerate point, so that the idler becomes resonant
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rather than the signal, involves reversing the direction of rotation of the crystal towards
the 'blue', whilst maintaining the same direction of rotation of the tuning mirror. Using
this technique, the GIOPO tuned from 580 nm-700 nm with the CVI optic, and a further
66 nm into the red with the idler resonant using a (Technical Optics Ltd) mirror of HT at
355 nm and HR at 600 nm-800 nm, giving an overall tuning range of 580 nm-766 nm.
The tuning was limited to 766 nm by the restricted movement of the tuning mirror M3,

which made an angle of 53° with the surface of the grating.

6.8.3 Oscillation Threshold and Conversion Efficiency

The oscillation threshold of the GIOPO was mainly determined by the efficiency of the
grating in first order and, therefore, by the degree of grazing incidence. We found,
however, that there was little correlation between the wavelength of the GIOPO and the
operational threshold. This is contrary to what is observed in a simple cavity BBO OPO
where the gain bandwidth of the parametric process increases as the device tunes
towards degeneracy and the threshold for oscillation consequently falls. The contrary
result observed with the GIOPO may be explained by the gain bandwidth of the cavity
being less than the inherent OPO gain bandwidth even at tuning positions far from
degeneracy, resulting in the profile of the gain having a reduced effect on the threshold.
The threshold, however, was critically dependent on the grazing angle of the grating.
The degree of grazing incidence could be determined by measuring the separation
between the output of the GIOPO and a low energy portion of the signal light passing
undeflected across the grating surface at a known distance from the cavity. Using a
Laser Instrumentation power meter model 5262A, the threshold of the GIOPO was
determined by reducing the pump energy/pulse until oscillation could just be maintained
in the OPO. The nominal definition used here is when GIOPO oscillation could be

observed about once in ten pump pulses.
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The external conversion efficiency of the GIOPO was also sensitive to the grazing angle
of the grating. The output energy of the oscillator was measured and the external
efficiency deduced from an input pump energy/pulse of 18 mJ. Table 6.2 below shows
the variation of the oscillation threshold and conversion efficiency of the GIOPO for

different grazing incidence angles.

Grazing incidence angle Threshold mJ Conversion efficiency %
(MW/ ¢m?2)
86 ° 10 34) 3.7
87° 12 (41) 1.0
88° 15 (53) <0.1

Table 6.2. Threshold and external efficiency measurements for the single-crysial
GIOPO pumped at 355 nm with a bandwidth of 28 GHz at three angles of grazing
incidence. Numbers in parentheses are in units of MW/em’.

Pumping the GIOPO above 20 mJ (70 MW/ cm?) risked laser damage to the back
mirror M1 despite assurances from CVI that the mirror could withstand incident
energies of 300 MW/ cm? at 355 nm. Therefore, we were unable to safely pump the

GIOPO harder and determine the saturated external conversion efficiency.

The pump depletion of the GIOPO was measured using two fast-risetime (<0.5 ns)
photodiodes positioned before and after the GIOPO in conjunction with a 600 MHz
LeCroy 9360 oscilloscope. The first photodiode detects the temporal profile of the
undepleted pump and the second detects a small amount of residue pump exiting the
GIOPO cavity. The specific method has been described earlier in section 5.2.5. The
pump depletion results are shown in figure 6.5 for three grazing angles of (a) 0=87.1°,
(b) 88.7° and (c) 89.2°. The pump depletion of the GIOPO is seen to fall as the

incidence angle is increased from 7.5 % to 1.4 %. It should be noted that these results
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were recorded using the dual-crystal GIOPO pumped with the 28 GHz, 6 ns Spectra-
Physics Nd:Y AG laser and so cannot be compared with the external efficiency results in

table 6.2.

a=88.7°
PD=6.7%

Figure 6.5. Pump depletion results for the 28 GHz pumped, dual-crystal GIOPO at
three grazing angles.

6.8.4 Spectral Characteristics

The spectral characteristics of the GIOPO were determined using the PLSA. With
etaion A (FSR -250 GHz, resolution of -3 GHz) we recorded a linewidth of 11.0 GHz
at a resonant signal wavelength of 618 nm at a grazing angle of 88.5°. The spectral
profile is shown in figure 6.6, which shows the intensity of the etaion peaks recorded by
the photodiode array. Since the resolution of the etaion is less than the full-width half-

maximum (FWHM) linewidth measured, the width of a single peak provides a measure
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of the GIOPO linewidth. The y-axis of figure 6.6 indicates the intensity of the recorded

output and the x-axis is a relative frequency scale in GHz.
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Figure 6.6. Spectral profile of the signal from the GIOPO pumped at 355 nm with a
bandwidth of 28 GHz using etalon A.

Using etalon B (FSR ~10 GHz and a resolution of ~200 MHz), the signal was found to

have a multimode structure with too many modes for satisfactory analysis by the etalon.

This is shown in figure 6.7, where the cavity modes are seen to form a continuum.

Figure 6.8 shows the spectral characteristics of the corresponding non-resonant idler at

836 nm measured with etalon A. A linewidth of 19 GHz was recorded.
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Figure 6.7. Spectral structure of the resonant signal of the single-crystal GIOPO using
etalon B. The pump bandwidth is 28 GHz. The figure clearly indicates multimode

operation.
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Figure 6.8, Spectral structure of the non-resonant idler using etalon A. The pump

bandwidth is 28 GHz.
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As the grazing angle was changed, the resonant signal linewidth remained unchanged
within the error caused by the linewidth jitter of the signal, despite a grating angle
greater than 89°, This is shown in figure 6.9, where the signal linewidth, measured over
many tens of single-shots, is seen to remain at about 12 GHz for all angles of o.. The

corresponding idler linewidth was found to be 19 GHz.

Linewidth of GIOPO (GHz)
3

0 P (] 1 1 : [l 1 []

86 87 88 89 90

Grating angle (degs)

Figure 6.9. Signal linewidth variation with grating angle, o, for the 28 GHz pumped
GIOPO.

6.8.5 Summary

A 28 GHz bandwidth pumped GIOPO has been demonstrated and shown to have a
threshold and conversion efficiency which vary significantly with the degree of grazing
incidence imposed on the cavity. The spectral linewidth of the resonant signal and non-
resonant idler have been observed to be insensitive to the grating angle and the smallest
possible signal linewidth obtainable from the device was 9 + 2.5 GHz at a grating angle

of 88.9°. However, the shot-to-shot linewidth jitter of the GIOPO means that the
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linewidth is not seen to vary between 88° and 89.4°, but a significant improvement in

the efficiency is observed at 88°.

6.9 7.5 GHz Pump Bandwidth and the Single-crystal GIOPO

In order to investigate the dependence of the GIOPO linewidth on the pump bandwidth,
two intracavity etalons were fitted to the Spectron Nd:YAG laser. The fundamental
bandwidth of the Nd:YAG laser reduced to 3.5 GHz. From this, the third harmonic has
been estimated to be 7.5 GHz, a reduction of almost four times in the spectral bandwidth
of the pump beam at 355 nm. No modifications have been made to the design of the
single-crystal GIOPQO, so that a direct comparison can be made between the signal

linewidths.

With the reduced pump bandwidth and with the cavity aligned at 88°, no oscillation
occurred at a 20 mJ/pulse input pump energy. This was not perceived to be a cavity
alignment error and the grating was subsequently repositioned to 85.3° to increase the
amount of light diffracted into the first order of the grating, and hence increase the
cavity coupling at which point oscillation was observed. The insertion of the cavity
etalons into the pump laser cavity resulted in an increased intensity instability at 355 nm
which could be observed with the eye when the pump illuminated a paper screen. This
jitter was amplified in the OPO causing considerable stability problems which, when
added to the increase in oscillation threshold, caused the OPO to switch on and off

repeatedly.

6.9.1 Spectral Characteristics

The linewidth of the resonant signal was measured using etalon A of the PLSA. The

intensity profile of the etalon fringes are shown in figure 6.10. This yielded a signal
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spectral linewidth of 4.8 GHz which is near the resolution limit of etalon A and may be
instrument-limited. The energy output of the GIOPO, however, was too low to detect
using a power meter. Consequently, a consistent and reliable response on etalon B

could not be obtained, although two to three cavity modes were observed occasionally.
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Figure 6.10. Intensity profile of fringes of etalon A indicating a signal linewidth of
4.8 GHz when pumped by a 7.5 GHz pump bandwidih.

The threshold was found to be 18 mJ, just 2 mJ below the damage limit of the back

mirror of the cavity.

6.9.2 Summary

Reducing the bandwidth of the pump laser from 28 GHz to 7.5 GHz caused a narrowing
of the GIOPO linewidth from ~11 GHz to 4.8 GHz. However, this was accompanied by
an increase in oscillation threshold of the single-crystal GIOPO from 10 ml (at 86°) to
18 mJ (at 85.3°). This initial investigation has show that the linewidth of the GIOPO is

partially determined and possibly limited by the pump bandwidth. However, caution
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should be exercised when comparing the two cases since the 7.5 GHz pumped GIOPO
was at threshold whilst the other was not and pumping just above threshold is known to
cause fewer modes to resonate. The insertion of the intracavity etalons in the pump
laser resulted in a considerable decrease in amplitude stability at 355 nm, visible to the
naked eye. This effect was amplified in the OPO, which, when added to the threshold

operation, resulted in difficulties in securing repeatable spectral data.

The threshold of oscillation for the single-crystal GIOPO with the narrowed pump
source is close to the damage threshold of the back mirror M1. For further reduction of
the pump bandwidth to be carried out, it was first necessary to decrease the oscillation
threshold of the GIOPO. Reducing the losses experienced at the resonant wavelength by
improving the coatings on any intracavity optics will reduce the threshold. Indeed, the
intracavity high reflector used in the GIOPO has no anti-reflection coating for the
resonant signal wavelength. Since the resonant wave passes through this mirror three
times per cavity round trip, a Fresnel loss of about 12 % is experienced. Increasing the
crystal length in an attempt to increase the single pass gain will also reduce the
threshold, although the effects of Poynting vector walk-off mean that significant length
increases are futile. The solution opted for here is to introduce a second crystal into the
cavity, in a walk-off compensated geometry, so that the crystal length could be increased
without the concern of walk-off effects. In addition, the intracavity reflector was anti-

reflection coated on one side.

6.10 The Dual-crystal GIOPO

The dual crystal GIOPO was constructed in a walk-off compensated configuration. The
positioning of the crystals in this configuration is usually credited to Bosenberg, Pelouch

and Tang who demonstrated a simple cavity BBO OPO based on such a system [23],

although the method had been reported some ten years previously and used frequently
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by Soviet scientists [27]-[28]. This simple technique, by positioning the crystals so that
one is the mirror image of the other, minimises the effect of Poynting vector walk-off of
the extraordinary pump ray in the two crystals by causing the displaced pump in the first
crystal to recombine with the resonant axis in the second. A decrease in operation
threshold by a factor of two or more compared with that of two crystals in a non-walk-
off compensated regime has been reported by Bosenberg et al. The following sections
explore more closely the design of the dual-crystal GIOPO and the effects of pumping

such a system with a narrow bandwidth pump laser.
6.10.1 Walk-off Compensation

The inherent displacement of the Poynting vector of the pump wave from that of the
ordinary resonant wave in the type I phase matching regime limits the crystal length
available in the parametric interaction, as discussed in sections 2.7, 3.1 and chapter four.
Two crystals, however, can be arranged on separate rotation stages in a manner causing
the angle between their respective optic axes to be the sum of their respective cuts. A

detail is shown in figure 6.11.

ATAVAVATA A ot = SR
A AVAYAVAVATAVAVATAVAYAVAYL o ot o] ISR
ATATAVAYAVATAYAYAYAYAVATAN AYAY,

0=34.7" $=90° 0=35" ¢=90"

Figure 6.11. Walk-off compensation configuration in BBO. The e-ray pump (cross-

hatched) departs from the o-ray signal/idler (heavy line) in BBOI, bui they become
coincident again in BBO2.
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The cross hatched line represents the Poynting vector of the extraordinary pump ray
decoupling from the signal and idler Poynting vectors in the first crystal BBO1, and then
walking back in the second BBO2. The device is easily tuned by rotation of each crystal

about their respective b-axes in an opposite direction to maintain the phase matching

condition of each.

6.10.2 The Performance of the Dual-crystal GIOPO

The first crystal in the dual-crystal cavity (BBO1) has a 4x6 mm? aperture with an
interaction length of 14 mm, and was grown by Cleveland Crystals Inc. It was cut for
type I phase matching with an angle of 34.7° subtending the optic axis ¢ and the normal
to the crystal entrance face. The second crystal (BBO2) was grown by JTT International
Inc., and had the same dimensions with a cut of 35°. Identical crystal lengths ensure the
degree of pump beam walk-off is the same in each crystal which causes the pump beam
to emerge from the crystals at the same optical height as it entered. This makes the
alignment of the oscillator easier. Both crystals were cut with an azimuthal angle of ¢=
90,° to maximise the effective non-linear coefficient and both had uncoated surfaces.
Each crystal was mounted on a separate rotation stage with a resolution of 5 arc seconds
(0.001°). During periods of inoperation of the GIOPO, both the crystals were held at a
temperature of 48°C by two Peltier modules positioned at the base of each rotation stage
to help protect the BBO crystals from water absorption. However, the crystals had to be
returned to room temperature during the operation of the oscillator as the +1°C
temperature fluctuations of the crystals caused the OPO to switch on and off. The fact
that a small change in temperature of the crystals causes the OPO to detune results from
the temperature sensitivity of type I phase matching in BBO pumped at 355 nm which is
about 0.45 cmr'1/°C [29]. A change in temperature of 1°C consequently tunes the OPO

13 GHz, which is sufficient to detune the grazing incidence cavity away from resonance.
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The dual-crystal grazing incidence cavity, shown in photograph 6.1, is similar to that
discussed in section 6.7 and shown in figure 6.4. The two crystals have necessarily

increased the length of the cavity to 13.6 cm which results in a cavity free spectral range

of about 1 GHz.

6.10.3 Efficiency and Threshold

A dramatic decrease in the threshold of the oscillator was observed with the addition of
the second crystal in the cavity. Generally, for each grazing angle, the threshold fell by
more than a factor of two compared to the single crystal GIOPO under identical
pumping conditions. The corresponding rise in output energy from the GIOPO enabled
a consistent and repeatable pattern of results to be taken, without the need for cavity re-
adjustment. Table 6.3 below shows the efficiency and threshold results for the dual-

crystal GIOPO at different degrees of grazing incidence.

Grazing Angle (°) | Threshold (mJ) | Signal Energy (mJ) | Efficiency (%)
85.0 <<5.0 1.20 7.0
86.0 <5.0 1.10 6.5
87.0 5.0 0.78 4.5
88.0 6.2 0.4 2.1
88.7 8.0 0.03 0.15
One crystal Threshold(mJ) | Signal Energy (mJ) | Efficiency (%)
85.3 19.0 <0.02 <0.1

Table 6.3. Results of the dual-crystal GIOPO as a function of grating angle. Also
included are the performance results of the single-crystal GIOPO. Both are pumped
with the 7.5 GHz source.
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Photograph 6.1

Dual-crystal grazing incidence optical parametric oscillator. Two BBO crystals are
positioned in a walk-off compensated configuration and are controlied independently on
Iwo separate rofation stages.
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Also included in the table are the characteristics of the single crystal GIOPO for
comparison. The threshold of the OPO was determined in the same way as described in
section 6.8.3 for the single-crystal GIOPO and the signal energy was measured at the
zeroth order of the grating. A Perspex filter placed in front of the power meter
prevented the meter recording any residue pump light from the GIOPO. The 10 % loss
introduced by the filter at the signal wavelength has been taken into account for the
results recorded in the table. Clearly, the inclusion of the second BBO crystal in the
cavity improves the operation of the GIOPO in terms of threshold and efficiency. Pump
intensity fluctuations mentioned earlier caused the output of the GIOPO to jitter from
pulse to pulse. The output energies in table 6.3 are averaged over several pulses since

the power meter cannot respond to each pulse individually.
6.10.4 Spectral Analysis
The resonant signal linewidth and the non-resonant idler linewidth were measured for

each grazing angle selected using both etalons A and B of the PLSA. The results are

tabulated below in table 6.4.

Grazing Angle (°) | A)\(GHz) A\ (GHz)
85.0 8.7 9.0
86.0 7.6 8.7
87.0 7.5 10.2
88.0 7.8 10.4
88.7 5.8 8.1
One crystal AAg(GHz) AX{(GHz)
85.3 4.8 /

Table 6.4. Spectral data for the dual-crystal GIOPO pumped at 7.5 GHz bandwidth.
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Each linewidth measurement was the average of several single shots (typically 40). The
dependence of the signal linewidth on the grazing angle has increased by reducing the
pump bandwidth to 7.5 GHz, so that at high degrees of grazing incidence (large o) the
signal linewidth is seen to reduce. This dependence was not observed when the GIOPO
was pumped with the 28 GHz source. To clarify this observation, the variation of the

signal linewidth is shown as a function of the grating angle, o in figure 6.12.
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Figure 6.12. Dependence of the linewidth of the GIOPO pumped with a 7.5 GHz source
on the grating angle, o.

In addition to the overall reduction in signal (and idler) linewidth with the 7.5 GHz
bandwidth pump compared with the 28 GHz source, the shot-to-shot repeatability of the
linewidth has improved, leading to a much reduced error on the measurements shown in
figure 6.12. A 5.8 GHz linewidth of the signal at a grazing incidence angle of 88.7° is

shown in figure 6.13.

The number of longitudinal modes supported by the cavity at a grazing angle of 88.7°
was determined using the 10 GHz etalon (etalon B). In figure 6.14, the cavity is seen to

support about eight cavity modes separated by ~1 GHz, commensurate with a physical
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cavity length of 13.6cm and an optical length of about 15cm. These spectral
measurements were taken at a signal wavelength of 612 nm. Photograph 6.2 shows a

close-up view of the two BBO crystals with the GIOPO operating at 612 nm.
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Figure 6.13. Signal linewidth of the dual-crystal GIOPO pumped with a 7.5 GHz
source at a grazing angle of §8.7°.
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Figure 6.14. Longitudinal cavity modes resolved by etalon B. The cavity is seen to
support about 8 modes.
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Photograph 6.2

Dual-crystal GIOPQ operating at 612 nm.

LAW Gloster 187 PhD Thesis







Chapter 6 Narrow Linewidth Oscillators

The corresponding non-resonant idler linewidth is shown in figure 6.15 using etalon A
and has a linewidth of 8.1 GHz. We were unable to resolve reliably the mode-structure

of the idler using etalon B.
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Figure 6.15. Linewidth of the non-resonant idler resolved by etalon A is 8.1 GHz at a
grazing angle of 88.7°.

Individual spectral data similar to the figures above for the smaller degrees of grazing
incidence studied can be found in appendix 1I. What these data, and that presented in
figure 6.12, show is that the resonant signal linewidth broadens as the grazing incidence
angle is reduced, since the increase in output coupling associated with smaller incidence
angles increases the gain of the OPO, thus allowing more cavity modes to reach
threshold. This is supported by the data in appendix II of the etalon B transmission
responses for each prazing angle, which show the presence of more cavity modes
supported by the cavity when the angle is decreased. In fact, at only small angular
deviations from 88.7°, the cavity modes extend beyond the FSR of the etalon, causing

an almost continuous spread of modes.
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6.10.5 Summary

Two crystals in a walk-off compensated configuration have been successfully operated
in a grazing incidence OPO, with a resonant signal linewidth of 5.8 GHz using a
7.5 GHz pump source. The threshold has been dramatically reduced by more than a
factor of two compared with that of the single crystal GIOPO under the same pumping
conditions, with an increase in linewidth from 4.8 GHz to 5.8 GHz. However, when the
signal linewidths resulting from the same grazing angles are compared for both cavity
designs, the linewidth of the dual-crystal GIOPO is 8.7 GHz whilst that of the single-
crystal GIOPO is 4.8 GHz. The reason for the increase may arise from the dual-crystal

GIOPO being pumped well above threshold.

The dual-crystal design greatly improved the efficiency of the GIOPO. The inclusion of
the second crystal allowed grazing incidence oscillation at 88.7°. However, the increase
in cavity length shortened the free spectrai range of the cavity from 2 GHz to 1 GHz,
making it more difficult to isolate a single-longitudinal mode. The tuning range of the
dual-crystal GIOPO was limited to the reflectivity of the back mirror coating in the
cavity, whose range was 570 nm-700 nm. In principle, the GIOPO should be capable of
tuning the signal from degeneracy to 450 nm, at which point the tuning mirror rotation
range becomes the limiting factor on the wavelength. Idler oscillation has already been
demonstrated from degeneracy to 766 nm, however, by replacing the back mirror with

one having high reflectivity in this range.
6.11 Highly Tunable GIOPO

To increase the tuning range of the GIOPO, an ideal would be to use a broad-band high

reflective coating optic with a high damage threshold as the back mirror. Such coatings
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are currently unavailable and typical reflective coatings range from 10 % each side of a

central wavelength, resulting in shorter reflectivity ranges in the blue.

In order to demonstrate a highly tunable grazing incidence OPQ, the cavity was
redesigned to allow for a low damage threshold, low cost silvered mirror to replace the
high damage threshold reflector as the back mitror. The result was to produce a narrow
linewidth source of radiation tunable throughout the visible spectrum. The constraint on
the tuning range of the OPO in the blue resulted from the excessive rotation of the
crystals and the diminishing angle 04 causing the tuning mirror almost to touch the
grating surface. In the red, the tuning limit resulting from the mechanical range of the

tuning mirror was 04=53°.

The introduction of a low cost silvered mirror as the back mirror of the oscillator has
removed completely the constraint of the back mirror reflectivity limiting the tuning
range of the GIOPO. However, since the silver coating had a low damage threshold, it
was necessary to direct the pump light into the cavity by a route other than through the
back mirror. This was achieved by introducing an intracavity 355 nm high reflector at

Brewster's angle to minimise the loss of the p-polarised resonant wave at the surface of

the optic.

Photograph 6.3 shows the OPO operating at 470 nm, and figure 6.16 shows a schematic
diagram of the GIOPO. The 25 mm diameter 355 nm steering mirror in the foreground
of the photograph reflects the pump light onto the small, intracavity Brewster mirror
which is clearly visible. The intracavity 355 nm high reflector is also seen immediately

after the second BBO crystal.
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Photograph 6.3

Highly tunable GIOPO operating at 470 nm
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Figure 6.16. Layout of the highly tunable GIOPO. M2: HR at 355 nm and broad
visible AR coated. MI: silvered mirror. MS5: HR at 355 nm and positioned at
Brewster's angle 05, M4: 355 nm steering mirror. M3: Silvered tuning mirror.
Rotation stages 1 and 2 individually control BBO crystals 1 and 2. The grating
periodicity is 2400 l/mm.

The Brewster steering optic (15 mm diameter, 1 mm thick CVI mirror) was coated for
99 % reflection for s-polarised light at 355 nm. For type I phase matching, the
generated signal light is p-polarised. Positioning the reflector at Brewster's angle
resulted in the resonant wave experiencing minimum loss at the surface of the optic.
Other aspects of the cavity are the same as that described in section 6.7. Alignment of
the cavity is similar to the procedure described earlier, except the low power He-Ne
laser light is weakly reflected by the Brewster optic to provide guidance for the pump

light. The silvered back mirror, M1, is aligned in the same mamner described

previously.
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6.11.1 Efficiency and Tuning Range

The inclusion of the Brewster mirror increased the threshold of the OPO to 7.0 mJ at a
grazing angle of 85°. Thus, with a grazing incidence angle of 85°, the tuning range for
the resonant signal ranged continuously from 710 nm to 470 nm. Further tuning in the
blue was limited by the tuning mirror (M3) almost touching the grating surface,
although we believe that a higher degree of grazing incidence would allow for M3 to
rotate further towards the grating and yield shorter wavelengths. No attempt was made
to generate linewidths down to 5.8 GHz similar to that observed in the dual-crystal
GIOPO. Tuning the GIOPO was carried out in the same way as that described earlier,
with the rotation of BBO1 to the desired angle followed by a counter-rotation of BBO2
until strong parametric fluorescence was observed. The subsequent rotation of the

tuning mirror resulted in the GIOPO switching on.

When resonant in the red (at 612 nm) the efficiency was 2.6 % whilst in the blue the
efficiency was found to be 1 %. Both efficiency measurements were taken at a pumping
energy of 17 ml/pulse. Spectrally, the Brewster GIOPO linewidth varied only slightly
from the shorter dual-crystal GIOPO for the grazing angle used, and only slightly from
the red to the blue. Regrettably, a comprehensive study of the linewidth variation of the
signal across the tuning range was prevented by surface damage to the second crystal
(BBO2) caused by a back reflection of pump light from the high reflector M2,
However, prior to the damage, the linewidth at 605 nm and 473 nm was measured using
etalon A. Photograph 6.4 shows the two BBO crystals operating in the blue. The walk-
off compensated geometry is apparent from the opposite rotations of the crystals. The
Brewster optic and the 355 nm high reflector are clearly visible. Figure 6.17 shows the

spectral data for the signal at 605 nm. Over several single shots (typically 30) the
linewidth was found to be 9.2+1.8 GHz.
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Photograph 6.4

Narrow Linewidth Oscillators

GIOPO operating at 470 nm. The two BBO crystals, in a walk-off configuration, lie

between the 355 nm HR at Brewster’s angle and the 355 nm reflector.
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Figure 6.17. Spectral data for the signal in the Brewster GIOPO pumped at 7.5 GHz.
The linewidth measured 9.2+1.8 GHz.

The linewidth of the signal at 473 nm averaged over 30 single shot measurements was

10.5+£3.2 GHz.

Intensity (arb. units)

150

100

§0

Signal wavelength is 473 nm
10.5 GHz

i A ] A 1 S [} 1 ] Il [l i 1 1 1 (] J

100 200 300 400 500 600 700 800 900
Frequency (GHz)

Figure 6.18. Spectral data for the signal in the Brewster GIOPO pumped at 7.5 GHz.
The linewidth measured 10.5+3.2 GHz.
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The spectral data for a single shot is shown in figure 6.18 on the previous page. At both

wavelengths, the oscillator was multimode.

The tuning range was from 710 nm to 470 nm. This range was limited by the rotation
constraints imposed by the tuning mirror. Figure 6.19 below shows the OPO tuning
calculated from the phase matching relationship and the first order tuning response of
the tuning mirror for a 2400 lines/mm grating at grazing incidence as a function of

crystal angle.
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Figure 6.19. Free-running BBO OPQO tuning range as a function of crystal angle (left
hand axis). The tuning range of the grating is also shown as a function of tuning
mirror angle (vight hand axis). The dotted lines indicate the tuning range of the
GIOPO.

From the figure, the tuning range of the mirror is shown on the right hand axis and is
limited between 6° and 58°. This is then shown to correspond to a GIOPO tuning of
470 nm to 700 nm. On the left hand axis, the crystal angular change required for such a
tuning range is shown. At the blue end, the angle is about 25°. With a BBO crystal cut

of ~35°, the crystal was turned through an angle of 10° from its horizontal position. Tt
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was this excessive rotation that caused a back reflection of the residual pump light to
damage the crystal surface. From the figure, the tuning response of the grating/mirror
asymptotes at an idler wavelength of about 800 nm. Wavelengths up to this value are

possible if the constraint of the tuning mirror is lifted.

6.11.2 Summary

A highly tunable GIOPO has been demonstrated with a tuning range of 240 nm from
710 nm to 470 nm. The linewidth of the radiation was found to vary from 9.2 GHz in
the red to 10.5 GHz in the blue with an external efficiency of a few percent. No attempt
was made to further narrow the output of the GIOPO but, clearly, increasing the grazing

angle from 85° would increase the spectral-selectivity of the cavity.

6.12 Summary of the GIOPO

The grazing incidence optical parametric oscillator (GIOPO) has been demonstrated
using type I phase matched BBO to generate narrow linewidth light throughout the
visible spectrum. It has been shown that the linewidth of the OPO is strongly dependent
upon the linewidth of the pump laser and that this parameter tends to limit the linewidth
emitted by the GIOPO cavity. Using 28 GHz and 7.5 GHz bandwidth pump sources, the
linewidths of both the signal and idler of the GIOPO have been studied as a function of
grazing angle. Linewidths were shown to be insensitive to the grating angle with the
broad source, but showed significant dependence with the narrower source. Despite

this, however, repeatable signal linewidths of less than 5.8 GHz were not possible.

The introduction of a second crystal in the cavity in a walk-off compensated
configuration was necessary and this resulted in a fall in threshold by a factor of four

which was accompanied by an increase in the linewidth of the signal from 4.8 to
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8.7 GHz at a grazing angle of 85°. However, the fall in threshold allowed for high
degrees of grazing incidence to be used and linewidths down to 5.8 GHz have been
observed with a tuning range of 580 nm-766 nm limited only by the reflectivity of the
back mirror. At a grazing incidence angle of 88.7°, the OPO oscillated on 8 cavity

modes when pumped at 2.2 times threshold.

Finally, a broad-tuning range, narrow-linewidth OPO has been demonstrated by placing
a Brewster reflector into the GIOPO cavity. The tuning range spanned from degeneracy
at 710 nm to 470 nm in the blue whilst maintaining a linewidth of about 10 GHz and an

external efficiency of a few percent.

6.13 Discussion

Since single-longitudinal mode operation is readily seen in solid state and liquid dye
grazing incidence lasers irrespective of the pump bandwidth, one might expect the same
to be true for the GIOPO, provided that sufficient linewidth control of the resonant wave
is provided. However, we conclude from the studies carried out in this chapter that
single-longitudinal mode operation of the GIOPO is not possible without a single-mode
pump source (or a significantly narrower source than that used), and this has also been
noted by other authors. Clearly, the bandwidth of the pump source plays an important
role in determining the linewidth of the OPO, particularly when the linewidth is much
smaller than the gain bandwidth. This is not the case in a laser where the nature of the
stimulated photons do not, on the whole, have any of the properties of the absorbed
pump energy. Furthermore, the linewidth of the OPO is also determined by the
temporal nature of the pump source. Young et al [2] demonstrated a 473 nm Nd:YAG
pumped LiNbO3 OPO, with a pump bandwidth of 120 GHz and pulse duration of
400 ns. Although details of the cavity are not presented in the paper, the resonant idler

is reported to be 8 GHz, and the non-resonant wave to be ~80 GHz. The authors state
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that, whilst the pump is multi-mode, it is possible to generate a spectrally narrow output
from the OPO. They consider a single frequency fixed by the optical resonator
interacting with a broad band pump to generate a broad band non-resonant wave. In
other words, provided the cavity is sufficiently frequency-selective at the resonant wave,
the non-resonant wave will 'carry off' the residual pump frequencies. These results,
however, contrast with those reported by Burdulis et al [12] who have studied line
narrowed BBO OPOs using a passively mode-locked Nd:YAP laser generating 30 ps
pulses. They state that, in their experiment, when the time-bandwidth product of the
OPO is comparable to that of the pump, further narrowing of the OPO is not possible
unless the pump is narrowed. The implication being that the spectral linewidth of the
OPO is limited by the bandwidth of the pump source, assuming there is little change

between the durations of the OPO and pump pulses.

Of course, the long pulse of 400 ns used in Young's work provides a much lower peak
power and, hence, a lower gain in the OPO. It is probable that the steady state condition
applies in this case, where the modes of the OPO which experience the least loss
become dominant at the expense of the others, and the linewidth of the non-resonant
wave duly narrows. This is not true in short pulse systems (a few tens of nanoseconds
or less) where many potential modes are excited by the intense pump pulse. Indeed, this
forms the basis of our explanation of the dependence of the GIOPO linewidth on the

pump bandwidth,

6.14 Conclusions

In contrast with the gain medium of a grazing incidence tunable laser, the resonant
signal emission of the non-linear crystal in the GIOPO has not only a broad frequency
range caused by the intense pulse, but also an angle range corresponding to a range of

wavenumbers. These wavenumbers all fulfil the phase matching condition ky=kgtk; by
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varying degrees of noncollinearity in the crystal. This leads to a broadening of the total
gain bandwidth in the following manner: a range of components, each with its own
wavenumber kg, are emitted by the crystal at a corresponding range of angles and define
a closed path in the cavity. Each component is characterised by a cavity linewidth
which is determined by the grating and tuning mirror. The result is that these adjacent
bandwidth components, each with a closed path, broaden the spectral output, reducing
the resolution of the cavity. The pump bandwidth exerts a large influence on this
process, since the range of signal wavenumbers increases with the pump bandwidth [3].
Therefore, a multi-mode pump laser will lead to a broader signal linewidth, whilst
single-mode pumping excites fewer wavenumber components, thereby producing the
smallest total grating gain bandwidth. Further, we feel confident that the effect on the
linewidth of the GIOPO of the different pulse durations of the lasers we used are small,
as the 28 GHz 20 ns source yielded the same GIOPO linewidth as the 28 GHz 6 ns

source.
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Chapter 7

Single-mode Grazing Incidence OPO

This chapter is divided into two parts. The first part investigates the grazing incidence
OPO (GIOPO) pumped with an injection seeded, single-axial mode Nd:YAG laser in
an attempt to secure single-mode operation in the OPO. Owing to the absence of such
a laser in our laboratories, the GIOPO was dispatched and reconstructed at the Vrije
Universiteit, Amsterdam where a Spectra-Physics GCR-3 injection-seeded Nd:YAG
laser was available with a 90 MHz single-longitudinal mode (SLM). Using the dual-
crystal configuration, the mode structure of the QPO is studied as a function of grating
angle. Single-longitudinal mode is demonstrated in the OPO at visible wavelengths at

a high degree of grazing incidence, although mode-hopping was observed.

In the second part, a new cavity design is presented which is based on the grazing
incidence technique but involves an additional mirror, forming a coupled cavity. The
extra constraints imposed by the mirror ensure reliable, single-longitudinal mode
operation without any cavity length control for several minutes. The results of this
cavity are presented, including a mathematical prediction of the coupled cavity mode

spacing.

7.1 Experimental Configuration of the GIOPO

As reducing the pump bandwidth from 28 GHz to 7.5 GHz increased the operational
threshold of the GIOPO, so the threshold rose again when the device was pumped with
a single-axial mode pump source. The threshold, in fact, doubled, under identical
operating conditions, from 27 MW/cm? at 28 GHz to 53 MW/cm? at 90 MHz SLM.
As a result, rather than pumping the GIOPO harder to the extent of risking damage to
the back mirror of the cavity, a dye amplifier was constructed to increase the power of

the OPO signal so that spectral diagnostics could be reliably performed. Our intention

LAW Gloster ) 204 PhD Thesis




Chapter 7 Single-mode Grazing Incidence OPO

was not, however, to investigate the performance of the amplifier but simply the

characteristics of the oscillator. A schematic of the oscillator/amplifier is found in

figure 7.1.
pd < x2 telescope
< - ~ n oy 532nm _
N v o =
4—>)
Delay line P | E v
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Beam dump Dye cell ‘

Diagnostics

Figure 7.1. Schematic diagram of the grazing incidence OPO pumped with an
injection-seeded Nd:YAG laser at 355 nm with the signal energy enhanced using a dye
amplifier.

Beyond the laser head, the second and third harmonics of the Nd:YAG laser were
separated using a dichroic mirror and the fundamental was directed into a beam dump.
The third harmonic underwent several reflections to maximise its path length before
being directed into the GIOPO. Over a distance of four and a half metres, the beam
diameter had expanded sufficiently to allow an unwanted portion of the beam, separate
from the main Gaussian lobe and clearly visible to the eye, to be removed by spatial
aperturing. This strategy prevented the beam from forming two hot-spots when
brought to a focus (one from the Gaussian lobe and one from the unwanted portion)
and reduced the chances of crystal or mirror surface damage. Using a x2 telescope
(described in the previous chapter), the beam was contracted to 2.5 mm in diameter at

the 1/e2 points before being directed into the GIOPO. The second harmonic (532 nm)
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was used to longitudinally pump a dye cell of DCM 640, having been contracted using
a x2 telescope and temporally delayed by a 90° prism delay line to ensure the OPO
signal and the 532 nm pulses arrived at the cell simultaneously. DCM 640 has a
fluorescence range spanning 600 nm to 680 nm when pumped at 532 nm. The DCM
dye amplifier increased the output energy of the OPO by an order of magnitude, which
was ample for diagnostic measurements. The grazing incident OPO was identical in

every way to the dual-crystal cavity described in the previous chapter.

7.1.1 Threshold and Efficiency

At a grazing angle of o=88° the threshold of the GIOPO was 15.5 mJ/pulse
(53 MW/cm2), This result can be compared directly with the threshold measurement
for the 28 GHz-pumped dual-crystal GIOPO of 8 mJ/pulse (27 MW/cm2). Explanation
of the observed decrease in threshold when the laser is in unseeded operation may lie
with the increase in laser amplitude instability observed, leading to the occurrence of

high peak intensities from time to time.

As the grazing angle was increased, the threshold rose as observed in the broadband-
pumped GIOPOs. In figure 7.2, the threshold of the 90 MHz pump grazing incidence
OPO is shown as a function of grazing angle, o.. The threshold is seen to increase
dramatically at grazing angles greater than 89.2°, corresponding with the sharp fall in
diffraction efficiency of the grating at high angles of incidence. This presented a
potential problem, since it became apparent that very high degrees of incidence were
required to obtain a single-longitudinal mode in the OPO, thus requiring high pump
fluences near the damage threshold of the back mirror. Additionally, the internal
conversion efficiency became correspondingly low at such high degrees of incidence.

The pump depletion is shown in figure 7.3 at three grating angles.
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Figure 7.2. Threshold fluence as a function of grazing angle, o, for the GIOPO
pumped with the 90 MHz source.

The pump depletion measurements were carried out using two fast-risetime (0.5 ns)
photodiodes positioned before and after the GIOPO. The first photodiode detected part
of the pump light incident on the OPO and the second detected the depleted pump light

when the OPO was operational.

The temporal traces from both the photodiodes were recorded simultaneously and
observed on a LeCroy 9360 600 MHz oscilloscope. Each figure in 7.3 shows the trace
of both the photodiodes superimposed, at different grazing angles. The dark region is

the depleted portion of the pump pulse and is a measure of the internal efficiency of the

GIOPO.
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Figure 7.3. Pump depletion traces from the 90 MHz-pumped GIOPO at grazing angle
a of(a) 87.1° with apump depletion of23 %, (h) 88.7° with a pump depletion of22 %
and (c) 89.2° with apump depletion of 1.1 %. Time base is 2.5 ns/division.

The percentage pump depletion is calculated by taking the quotient of the depleted area
(dark portion) and the total area under the undepleted trace (light and dark areas
together). Each trace is averaged over 100 shots. Clearly, the efficiency ofthe GIOPO
decreases rapidly as the grazing angle reaches 89.2°, which results from the fall in
grating diffraction efficiency. These results can be compared directly with those of the
28 GHz-pumped GIOPO present in figure 6.2 of the previous chapter. Greater pump
depletion was observed with the seeded pump laser, in general, although at 89.2° the
broad band pumped OPO is slightly more efficient. However, at such high degrees of
grazing incidence, the efficiency ofthe GIOPO was found to be critically dependent on
the cavity alignment and crystal positioning. Thus, a degree of error is inevitable in

such a lossy cavity configuration and a direct comparison must be treated with some
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caution. Certainly, the pump pulse is more heavily depleted at smaller grazing angles

when the pump source is seeded.

The reason for this may result from the relative bandwidths of the sources and the
linewidths they generate from the GIOPO: in the case of the 90 MHz source, the
generated GIOPO linewidth is greater than that of the pump source and is limited
mainly by the cavity bandpass, whereas in the case of the 28 GHz source, the reverse is
true and the linewidth is limited by the bandwidth of the pump source. For a given
grazing angle, therefore, the seeded source produces a narrower range of signal
frequencies, a high proportion of which are able to resonate in the cavity. In the
unseeded case, on the other hand, a greater spread of signal frequencies are generated
by virtue of the large pump bandwidth, but a significant proportion are outside the
bandpass of the cavity. This leaves fewer resonant photons available to deplete the

pump pulse.

7.1.2 Spectral Analysis

The analysis of the spectral output of the signal from the grazing incidence OPO was
carried out at 620 nm using etalon B of the PLSA, previously described in section 6.7.
This etalon had a free spectral range of 10 GHz and finesse of 50, giving a resolution
of 200 MHz. This resolution enabled the number of resonant cavity modes in the

GIOPO to be resolved as a function of the grazing angle a.

The following figures show the intensity pattern through the centre of the ring pattern
of etalon B. At a grazing angle of 88.1°, the number of GIOPO cavity modes was
found to vary between 5 and 7. Figure 7.4 shows a typical single shot of the mode

structure.
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Figure 7.4. Intensity pattern through the centre of the etalon ring pattern for the
grazing angle of 88.1°. Seven longitudinal modes are resonant.

Figures 7.5 to 7.8 show the number of modes resonant in the GIOPO cavity as the

grazing angle is increased.
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Figure 7.5. Intensity pattern through the centre of the etalon rings for the grazing
angle of 88.6°.
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Figure 7.6. Intensity pattern through the centre of the etalon rings for the grazing
angle of 88.9°. Two to three longitudinal modes are present.
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Figure 7.7. Intensity pattern through the centre of the etalon rings for the grazing
angle of 89.4°. Single-longitudinal mode operation.
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Figure 7.8. Intensity pattern through the centre of the etalon rings for the grazing
angle of 89.4°. Two longitudinal modes are present.

The number of modes decreased, as the grazing angle increased from 3 to 4 at 88.6°, to
2 to 3 at 88.9° to a single-longitudinal mode, at 89.4°. The single-mode was not stable
although a single-mode could be maintained for a period of several seconds. However,
mode-hopping between two adjacent modes was observed during this period. After
this period, two modes were frequently seen (see figure 7.8) for a similar duration
before returning to a single-mode. This behaviour would occur with no alteration to
the cavity or crystals. A further increase in the grazing angle was made to 89.7°, at
which point the GIOPO was almost at threshold. No improvement to the mode
stability was observed and the near-threshold operation worsened the amplitude
stability of the GIOPO. From figures 7.7 and 7.8, it is seen that the high intensity

pulses are single-mode in nature, whilst the low intensity pulses are dual mode.

The observed instability of the mode is thought to be a result of a combination of small
fluctuations of the intensity of the laser, a long cavity length resulting in a narrow

mode spacing and mechanical instability of the GIOPO cavity. The first two, we
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believe, were dominant for the following reasons; the 1 GHz longitudinal-mode
spacing of the GIOPO was small enough to allow two modes to fall under the gain
profile when a small increase in pump pulse intensity was observed. However, a
reduction of more than 10 % the cavity length was not possible because of the physical
length of the cavity components and the manner in which they were mounted. To this

end, another strategy was sought, which is presented in the next part of this chapter.

7.1.3 Summary

The grazing incidence BBO OPO has been pumped using a single-longitudinal mode,
injection seeded Nd:YAG laser and the signal output amplified using a single dye
power amplifier. Pump depletion and the number of resonant longitudinal modes in
the cavity have been studied as a function of grazing angle, o.. At high values of o
(89.4°), unstable, single-longitudinal mode operation was observed in the GIOPO.

Table 7.1 summarises the dependence of the number of modes on «.

Angle (°) 88.1 88.6 88.9 89.4 89.7

NO. of modes 5-7 3-4 2-3 1-2 1-2

Table 7.1. Summary of the dependence of the number of cavity modes on the grazing
angle o.

Pump depletion measurements shown an internal efficiency of 1.1 % at high grazing

angles of 89.2°, increasing to >20 % at angles of 88.7°.
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7.2 1800 lines/mm Diffraction Grating GIOPO

Although single-longitudinal mode operation has been achieved in a passive OPO
cavity, the grazing angle is so large that the threshold is unacceptably high. Moreover,
it was felt that the cavity mode spacing was too small making stable, SLM operation
unlikely. It was felt, therefore, that rather than taking further steps to try to reduce the
threshold and stabilise the mode, the cavity length would need to be reduced
considerably to ensure that only one mode fell under the gain profile of the OPO.
Reverting back to the single-crystal design with the injection-seeded laser was not an
option, since the OPO was already at threshold with the 7.5 GHz source. The new
strategy adopted was to replace the 2400 lines/mm grating with an 1800 lines/mm
holographic element, whose diffraction efficiency is known to be higher, and to return
to the single-crystal design. The hope was that the increase in the diffraction efficiency
of the 1800 I/mm grating would compensate, to some extent, for the reduced gain of

the single-crystal configuration, sufficiently for the device to reach threshold.

The 1800 lines/mm, single crystal cavity was constructed from the dual-crystal OPO
by simply replacing the grating and making a slight design change to the crystal
holders so that only one crystal was incorporated in the cavity. The efficiency

measurements are shown below in table 7.2.

Grating identification Ist order efficiency %
NPL 14.5
Optometrics #1 9.4
Optometrics #2 10.0
Optometrics #3 8.9

Table 7.2. First order diffraction efficiencies for four holographic 1800 lines/mm
gratings at an 88° grazing angle.
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The first order diffraction efficiency of the 1800 lines/mm gratings available in the
laboratory were determined in the same manner as has been previously described in
section 6.6 using a low power He-Ne laser. The NPL grating, having the greatest first
order diffraction efficiency, was selected and installed in the cavity. It had a zero order
reflection coefficient of 60 % at 88° grazing angle at 633 nm. The potential tuning
range of the 1800 l/mm grazing incidence cavity spans a different range to the
2400 /mm, as a result of the higher periodicity. At grazing incidence, the tuning range

varies from 633 nm to 1 pm limited by the rotation range of the tuning mirror,

7.2.1 Coupled Grazing Incidence Cavity

In chapter six, the alignment of the GIOPO was described and the technique included
the use of a glass-slide as an intermediate output coupler to enable the crystal to be
correctly positioned before the tuning mirror was introduced. The glass-slide was
subsequently removed. It was noticed!, however, that the 1800 lines/mm grazing
incidence OPO had significantly fewer modes when the glass-slide was left in its
alighment position, forming a coupled cavity, Further adjustment to its position lead to
single-mode operation of the OPO. This phenomenon resulted from the longitudinal
modes having to satisfy the resonant conditions of both the original grazing incidence
and the new linear cavities. The linear cavity consisted of the back mirror and the
glass slide, via a reflection from the grating. The additional constraints imposed on the
cavity modes meant that one mode would be resonant under the coupled cavity
whereas, under otherwise identical conditions, two or more were resonant in the

conventional GIOPO.

A schematic diagram of the coupled cavity is presented in figure 7.9. It consists of a

single BBO crystal cut for type I phase matching (e—o+0) with dimensions of

4x6x14 mm3.

| 1 by J. M. Boon-Engering J
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Nd:YAG
Beam dump 355nm
Telesco
GIOPO
2 1800 I/mm
Zero-order
/ mirror
M3
PZT

12.85 cm (physical)

Figure 7.9. Schematic diagram of the coupled cavity OPO. 355 nm pump light is
directed into the OPO after beam contraction and aperturing. In the detail: M is HR
at 570 nm-700 nm, M2 is HR at 355 nm and is AR coated in the visible, M3 is the

tuning mirror and the zero-order mirror is mounted on a PZT and forms the coupled
cavity.

The pump beam is apertured to remove a spatial defect (as described in section 7.1)
and is telescoped to a (1/e2) diameter of 2.5 mm before being launched into the
GIOPO. The cavity optics forming the GIOPO were the same elements used in the
experiments described earlier in this chapter and chapter six, with a back mirror of
reflectivity 570 nm to 700 nm. The additional mirror, a glass-slide, was positioned to
couple back a proportion of the zero order output and was mounted on a piezoelectric

transducer normal to the cavity output to allow for small adjustments to be made to the
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cavity length. The glass-slide had a reflectivity of 4 % at the resonant signal
wavelength. The coupled cavity was pumped at 355 nm using a 10 Hz repetition rate,
6 ns pulse duration injection seeded Nd: YAG laser with a single-axial mode linewidth

of 90 MHz (Spectra-Physics GCR-4).

7.2.2 The Performance of the Coupled Cavity

For the relatively small grazing angle of 88.6°, the coupled cavity OPO was found to
operate SLM with a linewidth of 210+70 MHz, as shown in figure 7.10, and was able
to remain in this condition for several minutes without any cavity detuning. After,
typically, 5 minutes had elapsed, a second mode would begin to appear, although it
took several more minutes before two modes of comparable intensity were observed.
By adjusting the cavity length using the piezoelectric transducer on the zero-order

mirror, the cavity could easily be returned to SLM operation.
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Figure 7.10. Transmission peaks through the centre of the ring pattern of a 5 mm thick
etalon capable of resolving 200 MHz. Single-longitudinal mode is recorded with a
(FWHM) linewidth of 210 MHEz.
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Without the constraints imposed on the cavity by the zero order mirror, the QPO
operated at all times on two cavity modes. Moreover, with the zero order mirror in
position, the external efficiency of the device dramatically improved and the
operational threshold reduced as a result of the additional coupling. A threshold of
32 mJ was recorded (Scientech AC 2501) without the coupled cavity mirror, which fell
to 25.5 mJ when the mirror was introduced. A corresponding increase in the signal
output was observed from 0.07 mJ to 0.5 mJ (Scientech 360001) at a pumping intensity

of 39 mJ. This accords with an increase in the external efficiency from 0.18 % to

1.3 %.

Experimentally, it was found that in order for SLM operation to be observed, the
reflectivity of the zero order mirror needed to be chosen with some care. When zero-
order optics with reflectivities of >10 % where used, the coupled cavity became
increasingly less frequency-selective as the linear cavity became dominant. With a
20 % reflectivity, the coupled cavity became consistently multimode. Clearly, the
linear cavity loss needs to be controlled by the reflectivity of the zero-order mirror so
that its resonance does not overwhelm that of the lossy GIOPO cavity. The coupled
cavity OPO was tunable from 580 nm to 690 nm (measured using an Optometrics
digital mini-chrom monochromator DMC 1-03), which was predominantly limited by

the reflectivity of the back mirror.

7.2.3 The Resonance Condition

The coupled cavity cannot be thought of as a linear cavity seeded by the retro-reflected
first order diffraction of the grating. If this were the case, the mode spacing would be
determined by the optical length between M1 and the zero-order mitror (see figure
7.9). This is not what is observed experimentally. Nor can the mode spacing be

predicted by the conventional GIOPO cavity alone. The mode spacing can be found
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accurately by considering the coupled cavity OPO as a Michelson-mirror cavity [1],
where a Michelson interferometer is used as a complex reflector. A mathematical
description has been developed here using a similar procedure employed by Smith [2]
in which the mode spacing for a Fox-Smith cavity is presented. To maintain the
generality of the model, the calculation presented here assumes the use of a beam-
splitter in a Michelson-mirror cavity whose transmission and reflection properties are

later changed to represent the features of the diffraction grating in the GIOPO.

Figure 7.11 shows a schematic of a Michelson-mirror cavity. A wave ™' incident
from the left in figure 7.11 on to the beam-splitter M2 will divide into the Michelson
arms towards mirrors M3 and M4 with an intensity ratio determined by the reflectivity

of M2.

The waves returning to the mirror M2 following subsequent reflections from M3 and

M4 will recombine to form

. ) 4nily 2 Anily
e’mt[fzpﬂ Pohpapge } (7.1)

where p; and T; are, respectively, the electric field reflection and transmission
coefficients of the mirror M; and A is the wavelength of the wave. If the gain medium
in arm Ly has a round trip electric field gain g, then the wave returning to mirror M,
will be given by the left-hand side of equation 7.2. For self-consistency, this wave

must be equal to the initial wave considered. Hence

4ily Amila :I Arily

e“"’[ﬂrnge R O (7.2)
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Gain medium

Michelson-mirror

Figure 7.11. A schematic ofa Michelson-mirror cavity. The lengths ofeach arm from
their respective mirrors to the heam-splitter M2 are indicated. The inset shows how
the Michelson cavity can be related to the GIOPO coupled oscillator.

The requirement that the gain be real gives the resonance condition of the cavity. From
equation 7.2 then, we state that the imaginary part of the gain must be zero. To

simplify the calculation, the various parts of equation 7.2 have been re-assigned letters

as follows:

Ail2 418 "1
g = T2P3* " +P2P4~» X PiV

where b, d and h are the exponents positioned directly above the letters and a, ¢ and f
are the electric field reflectivity expressions. By multiplying the top and bottom of

equation 7.3 by e'ih, the following expression for the gain is formed

e~'h(a-e~b +c-e~1l)
fla2+c2+ac-ell~F+ac-e~I"~")

where the real part, Re(g), is given by

LAW Gloster 220 PhD Thesis



Chapter 7 Single-mode Grazing Incidence OPO

Re(g) _ T%P3 COS%(Lz + Ly ) + 9504 COSA'TT{(La + L, )
p1(v8p3 +pip? +2p2p,t2ps costE (L, — L))

(7.4b)

The denominator of equation 7.4 a is real. Therefore, in order for the imaginary part to
be zero, the imaginary part of the numerator must be zero. Setting the imaginary part
to zero yields

asin{b+h)+csin(d +h) =0 (7.5)

re-substituting ‘c%p;; Siﬂ[%(l;l + L, )} = —p5p, sin[%(l,l + L, )}

This is the resonance condition of the cavity. To find the resonances of the coupled
cavity OPO, the beam-splitter is "replaced" by the grating, taking the transmission of
the beam-splitter as the zeroth order reflection of the grating and its reflection as the
first order diffraction. The inset of figure 7.11 shows how the model relates the arms
created by the beam-splitter to those of the grating. The measured reflection and
transmission properties of the grating are substituted into equation 7.5 along with the
lengths of the coupled cavity arms, The power reflection and transmission coefficients
of the variables required for equation 7.5 are shown in table 7.3, with a description of

the cavity optic and the variable symbols.

Description 1st order | Zero order ""Zero-order" Tuning mirror
of optic diffraction | reflection | mirror reflection reflection
Variable P2 Ty P3 P4
Power 10 % 60 % 4 % 98 %
reflect./trans.
Value for 0.1 0.6 0.04 ~1
equation 7.5

Table 7.3. Variable values required for equation 7.5 are shown in the last row. The
power reflection/transmission of the coupled cavity optics are also shown (these have
been measured and discussed in the text) and the variable symbol and the optic to
which it refers are included for clarity.
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The arms of the coupled cavity OPO were measured using a vernier calliper and were
found to be L;=4.50 cm (physical length), L, = 8.35 cm and L3= 1.00 cm. By plotting
the two sides of the resonance condition as a function of frequency, v, the solutions to
equation 7.5 can be found by the intersections of the two functions, as shown in figure
7.12 by the solid lines. The x-axis is not the actual frequency of the OPO, but a
relative frequency scale. We can consider the zero frequency as the "single-mode"
frequency, and the next solution as the mode spacing if the OPO is operating

multimode. However, finding the next solution requires further steps to be taken.

Half of the solutions to equation 7.5 can be rejected as they have negative electric field
gain, To determine which have negative electric field gain, the real part of the gain, g,
is evaluated (equation 7.4b) and plotted against frequency shown in figure 7.13. By
considering the frequency associated with each solution in figure 7.12, the sign of the

gain at that frequency can be found.

It is seen that the first intersection has positive gain (at v=0), the next solution has
negative gain, the following positive and so on. Each positive-gain solution is
indicated in the figure by a filled circle. Clearly, there are still several possible
solutions. To determine which of the positive-gain solutions predicts the coupled
cavity mode spacing, the fractional loss L for each solution has been calculated using
equation 7.6 below. The solution whose loss is at a minimum can be expected to be
the resonant mode in the cavity. The fractional loss, L [2], is given by

1
L=1-— 7.6
e (7.6)

where the power gain, G = gg* and is given by

1

G =
03 (12p% +pip? +2p2p,t2p; cos (L, — L))

(1.7)

LAW Gloster 222 PhD Thesis




Chapter 7 Single-mode Grazing Incidence OPO

The loss as a function of frequency is also included in figure 7.12 (dotted line) and the

loss associated with each solution can be read-off the right-hand axis.
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Figure 7.12. Solid lines are the functions shown in equation 7.5. The intersections are
solutions to the equation. The intersections marked with a filled circle are those
solutions which correspond to positive gain (see next figure). From the dotted line, the
loss associated with each solution can be found.

50 -
40
30
20

10

I N A U < N AP WA W

¢ 0. 1 2 2.5 3 3. 4 4.5 5

Electric field gain (arb. units)

Frequency (GHz)

Figure 7.13. The gain, g, as a function of frequency. Only solutions 1o the resonance
condition with positive gain can resonate in the cavity. At Av=2.25 GHz, the gain is
real.
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The least-lossy solution is given by 2.25 GHz. The next solution is at 4.5 GHz,
precisely double the first solution's frequency. The model, therefore, predicts a mode
spacing of 2.25 GHz when the coupled cavity OPO is multi-mode. Experimentally, by
changing the grating angle to 87°, multimode operation was seen with a mode spacing
of 2.25 GHz, precisely as predicted by the model. Figure 7.14 shows the multimode
spectrum of the signal, with a longitudinal mode spacing of 2.25 GHz. A similar
analysis was carried out at a different linear cavity length, and the theory predicted the

mode spacing to within 5%.

On removal of the zeroth order mirror, the mode spacing of the grazing incidence
cavity alone was found to be 2.4 GHz, which further demonstrates the existence of
cavity coupling. Furthermore, by varying the lengths of the different arms of the
cavity, the mathematical description presented here is able to predict the change in

mode spacing observed.
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Figure 7.14. Coupled cavity grazing incidence OPO in multimode operation at a
grazing angle of 87°. The mode separation is 2.25 GHz.
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This cavity geometry differs considerably from the more general case where the
reflectivities of the mitrors are p;=p3=p,s=1 and the beam splitter divides the incident
light equally so that t5=p3=0.5. In these circumstances, the solutions of the
resonance condition experiencing the lowest loss coincide with the x-axis in figure
7.12. The mode spacing is then expressed in the general form of ¢/2(L;-L3) and the

lengths L, and L3 are usually chosen to be almost equal to give a large mode spacing.

In the coupled cavity GIOPO, however, a general form of the mode spacing cannot be
given since there are a number of solutions lying between the zero solutions which may
also be above threshold, and the largest mode spacing does not necessarily result from

L, and L3 being made almost equal.

7.3 Conclusions

The grazing incidence OPO has been pumped with a single-longitudinal mode
Nd:YAG laser. The number of resonant cavity modes was found to be greatly
dependent on the grazing angle and at high angles single-longitudinal mode was
observed with an internal efficiency of 1.1 %. The SLM operation was unstable,
however, with the occasional weak pulse generating a second mode. By removing one
of the OPO crystals and replacing the 2400 I/mm grating with an 1800 I/mm element

and including an additional optic, a new coupled cavity design has been demonstrated.

The new OPO cavity design is capable of single-axial mode operation with a linewidth
of 210 MHz and a tuning range of 580 nm to 690 nm at higher external efficiencies
compared with a conventional grazing incidence cavity. The design is based on a
grazing incidence cavity and includes an additional mirror to form a coupled cavity. A
mathematical description has been discussed, capable of predicting the mode spacing

of this type of coupled cavity by considering the geometry of an equivalent Michelson-
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mirror interferometer. The additional mirror must have a low reflectivity comparable
to the first order diffraction efficiency of the grating to ensure that the linear cavity has
a similar loss to the grazing incidence cavity. Without the additional mirror, two
modes were seen at all times. Moreover, the efficiency rose by a factor of seven and

the threshold fell by 20 % when the cavity was coupled.

This coupled cavity design can also be applied to other OPO gain media and laser
systems based on, for example, liquid dye and Ti:sapphire. Indeed, the use of this
cavity with a commercial Ti:sapphire laser and a dual-crystal BBO GIOPO has been
explored and it was found that a significant reduction in the threshold, a corresponding
increase In output power and a reduction in the number of resonant modes was

observed.
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Chapter 8

Summary and Conclusions
8.1 Summary

In this thesis, noncollinear phase matching and line narrowing have been studied in
barium borate (B-BaB,0O4, BBO) pulsed, optical parametric oscillators (OPOs) in the
nanosecond time domain. The objectives of the work were to assess the potential of
the optical parametric oscillator as a source of efficient frequency generation and to
determine its suitability as a narrow-frequency source for potential spectroscopic

applications.

After chaptets one and two, which introduce the background and theory of the OPO,
chapter three compares the FOMs and performance characteristics of BBO and LBO.
Following this analysis, BBO was selected for further investigation. In chapter four,
spatial walk-off compensation has been discussed and, by re-evaluating the coupled
amplitude equations of the three wave interaction in the noncollinear regime, the
noncollinear gain coefficient has been found. The parametric gain length has been
calculated for a general degree of noncollinearity and this was shown to increase as the
noncollinearity increased. The parametric gain was shown to be significantly greater
in a BBO OPO with a modest degree of noncollinearity of 54 mrad compared with the
collinear OPO. By evaluating the Brosnan and Byer [1] expression for the operational
threshold of the OPO, it was shown that the threshold of a type I phase matched 12 mm
long BBO OPO pumped at 355 nm can fall by up to 30 %. The phase matching
expression for the noncollinear interaction has been evaluated and the tuning curves for
both type I and type II phase matching in BBO have been calculated with good

experimental agreement shown in the type I phase matching regime.
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Noncollinear phase matching has been applied to 355 nm and 532 nm pumped BBO
OPOs. In both cases it was shown that when the tangential condition is reached,
significant increases in the angular acceptance of the pump beam are observed
compared with the collinear case, thus reducing the constraints imposed on the pump
beam divergence. Three, type I, noncollinear geometries have been studied in a 12 mm
BBO crystal pumped at 355 nm. The degrees of noncollinearity were q = 40 mrad,
54 mrad and 90.8 mrad. The tuning responses have been measured with respect to
angle tuning and these were shown to be in good agreement with the theoretical
description. It was shown that full spatial walk-off compensation occurs at 130 mrad
although a tuning profile at this angle was not possible. The oscillation threshold was
found to fall with the degree of noncollinearity in a way which could be predicted from
the Brosnan and Byer model. The model predicted a minimum threshold at 130 mrad
of 175 mJ/ecm?. A threshold measurement was taken at 130 mrad which was found to
be 180 mJ/cm? and was the lowest recorded threshold of all the noncollinear
geomelries, but a true minimum could not be demonstrated as the oscillator was at its
noncollinear limit. The conversion efficiency was measured for each geometry and the
slope efficiency increased from 36 % for the noncollinear case to 62 % at the most

extreme configuration.

Similar results are shown for the type I 532 nm-pumped BBO OPO. In this case, the
noncollinear angles were q=14.8 mrad, 28.4 mrad and 47 mrad. The internal
efficiencies in this case increased from 19.7 %, for the collinear OPQ, to 39.7 % for the
47 mrad OPO with a corresponding fall in threshold from 2.1 to 1.7 mJ/pulse. Greater

pump depletion and lower thresholds are expected at full spatial walk-off

compensation, which occurs at 98 mrad.

In both the 355nm and 532 nm pumped OPOs, the linewidth increased with
noncollinearity for a given signal wavelength, indicating an increase in the gain

bandwidth of the OPO. In the noncollinear regime, the tuning profile depends on

LAW Gloster 229 PhD Thesis




Chapter 8 Summary and Conclusions
whether the signal or the idler is the resonant wave. The tuning expression has been
solved for both conditions, and the experimental results are shown to be in excellent

agreement with the theory.

In chapter six, a grazing incidence BBO OPO (GIOPO) is described. Using two
Nd:YAG laser pump sources with bandwidths at 355 nm of 28 GHz and 7.5 GHz,
respectively, the variation of OPO linewidth with grating angle has been explored.
Initially, a single BBO crystal was used in the cavity, but it was found that reducing the
pump bandwidth to 7.5 GHz increased the threshold of the GIOPO. To overcome this,
two identical BBO crystals were inserted into the cavity in a walk-off compensated
configuration [2]. Using the 28 GHz source, the internal efficiency fell from 7.5 % at a
grazing angle of 87.1° to 1.4 % at 89.2°. However, the multimode linewidth of the
signal wave remained at ~11.0 GHz, with a cortesponding idler linewidth of 19.0 GHz,

irrespective of the degree of grazing incidence,

When the bandwidth of the pump source was reduced to 7.5 GHz, the signal linewidth
fell to 5.8 GHz, corresponding to eight cavity modes, and the linewidth became more
dependent on the grazing angle. Single-mode operation, however, was not observed.
The tuning range of the GIOPO was limited to 570 nm to 700 nm. The use of a
separate back mirror extended this range to 760 nm, where further tuning was limited
by the movement of the tuning mirror. The first order diffraction equation in the
grazing incidence configuration asymptotes at about 820 nm. This represents the true

long-wavelength limit of the GIOPO.

In order to demonstrate the tuning versatility of the grazing incidence OPO, an
aluminium coated back mirror was installed and, using a small intracavity optic
positioned at Brewster's angle, the pump light was steered into the cavity. Pumped
with the 7.5 GHz source, the linewidth was found to be 9.2 GHz at 605 nm and

10.5 GHz at 473 nm at a grazing angle of 85°, with corresponding external efficiencies
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0f 2.6 % and 1 %. A tuning range of 240 nm in the visible region from the degenerate
point at 710 nm to 470 nm was demonstrated. Further linewidth control was not

carried out.

From the work presented in chapter six, it became clear that the pump bandwidth
exerted a large influence on the linewidth of the OPO. To secure stable, single-
longitudinal mode operation, therefore, a single-longitudinal mode pump source was

sought.

Chapter seven details the duval-crystal grazing incidence OPO pumped with a single-
axial mode Nd:YAG laser. By studying the number of longitudinal modes in the OPO
cavity as a function of grazing angle, we were able to show a steady decrease from 5 to
7 modes at 88.1° to a single-longitudinal mode at 89.4°, The single-mode, however,
was not stable and was subject to mode-hopping and, occasionally, dual-mode
operation was observed. The pump depletion of the OPO was seen to reduce from

23 % at 87.1° to 1.1 % at 89.2°,

The factors which determine the linewidth of the grazing incidence OPO are many. In
this thesis, we have demonstrated that the bandwidth of the pump laser plays an
important role in this process. It was shown that by altering the position of the grating,
the cavity losses can be controlled, causing the linewidth of the oscillator to reduce for
7.5 GHz pumping and 90 MHz pumping, but not for the 28 GHz case. Another factor
affecting the linewidth is the number of times the OPO is pumped above threshold.
The cavity losses increase as the grazing angle increases, leading to a rise in the
threshold of the oscillator. At a constant pump energy, the number of times the OPO is

pumped above threshold, therefore, decreases as the grazing angle increases.

The 7.5 GHz dual-crystal GIOPO was pumped between 2 and 4 times above threshold

across the range of grazing angles considered, whereas the 28 GHz and 90 MHz
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pumped GIOPOs were both pumped at a level between 1 and 2 times the threshold
over the same grating angle range. Therefore, although the linewidth of the dual-
crystal GIOPO clearly fell when the pump source changed from 28 GHz to 7.5 GHz,
fewer modes may have been observed if the OPO had been pumped less hard at
7.5 GHz and the mode structure may have more closely resembled the 90 MHz
pumped OPO. However, a comparison can be made between the 28 GHz source and
the 90 MHz source, as the pumping factor above threshold in each case was similar.
Figure 8.1 shows the linewidth variation of the GIOPO as a function of grazing angle
for both the 28 GHz and 90 MHz sources. Above each datum point is the pumping

factor above threshold.
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Figure 8.1. Linewidth of the GIOPO as a function of grazing angle for the 28 GHz
and 90 MHz bandwidth pump sources. The number above each datum point is a
measure of the pump intensity (expressed as the number of times above threshold the
OPO was pumped).

The figure shows clearly the effect the bandwidth of the pump laser has on the

linewidth of the GIOPO. In the case of the 28 GHz source, the signal linewidth
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remains around 10 GHz and is insensitive to the grating angle whereas single-mode

operation is possible with the single-mode source at high grazing angles.

Stable, single-longitudinal mode operation in the dual crystal GIOPO, however, was
not observed since the device was prone, on occasions, to mode-hopping and to dual-
frequency oscillation. Reduction in the cavity length, causing a widening of the cavity
mode separation, was considered to be the most secure route to obtaining stable,
single-mode operation in the OPO. However, only marginal cavity length reduction
was possible without removing one of the BBO crystals, which would prevent the OPO
from oscillating at all. The new strategy applied involved replacing the 2400 lines/mm
grating with an 1800 lines/mm element, whose diffraction efficiency is greater, and

removing one of the BBO crystal from the cavity.

Chapter eight describes the 1800 lines/mm grazing incidence OPO. The introduction
of an additional optic, positioned to partially reflect back some of the zero order light
reflected from the grating, secured SLM operation for several minutes at a time with no
adjustment necessary to the cavity length. Moreover, SLM operation could be
achieved at modest grazing angles, as a result of the additional constraint imposed on
the cavity modes, allowing for high external efficiencies. A seven-fold decrease in
output energy, and multi-mode operation, was observed when the zero-order mirror

was removed.

The mode spacing of the coupled cavity GIOPO has been modelled and is shown to

agree well with that observed when the oscillator is forced to run multi-mode.

LAW Gloster 233 PhD Thesis




Chapter 8 Summary and Conclusions

8.2 Conclusions

Noncollinear phase matching has been characterised in BBO at two pump wavelengths
for the first time. This phase matching technique has proved to be a highly successful
method of countering Poynting vector walk-off in the parametric process, thereby
improving the efficiency of the OPO and reducing its threshold whilst still maintaining
a broad tuning range. Although demonstrated in this thesis using BBO, noncollinear
phase matching may be applied to all critically phase matched systems, in particular in
those crystals whose walk-off angle is large. Large aperture BBO crystals are now
available with apertures up to 10 mm by 10 mm [3], allowing for full spatial walk-off
compensation to be realised, thus maximising the advantages of this phase matching
process. Under noncollinear phase matching conditions, the phase matching may
become non-critical and the aperture effect limiting the divergence of the pump beam

may be alleviated.

The large tuning range, high non-linear coefficient and modest damage threshold of
BBO make it ideally suited to high energy applications and lossy cavity configurations.
This, coupled with the unquestionable desirability of highly tunable, narrow linewidth
radiation from compact, solid state devices, has been the major thrust behind the
development of a line-narrowed and single-frequency GIOPO. The creation of a
10 GHz-linewidth (0.3 cm-!) GIOPO capable of tuning from 470 nm to 710 nm (and
further into the infrared with idler resonance) has meant that such narrow-band OPOs,
have the potential for replacing the dye laser as the spectroscopic tool for medium- to
narrow-band spectroscopy. Narrower linewidths of 6 GHz were also demonstrated
using a 7.5 GHz bandwidth pump source with the dual crystal GIOPO with a (mirror

reflectivity-limited) tuning range of 700 nm to 570 nm and an external conversion

efficiency of 1 %.
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Single-longitudinal mode, pulsed, OPOs are currently enjoying considerable attention
[4], particularly with the emergence of commercial systems [5] and will, no doubt,
become a familiar sight in the research laboratory. Since the OPO is not a laser in the
classical sense, controlling the pump beam divergence, intensity fluctuations and
bandwidth play an important role in the quest for pulsed, SLM OPO. The influence of
the bandwidth of the pump laser on the linewidth of the GIOPO has been explored in
detail in this work and it has been shown that SLM operation in the GIOPO is difficult

to achieve without a single-mode pumyp source.

Nonetheless, securing a stable, SLM in a grazing incidence OPO in the visible even
with a single-mode pump source has been difficult, largely due to the length of the
OPO cavity and the finite divergence of pump beam. The cavity length causes a small
axial mode separation while the pump divergence causes a broadening of the cavity
bandwidth through noncollinear phase matching processes. However, in this thesis it
has been shown that the inclusion of an additional optic in the grazing incidence cavity,
established a coupled cavity with stable SLM operation for several minutes in the BBO
GIOPO with no active cavity length control. Moreover, a 20 % fall in the threshold is
observed and a seven fold increase in the external efficiency has been measured. A

patent application is currently being sought for this cavity architecture.

A Michelson-mirror cavity model [6] has been adapted to predict the cavity mode
separation in the coupled cavity. The theoretical prediction of the cavity mode
separation is in excellent agreement with that observed experimentally. The
application of this type of coupled cavity to other OPO and laser systems based on
grazing incidence cavities is underway, and preliminary results have shown that not
only can SLM operation be achieved more easily in these oscillators, but a

considerable increase in the efficiency of the oscillator is also observed.
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8.3 Future Work

The desirability of single-mode, tunable devices which are compact, efficient, cheap to
manufacture and easy to operate is clear. Future work will concentrate on the coupled
cavity GIOPO with a view to incorporating active cavity control via a feed-back loop
to lock the cavity to a single-mode. Some work has already been carried out to
determine whether the second mode of the coupled cavity is spatially distinct from the
main, resonant mode. A spatial distinction would allow a split photodiode to monitor
the intensities of the adjacent modes and, via simple electronics, correct the cavity

length with the piezoelectric transducer.

At the same time, work will focus on scanning the frequency of the mode continuously
and without mode-hop to make a highly efficient spectroscopic device. So far, no
work has been carried out in this area with this cavity by us, and it is likely that
computer control will be required to carry out simultaneous adjustments to the crystal
orientation, the tuning mirror and the cavity length. Furthermore, incorporating
noncollinear phase matching in a frequency-selective cavity could significantly
improve the overall efficiency of the device. Preliminary work is currently underway

to design the cavity architecture.

Investigations are underway in our laboratories aimed at using diode-pumped solid
state lasers as pump sources for the OPO to reduce the overall size of the composite
devices and increase the wall-plug efficiency. Both end-pumped and side-pumped
designs are being considered with a view to replacing the flashlamp-pumped laser in
the near future. Indeed, the rapid development of both crystal quality and diode laser
beam quality has already led to direct diode-pumping of the OPO, and this is likely to
become a familiar practice in many laboratories over the next few years. This

combination of optical components leads to extremely compact, tunable sources in the
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infrared. In the future, tunable light at shorter wavelengths will be possible as the

blue/green diode laser develops into a commercial device.

Finally. the significantly higher non-linear coefficients of some organic non-
centrosymmetric crystals make them potential candidates for parametric devices.
Chemical instability, narrow transmission windows and low damage thresholds have
hindered their progress into the parametric field. However, with ever improving
crystal growing techniques, these materials may too join the successful optical

parametric renaissance.
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Program to Calculate Phase Matching Angles

O 000000000 6 000066 000

(el ]

Cc

To use this program: Create file (e.g. KTPdata.dat) containing the
Sellmeier data nx, nx, nz in that order for the biaxial crystal

and a pump wavelength in microns. The code assumes the crystal is
'well behaved', that is nx<ny<nz. Once the code has been compiled,
the values of nx, ny and nz are written to the screen. If the above
condition is not met then the Sellmeier data has to be permutated in

the file KTP.dat. Four Sellmeier constants can be accepted per Sellmeier

equation in the form n=a+b/(w*w-c)-d*w*w, where w is wavelength in
microns. If only three constants are required/known then the forth ('d")
must be set to zero in KTPdata.dat or the code will use 'a' of the next

Sellmeier equation for d of the last.

Having loaded dbos, compile using FTN77 biaxial. f/LINK77. Then type

'biaxial KTPdata.dat KTP.dat' (KTP.dat is the output file), Whether
a type of phase matching exists in a certain plane or not, a file will
be created. These files will take the output file name (in this case

KTP) and add the plane (e.g. XZ) and the type of phase matching (e.g. I,II)

Often, type 1I and type II phase matching in a given plane are the

same.

implicit none

.Dirst declare our variables

double precision p

character*12 inputfile, outputfile

character* 12 filename

double precision t, idler, signal, tmp

double precision accuracy, lower, upper
double precision thetamin, thetamax, thetastep

parameter ( thetamin = 1.0d0 )
parameter ( thetastep = 0.05d0 )
parameter ( thetamax = 90.0d0 )

integer i, nsteps, j, jj
parameter ( nsteps = (thetamax - thetamin)/thetastep + 1)
double precision radperdeg, degperrad

parameter ( degperrad = 57.29577951)
parameter ( radperdeg = 0.017453292 )
integer ierr

c...accuracy is to 0.1 angstroms

c

parameter ( accuracy = 0.00001 )
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c

c...functions

c
double precision rootfind
integer leng

c

c...These two are declared external since they are passed into rootfind
c

double precision pm, pm3

external pm, pm3

double precision nx, ny, nz

character*60 cmnam ! gets command line arguments
! this is not standard F77

...common blocks for sellmeier constants

c 0O 0 0

double precision ax, bx, cx, dx
double precision ay, by, cy, dy
double precision az, bz, cz, dz
common / nx sellmeier / ax, bx, cx, dx
common / ny_sellmeier / ay, by, ¢y, dy
common / nz sellmeier / az, bz, cz, dz

(@]

...common blocks for data passed into pm etc
integer plane, typel or II
double precision theta(

common / conditions / plane, typel_or_II, theta0

..parameter statements

O o

integer TYPEIL TYPEII, TYPEIII

parameter ( TYPEI=1 , TYPEII=2 , TYPEIII=3)

integer XYPLANE, YZPLANE, XZPLANE

parameter ( XYPLANE = 1, YZPLANE =2, XZPLANE = 3)

c
ierr=0
c
c...open the data file
c
inputfile = cmnam()
outputfile = cnnam()
open (unit = 4, file = inputfile, status ="old', etr = 2000)
write(*,'(2a)")'Reading data from file ',inputfile
c
c...read in the Sellmeier constants
c

cjth  write(*,*)'Input the Sellmeier constants:'
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read(4,*) ax
read(4,*) bx
read(4,*) cx
read(4,*) dx
read(4,%) ay
read(4,*) by
read(4,*) cy
read(4,*) dy
read(4,*) az
read(4,*) bz
read(4,*) cz
read(4,*) dz
c
c...read in the wavelength of the pump
c
cjth  write(*,*) 'Input the pump wavelength in microns:'
read(4,*) p
c
c...close the data file

close (4)
..work out the optic axis of the crystal

from this value by much for other wavelengths.

006 o0o0

write(*,'(1a,£8.5))Nx ',nx(p)
write(*,'(1a,£8.5)) Ny ',ny(p)
write(*,'(1a,£8.5))Nz ',nz(p)

tmp =nz(p) * sqri((ny(p)*ny(p) - nx(p)*nx(p)) /
> (nz(p)*nz(p) - ny(p)*ny(p))) / nx(p)

theta0 = atan ( tmp )

write(*,'(1a,118.3,1a)")

> 'Optic axis at ',degperrad*theta0,’ degrees'
C
c...write out the conditions we have read in
c

write(*,'(1a,119.5,1a)") '"Pump wavelength is ', p, ' microns'

c...set up the lower and upper search ranges for the signal frequency

c
lower =p * 1.15 I to avoid divide by zero in pm
upper = 2.0d0 * p ! only find signal roots

¢ upper=.8d0

¢ read(*,*) upper

c

c...loop over the two types of phase matching

c
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doj=1,9

if (j.eq.1) then

typel_or_II = TYPEI

plane = XYPLANE

write(filename,'(2a))outputfile(1:leng(outputfile)), X YT'
elseif (j.eq.2) then

typel or II=TYPEI

plane = XYPLANE

write(filename,'(2a)")outputfile(1:leng(outputfile)), X YII'
elseif (j.eq.3) then

typel_or II =TYPEIII

plane = XYPLANE

write(filename,'(2a)")outputfile(1:leng(outputfile)), X YIIT'
elseif (j.eq.4) then

typel_or_II = TYPEI

plane = YZPLANE

write(filename,'(2a)")outputfile(1:leng(outputfile)), YZI'
elseif (j.eq.5) then

typel_or_II = TYPEII

plane = YZPLANE

write(filename,'(2a)"Youtputfile(1:leng(outputfile)), YZII'
elseif (j.eq.6) then

typel or II=TYPEII

plane = YZPLANE

write(filename,'(2a) Youtputfile(1:leng(outputfile)), Y ZIII'
elseif (j.eq.7) then

typel_or II =TYPEI

plane = XZPLANE

write(filename,'(2a)")outputfile(1:leng(outputfile)), X ZI'
elseif (j.eq.8) then

typel or II =TYPEI

plane = XZPLANE

write(filename,'(2a) Youtputfile(1:leng(outputfile)), X ZII'
elseif (j.eq.9) then

typel_or_II = TYPEIII

plane = XZPLANE

write(filename,'(2a)"Youtputfile(1:leng(outputfile)), X ZIII'
endif

c
c...open a file to write the results into
c
open (unit =4 , file = filename, status =
>'unknown',err=3000)
c
c...write in some header information to the output file
c
write(4,'(1a)")# Output from Crystal Solutions code'
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write(4,'(2a)")'# Input from file: ',inputfile

if (typel_or II .eq. TYPEI) then
write(4,'(2a)")'# Type is TYPEI'

elseif(typel or II .eq. TYPEII) then
write(4,'(2a)")'# Type is TYPEIT'

else
write(4,'(2a)")'# Type is TYPEIII'
endif
write(4,'(1a)")'#'
write(4,'(1a)")'# Angle Signal  Idler'
write(4,'(1a)")'#'
c
c...vary phase matching angle in steps
c
doi=1, nsteps
c
c...theta for this step
c
t =radperdeg * (thetamin + (i-1) * thetastep)
¢
c...for this angle, find the wavelengths which satisfies PM
C

if (typel or_II .ne. TYPEII) then

signal = rootfind(pm,t,p,Jlower,upper,accuracy,ierr)
if (ierr .eq. 0) then
idler = p * signal / ( signal - p )
write(4,'(£10.5,1a,£10.5,1a,f10.5)")
> (1.57-t)*degperrad, ' ', signal,' ', idler
endif

elseif (typel or II .eq. TYPEIII) then

signal = rootfind(pm,t,p,lower,upper,accuracy,ierr)
if (ierr .eq. 0 ) then
idler = p * signal / ( signal - p )
write(4,'(£10.5,1a,f10.5,1a,f10.5)")
> t*degperrad, ' ', signal, ' ', idler
else

...if we are doing typelll phase matching and we have not found
any roots we will try the alternative pm function pm3.

o 000

signal = rootfind(pm3,t,p,lower,upper,accuracy,ierr)
if (ierr .eq. 0 ) then
idler = p * signal / ( signal - p )
write(4,'(f10.5,1a,f10.5,1a,f10.5)")
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> t*degperrad, ' ', signal, ' ', idler
endif
c
endif
c
endif
C
c...go back and do the next angle
c
enddo
C
c...we've done all of the angles, let's output the results
c
close (4)
enddo
stop
c

2000 continue
write(*,'(2a)')'ERROR - could not open file ',inputfile
c
3000 continue
write(*,'(2a)")ERROR - could not open file ',filename
4000 continue
write(*,*)' ABORTING - Crystal is not anisotropic'
end

C
1 1 11
CIIlllllIIIIIIllllllIIlllll||lTlIlI1|Il|IllllI|IIllIil]lllIlll

¢ This function returns the extraordinary refractive index for a

c given

c wavelength W. Note that the Sellmeier constants are passed via
¢ the common block nx_sellmeier.

c
double precision function nx(W)

c
implicit none

c
double precision W
double precision ax, bx, ¢x, dx
common / nx_sellmeier / ax, bx, ¢x, dx
double precision tmp

c

tmp = ax + bx*W*W/(W*W-cx) + dx*W*W
if (tmp .le. 0.0d0) then

write(*,*)'tmp negative in nx'

stop
else

nx = sqri(tmp)
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endif
c
return
c
end
c
O e e B B S e o i 8 S B B e
c

¢ This function returns the extraordinary refractive index for a

¢ given

¢ wavelength W. Note that the Sellmeier constants are passed via
¢ the common block ny_sellmeier.

c
double precision function ny(W)

c
implicit none

c
double precision w
double precision ay, by, cy, dy
common / ny_sellmeier/ ay, by, cy, dy
double precision tmp

c

tmp = ay + by*W*W/(W*W-cy) + dy*W*W
if ( tmp .le. 0.0d0) then
write(*,*)tmp negative in ny'

stop
else
ny = sqrt(tmp)
endif
c
return
c
end
c
e A ot
c

¢ This function returns the ordinary refractive index for a given
c wavelength W. Note that the Sellmeier constants are passed via
¢ the common block nz_sellmeier.

c
double precision function nz(W)

c
implicit none

c
double precision 'Y
double precision az, bz, ¢z, dz
common / nz_sellmeier / az, bz, cz, dz
double precision tmp
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c
tmp = az + bzZ*W¥*W/(W*W-cz) + dz*W*W
if (tmp .1It. 0.0d0) then
write(*,*)'tmp negative in nz'
stop
else
nz = sqrt(tmp)
endif
c
return
c
end
T T I e B B B B B e o w20 B S R
c

¢ This function is a quadratic in signal wavelength, the roots of

¢ which tell us the phase matching wavelength at angle t.

¢ Note the common block set up in main for whether we are positive or
¢ negative.

c
double precision functionpm (t,p,s)
C
implicit none
c
c...passed variables
c
double precision t !theta
double precision p !pump
double precision s !signal
c
c...local variables
c
double precision i lidler
integer typel_or II
integer plane
double precision theta0
common / conditions / plane, typel or II, theta0
integer TYPEI TYPEII
parameter ( TYPEI =1, TYPEII=2)
integer XYPLANE, YZPLANE, XZPLANE
parameter (XYPLANE = 1, YZPLANE =2, XZPLANE = 3)
c
c...functions
C
double precision nb, na
c
i=p*s/(s-p)
c

c....phase matching for all planes and types
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C

if (typel_or 1I .eq. TYPEI ) then
pm = na(t,p,plane,theta0)/p

> - nb(t,s,plane,theta0)/s

> - nb(t,i,plane,theta0)/i

else ITYPEIL
pm = na(t,p,plane,theta0)/p

> - nb(t,s,plane,theta0)/s

> - na(t,i,plane,theta0)/i

endif
return
end
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C
c+
C

LI I |

c This function is a quadratic in signal wavelength, the roots of

¢ which tell us the phase matching wavelength at angle t.

¢ Note the common block set up in main for whether we are positive or
¢ negative.

c

(@)

o

C

C..

c

double precision function pm3 (t,p, s )

implicit none

...passed variables

double precision t !theta
double precision p !'pump
double precision s !signal

Jocal variables

double precision i lidler

integer typel_or _II

integer plane

double precision theta0

common / conditions / plane, typel_or II, theta0

integer TYPEI TYPEII

parameter ( TYPEI =1, TYPEIl=2)

integer XYPLANE, YZPLANE, XZPLANE

parameter (XYPLANE =1, YZPLANE =2, XZPLANE = 3)

Sfunctions

double precision nb, na
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c

i=p*s/(s-p)
c
c...this is for the xy plane
c

pm3 = na(t,p,plane,theta0)/p

> -na(t,s,plane,theta0)/s

> - nb(t,i,plane,theta0)/i
c

return
c

end

c
e B N B B o B o B A e m B R o
c

double precision function na ( t, W, plane, theta( )

implicit none
c
double precision t, W, theta0
integer plane
double precision tmp

integer XYPLANE, YZPLANE, XZPLANE
parameter (XYPLANE =1, YZPLANE = 2, XZPLANE = 3)

c...functions
c

double precision nx, ny, nz
c

if (plane .eq. XYPLANE) then
tmp = 1.0d0 / ( (cos(t)/ny(W))**2 + (sin(t)/nx(W))**2 )
if (tmp .Je. 0.0d0) then
write(*,*)'tmp negative in na'
stop
else
na = sqrt(tmp)
endif
elseif (plane .eq. YZPLANE) then

na = nx(W)
elseif (plane .eq. XZPLANE) then

...if we are doing the XZPLANE we need to decide whether this
angle represents an angle above or below the angle of the
optic axis (theta0)

O 0000

if (t .1t. thetaO) then
tmp = 1.0d0 / ( (cos(ty/nx(W))**2 + (sin(t)/nz(W))#**2 )
if (tmp .le. 0.0d0) then
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write(*,*)'tmp negative in na'
stop
else
na = sqrt(tmp)
endif
else
na = ny(W)
endif
endif

return
end

| Y IS0 PR TV UV VOO ISV VY O VS S N Y 1S NN O VOO N N T O T O I N TN N O P TV (O N T Y N N O (S O U N T N SO Y U U N Y O O |
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¢ This function returns the ordinary refractive index for a given
¢ wavelength W. Note that the Sellmeier constants are passed via
¢ the common block nz_sellmeier.

c

double precision function nb(t, W, plane, theta0)
c

implicit none
c

double precision t, W, theta0

integer plane

double precision X, Ny, nz, tmp

integer XYPLANE, YZPLANE, XZPLANE
parameter (XYPLANE =1, YZPLANE =2, XZPLANE = 3)

if (plane .eq. XYPLANE) then
nb = nz(W)
elseif (plane .eq. YZPLANE) then
tmp = 1.0d0 / { (cos(t)/ny(W))**2 + (sin(t)/nz(W))**2 )
if (tmp .le. 0.0d0) then
write(*,*)'tmp negative in nb'
stop
else
nb = sqrt(tmp)
endif
elseif (plane .eq. XZPLANE) then

...if we are doing the XZPLANE we need to decide whether this
angle represents an angle above or below the angle of the
optic axis (theta0)

o 0O 0 00

if (t .1t. thetaO) then
nb =ny(W)
else
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tmp = 1.0d0 / ( (cos(t)/nx(W))**2 + (sin(t)/nz(W))**2 )
if (tmp .le. 0.0d0) then
write(*,*)'tmp negative in nb'

stop
else
nb = sqrt(tmp)
endif
endif
endif
c
return
c
end
C
c
ct++++++++++++ -ttt
c

¢ Finds the roots of the equation
¢ Uses the bisector method from Numerical Recipes
¢ Returns an error if there is a problem
c
double precision function rootfind ( func, t, p, x1 , X2, xacc,
> ierr)
implicit none

c
c...passed variables
c
double precision func,t,p,x1,x2, xacc
integer ierr
c
c...local variables
c
integer jmax
parameter (jmax = 40)
double precision fmid, £, dx, xmid
integer j
c
ierr =10
c

fmid = func(t,p,x2)
f = func(t,p,x1)
if (f * fimid .gt. 0.0d0) then

ierr =1
return

endif

if (£1t.0) then
rootfind = x1
dx=x2 -x1
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else
rootfind = x2
dx =x1 -x2
endif
doj=1,jmax
dx=dx * 0.5

xmid = rootfind + dx

fmid = func (t, p, xmid)

if (fmid .It. 0.0d0) rootfind = xmid

if (abs(dx) .It. xacc .or. fmid .eq. 0.0d0) return

enddo
c
write(*,*)Not enough iterations in bisector'
ferr =1
c
return
end
c
B B A e N o o o o o O SR O
c

integer function leng(string)
character string*(*)
leng=len(string)
do while(string(leng:leng).eq.' ")
leng=leng-1
if(leng.eq.0)then
leng=1
return
endif
enddo
return
end
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Spectra of GIOPO Pumped with 7.5 GHz Source

Two crystal et. A idler @ 88 deg (2xida88.xls)
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AL 1. Spectral profile of idler at a grazing angle of 88 degrees, using etalon A.

Two crystal et A. idler @ 87 deg (2xid87a.xls)
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AL 2. Spectral profile of idler at a grazing angle of 87 degrees, using etalon A.
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Two crystal et. A idler @ 86 deg (2xid A86.xls)
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AL 3. Spectral profile of idler at a grazing angle of 86 degrees, using etalon A.

Two erystal et. A idler @ 85 deg (2xid85a.xls)
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AL 4. Spectral profile of idler at a grazing angle of 85 degrees, using etalon A.
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Two crystals et. A signal @ 88 deg (2xsi88A.xls)
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AL 5. Spectral profile of signal at a grazing angle of 88 degrees, using eialon A.

Two crystal et. A signal @87 deg (2xsi87a.xls)
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AL 6. Speciral profile of signal at a grazing angle of 87 degrees, using etalon A.
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Two crystals et. A signal @ 86 deg (2xsi86A.xls)
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AL 7. Spectral profile of signal at a grazing angle of 86 degrees, using etalon A,

Two crystals et. B signal @ 88 deg (2xsi88B.xls)
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AL 8. Spectral profile of signal at a grazing angle of 88 degrees, using etalon B. The
cavity modes are resolved.
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AL 9. Spectral profile of signal at a grazing angle of 87 degrees, using etalon B. The
cavity modes are resolved.
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AL 10. Spectral profile of signal at a grazing angle of 86 degrees, using etalon B.
The cavity modes are resolved.

LAW Gloster

256 PhD Thesis




Appendix Il

Two crystals et. B signal @85 deg (2xsi85B.xls)
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AL 11. Spectral profile of signal at a grazing angle of 85 degrees, using etalon B
The cavity modes are resolved.
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