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Abstract

Abstract

his thesis details the experimental implementation of a novel continuous-wave
(cw) optical parametric oscillator configuration: the singly-resonant intracavity

optical parametric oscillator (ICSRO). This device utilises the high circulating field
found within a laser cavity to drive the high-threshold parametric process of the
singly-resonant configuration. The optical parametric oscillator (OPO) efficiently
converts the resonant laser field into two broadly tunable coherent fields of lower
photon energy. In this way, a coherent source generating Watt-level output at near
to mid-infrared wavelengths is realised.

Background principles and design considerations are presented with reference to
the frequency conversion of the Ti:sapphire laser. Four separate ICSRO devices are

characterised. The first is based on the conventional birefringent nonlinear material

KTiOAs04. This device operates with efficiencies approaching 90% and generates
Watt-level output powers within the 1 to 3m spectral range limited by mirror coating
bandwidths.

The second ICSRO configuration is based on the nonlinear material periodically poled
LiNb03 (PPLN). The wide degree of temperature tunability accessible from this
material, coupled with the broad tunability of the Ti:sapphire laser provides a means

of generating integer ratio frequency outputs. Thermal lensing in the PPLN crystal is
found to limit ICSRO power scaling.

Chapter 6 describes an ICSRO based on periodically poled RbTiOAs04. This
represents the first observation of cw OPO operation using this nonlinear material.
The flexibility of the ICSRO pumping approach is well illustrated by the operation of
this device using a nonlinear crystal with just 4.5mm of interaction length.
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Abstract

The ICSRO configuration is extended to the nonlinear material periodically poled
KTiOP04 (PPKTP) This material is shown to exhibit a useful degree of temperature
tuning. Uncertainties in the published Sellmeier data for KTiOP04 highlight an

important aspect of the Ti:sapphire-pumped scheme in that the laser may be tuned to
accommodate discrepancies between theoretical quasi-phase-matched grating

performance and actual phase-matched measurements. The PPKTP ICSRO is further

configured in a ring-cavity design, enabling the generation of single-frequency idler

output at powers exceeding 100mW. The ring design is far from optimised and
substantial increments in power performance are envisioned.

The work presented in this thesis is well placed to form a complementary component
of current cw OPO research. It imparts a broad perspective of the potential offered

by the ICSRO approach and clearly demonstrates this potential through the use of a
diverse range of nonlinear materials. Clear possibilities for further refinements and
research are detailed.
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Chapter 1 Introduction

1. Introduction

2.1 Background

The visible and near-to-mid-infrared optical spectrum has a limited anddiscontinuous number of continuous-wave (cw) laser sources. While there are

a number of these sources that provide a broad tuning range such as dye lasers

(visible) and Ti:Sapphire lasers (near-infrared), the mid-infrared spectral region (2-5

pm) has few practical sources that can provide similar output characteristics. The
ideal source should provide coherent output of high amplitude and frequency

stability, narrow linewidth and broad tunability with high efficiency for the required

application. In a spectral range that boasts a wealth of important atmospheric

absorption features, and a broad range of fundamental organic and inorganic

compound "frequency signatures" the demand for a practical and frequency-agile
source is high. The provision of such a source is of great interest to a wide range of
scientific disciplines and has many innovative industrial applications.

This thesis aims to describe the development and implementation of one member of
the growing family of coherent optical sources that derive their functionality and

principal mode of operation from the physical principals of nonlinear optics. The
device outlined herein is a continuous-wave, singly-resonant, intracavity optical

parametric oscillator [1], This device shows great promise as a flexible, efficient and

broadly tunable source of mid-infrared coherent radiation. Common to many fields
of science, classification often leads to names that, although descriptive, can be
rather long and tedious (albeit suitably scientific). For the remainder of this thesis
the continuous-wave, singly-resonant, intracavity optical parametric oscillator will be
termed the ICSRO.
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Chapter 1 Introduction

1.2 The cw optical parametric oscillator

The optical parametric oscillator (OPO) is a nonlinear frequency converter. Central
to the operation of such a device is the utilisation of a nonlinear material possessing
a Xi nonlinear susceptibility. Franken et al achieved the first observation of
frequency conversion using such a material in 1961 [2] and since this time a broad

range of efficient and practical devices have been demonstrated that harness the
available frequency mixing schemes of the second order nonlinear process

described in Chapter 2. As one of the most attractive schemes of frequency

conversion, the OPO has received considerable research interest over the

intervening years since Franken's experiment.

The operational principles of the OPO are well documented [3-9]. Among the broad
conclusions that may be drawn from the literature, those that concern the cw

operation of OPOs are focused primarily upon device threshold. The four main

configurations of cw OPOs are illustrated in figure 1.

(b)
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Chapter 1 Introduction

(C) i

- H >
Signal / Idler

(d)

Figure 1. Common configurations of the cw OPO pumped by a cw

coherent laser source, (a) Doubly resonant OPO with both signal and idler
waves resonated, (b) Pump enhanced OPO with resonant signal field and
resonant pump enhancement, (c) Externally-pumped singly resonant OPO
with resonant signal field, (d) Internally-pumped singly resonant OPO with
resonant signal field (ICSRO).

The most practically robust and simple OPO configuration is that of the externally

pumped singly resonant OPO shown in figure 1(c). Unfortunately, typical device
thresholds for this configuration are of the order of a few Watts of laser pump power

even using state-of-the-art poled nonlinear materials [10], For conventional

birefringent nonlinear materials and the new emergent poled arsenates and

phosphates, such as PPKTP, PPRTA and PPKTA, singly resonant cw OPO
thresholds are often of the order of a few tens of Watts. This places stringent power

requirements on the pump laser source which often negates the low-scale

engineering aims of pursuing such a simple OPO configuration.

A significant reduction in threshold (down to typically a few tens of milliwatts) may
be observed by employing either a doubly resonant (DRO) or pump-enhanced

3



Chapter 1 Introduction

configuration shown in figure 1(a)&(b). Indeed, the very first cw OPO was a doubly
resonant device developed by Smith et at. [11], The DRO was pumped by a

frequency-doubled Nd:YAG laser - just 7 years after Franken's pioneering

experiment - illustrating how rapidly research in the field had progressed at this
time. The spectral and amplitude stability of this device was so poor that after the
initial observation of cw parametric oscillation and further experimental work, the
DRO was largely abandoned as a spectroscopic source in the early 1970s with the

coming of the dye laser [12], The observed instabilities of the DRO were a

consequence of the resonance requirements of this configuration. To keep both

signal and idler fields on-resonance the DRO cavity mirrors must be servo-

controlled to within ~1nm [8, 13] adding to the engineering complexity of the device.

Frequency tuning of the DRO whilst maintaining simultaneous signal and idler
resonance is a non-trivial task. Recent advances in single-frequency pump sources

and electronic locking schemes have begun to address these problems [14-17] and
the DRO is on course to realise the promise envisioned in the early development of
cw OPOs.

Whilst still necessitating the use of active frequency locking schemes, the singly-
resonant pump enhanced OPO has recently emerged as a practical source for
tunable narrow-linewidth coherent radiation [18-22], The key to the success of this
device is that the resonated pump field remains on in the absence of SRO

operation. The implications of this are that the SRO cavity may be servo controlled
in a constant manner and, with a suitably stable single-frequency pump source,

need only react rapidly to frequency transients of the parametric resonant field. In

contrast, with the DRO there is a finite parametric build-up "lock time" over which
the device must be brought on resonance and held [23],

Removing the constraints placed by the double-resonance condition of the DRO
and pump enhanced SRO requires the implementation of the passively-stable SRO

configuration. In the cw time domain, SRO operation has been limited in the past by
the prohibitively high thresholds of these devices. The advent of quasi-phase-
matched (QPM) materials has driven renewed interest in these devices as the

operational thresholds are brought within the range of modest cw lasers [10, 24].

4



Chapter 1 Introduction

Within the context of the growing research interest in CW SROs, a further SRO

configuration, the intracavity singly-resonant OPO (ICSRO) has been demonstrated

[1, 25]. The ICSRO aims to access the high circulating fields within a laser
resonator in order to overcome the high SRO oscillation thresholds, this thesis aims
to present the operational characteristics of this SRO pumping geometry and details
an experimental investigation of several ICSRO devices pumped within the
resonant cavity of a Ti:sapphire laser.

1.3 Thesis summary

The work presented in this thesis complements the research efforts instigated by
reference [1]. A broad review of this work and its complementary theoretical studies
is given in references [26, 27]. This thesis describes four ICSRO devices, built and
studied over a period of three years with the aim of demonstrating the practical

advantages of the ICSRO pumping approach. The research presented addresses
the need to provoke interest and activity in this young research area.

There are many characteristics of the ICSRO that are unique. In particular, the

ability to accommodate an unparalleled variety of nonlinear materials whilst

operating with high efficiency is clearly demonstrated by this work.

Chapters 2 & 3 provide an overview of the physical principles of nonlinear optics
and describe the design of the devices detailed in later chapters. Chapters 4 to 7
are devoted to each ICSRO device in chronological order of research. The work is
concluded in chapter 8.
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Chapter 2 Nonlinear Optics & Phase-Matching

2. Nonlinear Optics & Phase-
Matching

2.1 Introduction

Nonlinear Optics came of age in the early sixties soon after the development ofthe first Laser [1], Prior to this, the intense optical fields necessary for the

experimental observation of the broad range of nonlinear optical phenomena,

predicted through the notable theoretical efforts of Armstrong et at. [2], were
unavailable in the laboratory. In the forty years since the introduction of the laser as
a laboratory tool, the field of nonlinear optics has realised much of the promise
envisioned in early theoretical work [3-6], It provides the basis of a wide range of

frequency conversion techniques applicable to an equally broad variety of coherent
sources of radiation. This chapter outlines the physical basis of Nonlinear Optics
and describes the processes that give rise to nonlinear frequency conversion.

2.2 Theoretical aspects

All materials are nonlinear. Given a suitably intense driving field, the electrons

responsible for the optical properties of a medium will not adhere to ideal harmonic
oscillation. The Coulomb field acting upon a valence electron does not generally

provide a linear restoring force when large deviations from equilibrium are

considered. The following discussion will look at the transition from linear to

nonlinear optical polarisation and aims to outline the important consequences for
the re-radiated field arising from this transition.
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Chapter 2 Nonlinear Optics & Phase-Matching

2.2-1 Linear - Nonlinear optical polarisation

A classical optical field propagating within a dielectric medium will establish a

macroscopic polarisation that, under normal circumstances with weak interacting

fields, has a linear relationship to this field. This linear relationship between

polarisation and incident field may be expressed, in scalar notation, as

where e0 is the permittivity of free space and j(1) is the linear optical susceptibility
of the dielectric material concerned. This linear susceptibility is a function of the
field frequency and governs the properties of refraction, reflection and absorption
that are familiar within the field of liner optics. Equation (2.1) is a sufficient

approximation to the full constitutive relation between the incident field E and the

resultant macroscopic polarisation P when the amplitude of this field is small

compared to that of the inter-atomic fields acting on the electrons within the
material. For fields of sufficiently large amplitude, equation (2.1) may be expressed
as an expansion in powers of the applied field

where %(2) and %0) represent the second and third order nonlinear optical

susceptibility respectively. The second-order susceptibility, j(2), is responsible for
nonlinear interactions such as second harmonic generation (SHG), the linear

electro-optic effect and, central to operation of OPOs, frequency mixing (sum-

frequency generation (SFG) and difference-frequency generation (DFG)). There are

many other interesting phenomena that arise from interactions coupled through the

%(3) susceptibility, such as the Kerr effect [7], two-photon absorption [8] and
Brillouin and Raman scattering [9-11], For the purposes of this chapter discussion

will be limited to the processes coupled through the ^(2) nonlinear susceptibility

only. It is this interaction that is the basis on which the principle of operation of the
ICOPO will be developed.

P = e0Z(1)E (2.1)

P = e0a(1) + Z(2)E + Z(3)E2+...)E (2.2)

10



Chapter 2 Nonlinear Optics & Phase-Matching

2.2-2 Second-order nonlinear interaction

We shall consider the second-order polarisation term of equation (2.2), namely

P = £o*(2)E2 (2.3)

where it is assumed that the P and E vectors lie in the same direction. The

direction along which P and E interact is an arbitrary choice and a general

treatment of the process must include the symmetry relationship between j(2)
and the dielectric medium. Since ^(2) and the linear susceptibility uniquely reflect
the symmetry properties of the medium, this medium must possess a

noncentrosymmetric crystal structure if ^(2) is to have non-vanishing components.
For a free atom the second order susceptibility vanishes due complete inversion

symmetry, once bound within a crystal lattice, the dynamics of the valence
electrons of the atom are influenced by interactions with neighbouring atoms. The

symmetry of the crystal will then dictate the symmetry of j(2) for each member of
the crystal lattice. An example of a crystal structure within which the valence

electrons of the bound atoms have non-vanishing j^(2) components is shown in

figure 1.

Figure 1. Noncentrosymmetric crystal structure (zinc blende)
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Chapter 2 Nonlinear Optics & Phase-Matching

At the heart of every nonlinear optical device there is a material that, through some

asymmetric atomic arrangement or engineered structure, lacks an inversion

symmetry and, in turn, impresses this asymmetry upon the dynamics of its own

polarisation.

We shall first examine the significance of the expansion expressed in equation (2.2)
and in particular the second-order term of equation (2.3). The following analysis
considers the implication of equation (2.2) with respect to the re-radiated field of the

second-order %(2) polarisation. The way in which the asymmetry of the nonlinear
material allows %(1) to maintain non-vanishing components will be discussed once

a clear picture of the frequency-mixing processes involved has emerged.

2.2-3 Frequency mixing via the y 2)interaction

To gain an insight into the physical processes that arise from the nonlinear

polarisation described by equation (2.3) we will consider a superposition of two

optical fields at different frequencies propagating in the z direction through a

nonlinear material. The resultant field is

where kvco1 and &2,£y2 are the wave vectors and angular frequencies of E: and

E2 respectively. Substitution of equation (2.4) into equation (2.3) yields

Equation (2.5) contains all the terms relating to the fundamental processes of

coupled interactions. Examination of these terms shows that the second-order

E = [Et cos(ky - coy) + E2 cos(k2z - co2t)] (2.4)

P = 7 eoZ(2)[E? (cos(2^z ~ 2coy)) + E2 (cos(2k2z - 2co2t))
+2E1E2(cos{(^1 +k2)z-(col +co2)t})

+2E1E2(cos{(^i — k2)z — -co2)t})

+E2 + E2] (2.5)

12



Chapter 2 Nonlinear Optics & Phase-Matching

nonlinear polarisation simultaneously gives rise to frequency components at twice
the frequency of the interacting fields (SHG), the difference-frequency (DFG) and
the sum-frequency (SFG). The two remaining frequency independent terms
describe optical dc rectification across the dielectric medium. The frequency

components of equation (2.5) that fall within the transparency bandwidth of the

material concerned, represent the fundamental processes of %(2) nonlinear optics.
It is the preferential selection of one of these processes, at the expense of the

others, that is one of the primary design criteria of any efficient nonlinear optical
device. Discussion of this selection process - phase-matching - will be examined in
the second half of this chapter.

2.2-4 Magnitude of the x(2) interaction

Before progressing to the coupled wave equations that govern the dynamics of the

frequency conversion processes described by equation (2.5) we must relate the

magnitude of ^(2) to the properties of the nonlinear material. As previously

mentioned, ^(2) reflects the symmetry properties of the crystal medium, thus, any
interaction governed by j(2) will depend on the direction and orientation of the

interacting fields. It is therefore necessary to fully express the tensor property of

by writing the nonlinear polarisation in the form

3(0=ZzS'tyW) M
ijk

where xfk 's a third-rank nonlinear susceptibility tensor and the indices ijk
correspond to the Cartesian components of the interacting fields which, by

convention, are specified in the crystalline piezoelectric axis system (XYZ). The

piezoelectric coefficients of the crystal possess identical symmetry to that of the

xff tensor. As we are confining our discussion to three-wave frequency mixing
processes consideration must be given to the conservation laws of nonlinear
interactions involving the interacting fields. The first, and generally the most

intuitive, is the conservation of energy of the interacting waves

13
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co3=co1 + co2 (2.7)

which describes conservation of energy for the sum-frequency mixing process.

Although essentially intuitive, it should be noted that equation (2.7) implies that no

energy is transferred to the nonlinear medium via higher-order scattering

processes. One consequence of the energy conservation (2.7) and the original

arbitrary choice of the two interacting waves of equation (2.4) is the multitude of

possible frequency components for the j(2) polarisation described by equation

(2.6) (within the material transparency). We may define the field component at

some frequency co by the Fourier relation

where, in addition to the energy conservation of (2.7), two symmetry conditions

have been observed. The first states that for a lossless medium, xfk is invariant
under all permutations of the frequency components hence [2]

X%\-co3,cq2,cqi) = x%(-g)3,covco2) = ~co3) = (2-10)

which ensures that the magnitude of the nonlinear coefficient is independent of

mixing process involved. The second symmetry relation is that of Kleinman [12]

which states that xfk 's invariant under any permutation of the indices ijk and, in a

lossless medium, is independent of the permutation of the frequencies involved.

Thus, knowledge of the magnitude of j(2) allows us to formulate a consistent
model of the second-order nonlinear interaction for all the processes described by

equation (2.5) and for all the frequency components (2.8) that satisfy energy

conservation for the process concerned. Before proceeding with an overview of the

(2.8)

Substitution into equation (2.6) gives

ijk 2
i[(k2+k,-k3)-r] (2.9)
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coupled wave equations that govern the dynamics of the nonlinear interaction in
dielectric media there is one further simplification to make. Rather than express the

full 81 constants of the j(2) tensor, a reduced notation is used. It is customary to

express j(2) in terms of the nonlinear tensor d using the simple relation

Xfk (~«3 ,<»2>®l) = Hjk (-«3. ) (2.11)

The nonlinear tensor dijk is the conventional representation of the nonlinear
coefficient used within nonlinear optics. To simplify notation and taking account of
the previous symmetry permutation conditions outlined above, dijk can be written in
the reduced notation as d- where m takes values from 1 to 6 according to table 1.

(jk) 11 22 33 23 13 12

m 1 2 3 4 5 6

Table 1. Reduced notation indices

This reduces dim to a 3x6 matrix with the following form

dll dl2 dl3 du d15 dl6
d2l d22 d23 du g?25 ^26

V 31 ^32 ^33 ^34 ^35 ^36 J
(2.12)

which operates on the column vector EmEm which, for the case of second harmonic

generation, is given by
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E E =
m m

2EyEt
2EE

2EE
y /

(2.13)

We may now fully express the second-order nonlinear polarisation and relate it to
the material properties of the medium concerned via the d tensor (2.12). For

example, in the case of frequency mixing processes in crystals with point group

symmetry of 42m (the chalcopyrite crystal family illustrated in figure 1) the second-
order nonlinear polarisation has the components

Px =2e0duEyEz (2.14)(a)

Py =2£0duExEz (2.14)(b)

Pz = 2£0dyEEy (2.14)(c)

where, in the case of 42m symmetry, d25 - dl4. While the tensor d fully describes
the second-order nonlinear susceptibility of a given medium, in practice, the
effective magnitude of d is calculated from the projection of the interacting field

polarisation on the crystal axes. In this way, the individual components of d are

scaled and combined to give an effective nonlinear coefficient deff. We may now

express the three fundamental frequency-mixing processes of equation (2.5), in the
form

P(r,£t>3 =col+co2) = 2£0deffE(r,CQ1)E(r,co2) (SFG) (2.15)(a)

P{r,(o2=co3-ax) = 2e0deffE{v,coi)E*{x,co)) (DFG) (2.15)(b)

P(r,2ru1) = e0^2(r,o)1) (SHG) (2.15)(c)
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2.3 Coupled wave equations

The second-order nonlinear polarisation outlined in the preceding sections allows
for the transfer of energy between interacting field components at different

frequencies. We have shown how the ^(2)-coupled processes can give rise to

frequency components at the sum, difference and second harmonic frequency of

interacting field components within a nonlinear medium. The following sections

discuss the mechanism for the transfer of energy between the ^(2)-coupled waves.

It is this energy transfer that is the central aim for the implementation of a nonlinear

optical device such as the OPO, and insight gained from the analysis of this
mechanism will shed light on the methods that must be employed in order to

efficiently exploit the mixing process.

2.3-1 The Maxwell wave equation & nonlinear coupling

The first step is to insert the nonlinear polarisation term (2.6) into the Maxwell wave

equation

—2x3 oE d2E d2PNLV E = ^0ct— + ^e—- + p0—~ (2-16)
dt dt dt

where e = £0(l + J(1)) and is the nonlinear polarisation term. The terms e and
/i are the electric permittivity and magnetic permeabilities of the medium and o is
the coefficient of absorption. For the purpose of this analysis, the higher order terms

of equation (2.2) beyond %{2) are neglected. Equation (2.16) represents the most

general formulisation of wave propagation within a material with a quadratic

nonlinearity. The analytical solution of equation (2.16) is confined to the plane wave

approximation only, an exact solution for Gaussian beam propagation is not

possible. For the parametric generation process, we shall consider the solution of

(2.16) for interacting fields propagating in the z direction with frequencies colt co2

and as follows [13]
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E (z,t) = \EAz)ei^l) + cc

_ 1
2Effl2 (z,0 =

Effl.(z,0 = i

EJz)e

EJz)e

i(a>2t-k2z)

i[o>2t-k3z)

+ CC

+ CC

(2.17)(a)

(2.17)(b)

(2.17)(c)

the sum of these three fields will then give the total instantaneous field Er(z,?)

Er(z,0 = ^EffljfcO (2.18)
i=l

where d)3 =ft)j + £tf2. Since we are considering the plane wave approximation, the
derivatives of the fields in the x and y directions are zero and substitution of

equation (2.18) into the Maxwell wave equation (2.16) gives

dz

dE^
dz

dEnh
dz

---a2Eah+iK2E,ElelAkz

~a*E + iK3E1E2e~iAkz

(2.19) (a)

(2.19)(b)

(2.19)(c)

where

and

a = cr, •^-2-'

2

co, ,

K", =—d
cn;

-ff

(2.20)(a)

(2.20)(b)

Ak = k3 - — k{ (2.21)

here we have made use of the slowly varying envelope approximation [2]

(kdE/dz» d2E/dz2) and sorted the terms into their respective frequency

components.
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Examination of the amplitude terms in equations (2.19) show that the three

interacting fields are coupled through the nonlinear coefficient deff which enables
energy flow from one frequency component to another. This is the fundamental
mechanism of second-order nonlinear optics and by utilising equations (2.19) we

are now able to formulate expressions for the growth in intensity of the interacting
fields covco2 and co3.

Before proceeding with an analysis of the intensity gain for the parametric process

associated with the optical parametric oscillator it is common to introduce the

following field variable

Ai(z) = ,R-Ei(z) (2.22)
V®,

which is proportional to the photon flux at frequency CO;. The coupled wave

equations (2.19) may now be written in terms of this new variable. For the case of a

parametric amplifier with input at the signal (cos) and idler (coj and pumped by a

field at (cop) we have

= iKA (z)A*(z)eiAkz (2.23)(a)
dz

= iicA (z)A*(z)eiAkz (2.23)(b)
dz

//4 (rr\

—^ = iKAi{z)As{z)e-iAkz (2.23)(c)dz

where absorption has been neglected (a, = 0 in (2.19)) and where k is given by

K
deff K®,®,

n n n
p S I

(2.24)

The intensity of a field component with wave amplitude E;(z) may be expressed as
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h = ~eo",c|£;(z)|2 (2.25)

and in terms of the field variable ^.(z)

(2.26)

thus, multiplying each of (2.23) by its respective field variable conjugate A*(z),

A*(z) and A*(z), we can make the observation that, from equation (2.26)

/,/&>, and that the following equations may be formulated

d\Ap(z)\2 d\As(z)\2 r/|A,.(z)[2
dz dz dz

d ro _d fO _ dm
dz dz dz I®J

(2.27)

(2.28)

Equations (2.27) and (2.28) describe the intensity change for the three interacting
waves of the parametric process. They imply that the total intensity is conserved
and that the growth in one field component will be at the expense of another of the

fields coupled through the ^(2) interaction. The direction of power flow is dictated by
the relative phasing of the fields. The derivation of the gain expressions for the

interacting signal and idler fields of an OPO may now be obtained by solving the

coupled wave equations (2.23)(a)&(b). We must first take a more pragmatic view of
the experimental implementation of the OPO. In particular the transverse geometry
of the interacting fields will, in most practical situations, fail to subscribe to the

simple plane-wave theory detailed above. The Gaussian nature of the interacting
fields will set constraints on the transverse spatial overlap of each field component.

Clearly, only where there is a spatial coincidence of the interacting fields within a

nonlinear material will there also be parametric gain. The next section seeks to

outline the modification of the theory so far presented in order to take account of the

focusing parameters involved in the nonlinear process.
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2.4 Focussed Gaussian interactions

In practice, the implementation of a nonlinear optical device will involve the use of
focussed Gaussian beams which may be appropriate modes of a resonant optical

cavity. Clearly, the move from theoretical principles involving infinite plane waves

and interaction mediums of arbitrary dimensions, will have to be assessed. The

development of the plane wave theory above, to include practical focussing
situations and their associated parameters, was undertaken by a number of authors

early on in the development of nonlinear optics [4, 14-17]. Boyd and Kleinman [18]
consolidated this body of work. Their paper details the focussing parameters

required for the optimisation of second harmonic generation and parametric

generation. We shall consider the implications of the finite spatial overlap of the

coupled interacting fields in a particular nonlinear process and outline the
modifications that must be made to the plane wave analysis obtained from the
Maxwell wave equation.

r

Figure 2. Geometry of a Gaussian beam focus with beam radius w0 at the
beam waist z-0. b = 2tcwI/X is termed the confocal parameter of the
beam. Vertical lines indicate the increasing curvature of the wave-fronts

along the direction of the beam.

A clearer picture of the parameters used to characterise a focussed Gaussian beam
is given by figure 2. The region of the beam that extends over the confocal

parameter b is approximately collimated and for the analysis of reference [18] it is
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assumed that wave-front radii are constant over this range. In this near-field limit,
the field expression in the x,y plane is independent of z and reduces to

E(x,y) = E0e-r2/wl (2.29)

where r is perpendicular to the direction of propagation z. The coupled amplitude

equations (2.19) may, then be expressed as

dEm _.2/„.2 _ -r2/„2 .•

dz

dE

e~r2/wf =iKiEpe~r2'w2pE*se~r2/w'eiAkz (2.30)(a)

=iKsEpe~r2/w2pE-e~r2,wfeiAkz (2.30)(b)dz

~~~~ e~'2lw^ = -iKEe~r2,wf Ese~r2/w] e~iAkz (2.30)(c)
dz

where we have assumed that = cr2 = ct3 = 0 for the nonlinear medium (within the

transparency bandwidth of the material). The beam waist w, of the polarisation
distribution created through the mixing of two Gaussian beams at frequencies C0j
and cok with beam waists w. and wk is given by [16]

1 1 1

w,2 W.2
1

1 1
+

1

w2 w2 Wk

1
_ 1 1

— 2 ~ 2 2
Wk Wj W,

(2.31)(a)

(2.31 )(b)

(2.31 )(c)

Using equations (2.31) to define the appropriate beam waists and integrating (2.30)

(a)-(c) over the radial co-ordinate r to calculate the degree of overlap (and hence

coupling) between the interacting fields we have

dE"
= iKigiEpE;e,aKZ (2.32)(a)dz
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dz
■ = iKtgsEpE,e

dE,,

dz
— = iK p E E e

popis

(2.32)(b)

(2.32)(c)

which are identical to equations (2.19) with the exception of the coupling factors gn,

that have the form

Si =

8s =

8V =

[l + (w,2/w;2)]
2

[i+KM2)]
2

[l + (wp2/wp2)\

(2.33)(a)

(2.33)(b)

(2.33)(c)

and now account for the spatial Gaussian overlap of the interacting beams and the

driving polarisations of a given nonlinear process. Common with the introduction of
the field variable A;(z) in the formulisation of equations (2.23)(a)-(c) we now follow
the analysis of Debuisschert et al [19] and formulate equations (2.32) as

da

dz

da

dz

da-

dz

*- - -2?r'a,.(z)as(z)e(-iAfa)

= 2K'a(z)a-(z)e{iMz}

^ = 2K'ap(z)a](z)e (iAkz)

(2.34)(a)

(2.34)(b)

(2.34)(c)

where a; (z) is defined by

ap(z) = i

aXz) =

f 2
npce0ncop
4hco

nsceQnco

p /

2V/2

4hco
E.Xz)

(2.35)(a)

(2.35)(b)
* /
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cct(z) = nice0ncoi
4 tico.

2 A 1/2

KXz) (2.35)(c)

and k' is given by

K' = d,
WWW-TV p,r sTV I

I 2 2 , 2 2, 2 2 \(vv, ws + w, wp + wp w, j
hcOpCQ^
c\nji.t

~|l/2

(2.36)

The integration of equations (2.34)(a)-(c) has been performed [19] by expressing
the fields in powers of z and considering only zeroth-order terms of the fields
concerned to yield

a„(Z) = ap(0)-2C*a,(0)a,(0) (2.37)(a)

a,(Z) = a,(0) + 2C«/7(0)a;(0) (2.37)(b)

«,.(/) = a, (0) + 2£ap (0)«; (0) (2.37)(c)

where I is the interaction length of the nonlinear medium and % is given by

^ = y7sin(Akl/2) emi/2)
(Akl/2)

and the momentum mismatch is

Ak = kp-ks-ki (2.39)

Equations (2.37) describe the amplitude gain of the field components at cop, COs and
C0r Multiplying these equations by their respective complex conjugates will result in

i i2
expressions \a\ that are in terms of photon flows and obey the following

proportional relations

24



Chapter 2 Nonlinear Optics & Phase-Matching

I .2 sin(AW/2)
a, —-——1 ;|

_ (AW/2)

2

(2.40)

Thus the parametric gain of a particular nonlinear process will scale with

sine2 (AW/2) outlining the importance of satisfying the phase-matched condition

which will form the basis of the next section of this chapter.

We have now introduced the salient principles with which the threshold conditions
and gain characteristics of an OPO may be derived. While the formulation of
suitable expressions for the operational parameters of the ICOPO will be briefly
outlined in the next chapter, the main insight to be taken from the preceding

discussion is the sine2 (AW/2) relationship of the parametric gain and also that

Relation (2.42) reminds us that we are always limited by the material properties of
the nonlinear medium chosen and the wavelength range over which the device is
intended to operate. No matter how elegant or sophisticated our device engineering

may be, (2.42) is the bottom-line factor of nonlinear optics and illustrates why
advances in this field often go hand-in-hand with the development of new nonlinear
materials.

kp~ks~ki= 0 (2.41)

(2.42)
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2.5 Phase matching

We have seen from the nonlinear processes described above that, in order to

maintain the energy flow of a particular ^(2)-coupled process, a correctly phased

relationship between the interacting fields must be maintained. For example,

examining equations (2.37) and (2.38) it is clear that the parametric Intensity gain

process scales with

Figure 3. Plot of the function sinc2(A&L/2) describing the output intensity
generated by a parametric process governed by equations (2.37) and

(2.38). The output is a maximum when Ak = 0.

Thus, parametric gain is a maximum for AkL = 0 which is termed the phase-
matched condition. In order to maintain the maximum efficiency for any quadratic
nonlinear process care must be taken to ensure that this condition is satisfied

(2.43)

as shown in figure 3.

-7.nlL 2n/L

Phase mismatch Ak
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throughout the interaction length of the nonlinear medium concerned. For the case

of parametric amplification the phase-matched condition is

where np,ns and are the refractive indices of the pump, signal and idler fields
respectively. Equation (2.45) is key to one of the most attractive technical aspects
of the nonlinear optical parametric process - its tunability. It shows us that the

frequencies of the generated fields at the signal and idler for which the process is
most efficient, depend on the magnitude of the refractive index of the nonlinear

material at the frequencies concerned. Thus, of all the frequency components that

satisfy the conservation of energy condition (2.7) within the transparency bandwidth
of the material concerned, only those that satisfy (or very nearly satisfy) equation

(2.44) build up from the background parametric fluorescence. The phase-matching

process, from the perspective of the physicist trying to implement an optical

parametric device, is essentially concerned with manipulating the refractive indices
of equation (2.45) in order to facilitate the generation of either a specific frequency

component, at 0)s or to,., or a continuously tunable range of frequency components,
for some specific application (preferably one that has a significant financial

advantage as nonlinear optics can be an expensive business).

The question arises: "how are we to impress our will upon the parametric process

and take full advantage of the opportunities that equation (2.45) offers us?" We
have already discussed how the nonlinear coefficients of a material are dependent
on the spatial orientation of the interacting fields within that medium. We have also
drawn upon the observations of Kleinman [12] and have assumed that the values of
these coefficients are independent of frequency as long as the frequencies
concerned are in a lossless region of the material (which also allows us to make a

number of useful assumptions when deriving the coupled wave equations (2.19)).

kP = ks+ki (2.44)

More usefully, (2.44) may be expressed as follows

npcop=nsO)s+nlcoi (2.45)
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An analysis of the material properties of the nonlinear medium will, in general, allow
us to make two useful observations:

1 The refractive indices of the material will depend on the

spatial orientation of the interacting fields (for uniaxial and
biaxial crystals)

2 The refractive indices of the material will be frequency

dependent (due to material dispersion) and may well

possess a significant temperature dependency.

By adjusting the spatial orientation of the interacting fields with respect to the
nonlinear material or through temperature tuning, we can tune the parametric

process by dictating a specific set of refractive indices np,ns and n; for which
AkL = 0 and thus choose a specific ratio for cos and ©;. It is worthy of note that the
effective nonlinear coefficient of the interaction is also a function of the spatial
orientation of the fields and care must be taken to allow for the variation of d.eff as
different phase-matched crystal geometries are explored.

2.5-1 Phase-matching in birefringent crystals

The utilisation of the natural birefringence of a nonlinear material to satisfy the
Ak = 0 phase-matched condition was first demonstrated by Giordmaine [20] and
Maker et al [17]. These experiments observed a greatly enhanced second harmonic

intensity generated for certain propagation directions of a ruby laser pump beam
within a potassium dihydrogen phosphate (KDP) crystal. The direction in which the
enhanced second harmonic intensity was observed, corresponded with an angular
coincidence of the ordinary ruby pump, and extraordinary second harmonic wave

index of refraction surfaces as shown in figure 4 (after Maker et al [17]). What
Giordmaine and Maker et al observed, was a spatial representation of the locus of
directions for which AkL ~ 0 as determined by the material dispersion of KDP. This
work illustrated the practical advantages of utilising the natural birefringence of
nonlinear materials to set AkL~0 for a particular propagation direction. This
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angular phase-matching is only possible if at least one interacting wave has an

extraordinary polarisation and one has an ordinary polarisation. This is illustrated for
the example of Lithium Niobate in figure 5.

2 1 1 1 1
0 0.5 1 1.5 2 2.5

Wavelength (pm)

ANGLE IN DEGREES

Figure 4. Blue light intensity as a function of crystal orientation for KDP.
Maximum output occurs at Q0 = 52° ±2° , <f>0 = 45°. AOB is an arc on the
index of refraction surface for red ordinary rays, COD for blue extraordinary

rays [17],

Figure 5. (a): Refractive index dispersion for ordinary and extraordinary
refractive indices of LiNb03. (b): LiNb03 second harmonic phase matching
scheme with ordinary-polarised pump producing extraordinary-polarised
second harmonic with a phase-matched angle of Qm.
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Figure 5(b) can be visualised by constructing a three-dimensional surface

commonly termed the "index ellipsoid" which, in its most general form, has principal
axes given by

2 2 2

WVl (2-46)
nx ny nz

Here we shall consider the uniaxial crystal Lithium Niobate (LiNb03) of figure 5.

LiNb03 is typical of many birefringent nonlinear materials and thus serves as a good

example for this discussion. As a uniaxial crystal, LiNb03 has an index ellipsoid of
the form

x2 y2 z2
+ 2L +^ = 1 (2.47)

n„ n„ n

where we have made the substitution nx=ny-ng^nz. The three-dimensional
surface of equation (2.47) is represented in figure 6.

Figure 6. Index ellipsoid for LiNb03. The direction of propagation is
indicated by k, with the refractive index of the extraordinary wave

indicated by ne{6 ).
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Figure 6 illustrates a wave propagating through LiNb03 with a wave-vector k at an

angle Qp to the x,y plane of the crystal. The ordinary polarisation of this wave lies
in the x,y plane and experiences a linear refractive index of n0 (as nx =ny =n0)
regardless of the rotation of the k vector around the z axis. The extraordinary

polarisation of this wave will experience a refractive index ne(9p) that is a function
of the angle dp. Thus, by varying the angle 0p we can vary the absolute refractive
index of the extraordinary polarisation. Returning to figure 4(b), we see that at an

angle 6m an extraordinary polarisation at frequency 2(0 will experience the same

refractive index as an ordinary polarisation at frequency CO. This point represents
the phase-matched condition where Ak = 0. It can be seen from figures 5 and 6
that

«.2K)
cos (Gp) sin (Gp)

n ~t~ o

n„ n„
(2.48)

and that the phase-matched angle 9m will be

(ne(2co)) -(n0(2co))

There is an overwhelming variety of birefringent phase-matching schemes. Where a

particular scheme has direct relevance to the work presented in this thesis, the

phase-matched geometry used will be detailed in the relevant experimental chapter

together with an appropriate calculation of the effective nonlinear coefficient. For a
detailed discussion on general birefringent phase-matching geometries see

Dmitriev [21], For now, we shall conclude this section with a discussion of one of
the major practical impediments encountered through the implementation of certain

birefringent phase-matching schemes: walk-off.
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2.5-2 Walk-off

The walk-off effect was encountered early on in the experimental foundations of
nonlinear optics. Originally termed the aperture effect, walk-off was observed in

phase-matched experiments involving nonlinear materials with second harmonic
interaction lengths of up to 10 cm. It was observed that the fundamental and second
harmonic beams became displaced by a few millimetres after propagating through
these long samples. In a paper outlining these observations Boyd et al [15] put
forward a theory which accounted for the deviation of the second harmonic beam

through this aperture effect within a uniaxial sample of Ammonium Dihydrogen

Phosphate (ADP). The process of walk-off for critically phase-matched interactions
in uniaxial crystals is illustrated in figure 7.

Figure 7. The walk-off effect for critically phase-matched birefringent
interactions. At a phase-matched angle of Qm the propagation vector k is
normal to the ordinary index of refraction wave surface, as is the
associated Poynting vector S for this polarisation. For the extraordinary

polarisation, the normal to the wave surface is at an angle a(e) to the

propagation vector k. The Poynting vector for this polarisation S' lies in
the direction of this normal.

In an anisotropic medium, the Poynting vector S associated with a plane wave

propagating along some direction defined by a propagation vector k, is defined by
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S = E xH (2.50)

where E and H are the electric and magnetic field vectors associated with the
wave. The Poynting vector describes the magnitude and direction of the

propagating wave and (2.50) clearly shows that it is normal to the plane containing
E and H. Since S and E are perpendicular, when E and the propagation vector

k are perpendicular (as in an isotropic medium), S and k will lie in the same

direction and power flow will be along the direction of propagation k. In an

anisotropic medium, the wave propagation vector k and E may not, in general, be

perpendicular as k is the normal to the electric displacement vector D where
D = erE and er has a spatial dependence (and is thus non-scalar). Hence, the non-

scalar nature of er (birefringence) allows D and E to lie in different directions for
the extraordinary wave. The implication of this is that k (normal to D) no longer
retains its perpendicular relationship to E which, through equation (2.50) is always
normal to the direction of S, the direction of the power flow. The result being: S and

k lie along different directions and, for a particular phase-matching direction (Qm in

figure 7), the power flow of the extraordinary polarised wave (in this case the
second harmonic) will be away from the direction of propagation along a normal to
the extraordinary wave surface shown by S' in figure 7. The consequence of walk-
off in nonlinear frequency conversion is that the deviation of the interacting waves

can be a limiting factor to efficiency. A good spatial overlap of the interacting fields
is essential, for sufficiently long interaction lengths walk-off can cause the two fields
to diverge outwith the beam diameter of the fundamental field and they will cease to
interact.

From this brief discussion of birefringent phase-matching and its salient features, it
can be seen that there are important design considerations to examine before

implementing a particular phase-matching scheme. Importantly, we must rely on the
inflexible material dispersion properties of the medium concerned in order to

implement a suitable angular phase-matching scheme. This may result in the
interaction efficiency being penalised by prohibitive walk-off effects or a significant
reduction in the effective nonlinear coefficient for the direction involved. Whilst there

are birefringent geometries that minimise walk-off and offer acceptable nonlinear
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coefficients, a more flexible control of phase-matching parameters brings clear

advantages in terms of efficiency and improved bandwidth over which a mixing
scheme may be implemented. One such method that offers a far greater degree of

flexibility than birefringent phase-matching whilst avoiding the penalties associated
with this type of scheme is that of quasi-phase-matching.

2.5-3 Quasi-phase-matching

Determined readers of the pioneering paper of Armstrong et a/ [2], which did much
to set a solid theoretical foundation for the field of nonlinear optics, will find (twenty

pages into the work and after some remarkably long equations) a discussion on the

possible methods of phase-matching. One such method discussed, which has

instigated a minor revolution in nonlinear optics over the last decade, is that of

quasi-phase-matching.

t ««n,
X X X X

— 8
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Fig. 10. Three experimental arrangements to provide phase
correction, if the phase velocities of the fundamental and second
harmonic are not perfectly matched, (a) After a distance &
= r(ki—2ki)~l the crystal is replaced by its inversion image. The
nonlinear susceptibility x<yi changes sign. The linear optical
properties remain the same. This scheme can, of course, also be
used in noncubic piezoelectric crystals, (b) Both fundamental
and second harmonic undergo multiple total reflections in a crystal
of thickness d= (£2— 2k\)~ir cos0. On each reflection E\ and Et
undergo a 180° phase shift, the product E.Ed changes sign, (c)
I he traveling wave at wi pumps the interferometer cavity, which
contains a nonlinear dielectric and is resonant at u2, l=tt\2/
2<(k2—2k\)~iT. The backward harmonic wave does not interact
with the pump. On each forward pass it has the correct phase for
amplification.

Figure 8. Suggestion for three

separate means of quasi-phase-

matching taken from Figure 10 of

Armstrong et al [2], (a) represents
the method of quasi-phase-matching

commonly applied to modern
nonlinear materials where the sign of
the nonlinear coefficient is modulated

every coherence length for the

appropriate phase-matched
interaction.
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Thirty years after the birth of nonlinear optics as a practical field of experimental

research, quasi-phase-matching is driving new interest in, and enabling the design

of, a new range of highly flexible phase-matching geometries. Quasi-phase-
matched (QPM) materials offer four distinct advantages over birefringent materials

1 QPM materials are able to utilise the highest d coefficient of
a nonlinearmaterial (subject to a 2/k scaling factor).

2 The phase-matched scheme is a flexible engineered variable
and is not dictated by the dispersion properties of the
material. It allows interactions that fall outwith the

birefringently phase-matched possibilities of a material to be

investigated.

3 The interacting waves are (in general) polarised along a

principal optical axis of the material and thus walk-off is no

longer a prohibitive factor in the implementation of a particular

phase-matched interaction. Orthogonal QPM polarisations
are also subject to zero walk-off.

4 The common polarisation of the interacting waves allows for

temperature-tuning schemes that are inaccessible to

birefringently phase-matched materials (whereas the

birefringence of a material may change little with temperature,
the individual indices of refraction may show significant

temperature dispersion)

The advent of QPM (or periodically poled (PP)) materials has had a significant

impact on the current state of OPO research. In particular, the once prohibitively

high thresholds of continuous-wave singly resonant OPOs (CWSROs) now

approach the accessible output powers available from conventional continuous-
wave lasers [22, 23], The utilisation of QPM materials in the work presented in this

thesis mirrors the implementation of such materials in a wide range of ^2-based
nonlinear devices in general. We shall see later that the intracavity approach to the
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pumping of SROs utilising these new materials has the significant advantage of a

pump-power flexibility that does not limit the ICSRO to QPM materials with long

(30-50mm) interaction lengths and high (>10pmV~1) effective nonlinear
coefficients. We shall now examine the physical basics of quasi-phase-matched
interactions and the important factors governing the design of phase-matched

regimes for different nonlinear interactions in periodically poled materials.

The best starting point for an insightful discussion on the process of quasi-phase-

matching is to return to the case of perfect phase-matching when Ak = 0, that is

np(CDp)-ns{CDs)-ni(coi) = 0 (2.51)

or for second harmonic generation

n(co)-n(2co) = 0 (2.52)

where we have implemented a birefringent phase-matched scheme involving some

permutation of orthogonal polarisations. Now, considering the case of second
harmonic generation, let us propagate the interacting waves with all polarisation
directions along a common crystal axis. We can see from the typical material

dispersion curves of figure 4 and section 2.5-1 that the material dispersion of the
nonlinear medium will mean that equation (2.52) above no longer holds. Thus, the
second harmonic field propagating through the medium will no longer maintain a

correct phase relationship with the pump field. As the two interacting waves

propagate their phase relationship will deviate until their phase difference is tc. The
distance over which the waves propagate before they become n "out of phase" is
termed the coherence length, I where

(2.53)
4(«(2ft>) - n(ft>))

In terms of second harmonic intensity, the power flow, coupled through the
nonlinear polarisation from the fundamental field at co to the second harmonic field
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at 2co is positive until the propagation distance reaches lc. After this point the

power flow is then from the second harmonic field to the fundamental until, after a
further coherence length, the second-harmonic intensity is reduced to its initial
value. This process continues throughout the interaction length of the nonlinear
medium. Thus, despite the fact that the propagating waves are not phase-matched,
there is still a periodic positive flow of power from the fundamental to the second
harmonic wave. In order to maintain this positive power transfer to the second
harmonic wave we must prevent the phase relationship from increasing beyond k

after the waves have travelled over one coherence length. If, after propagating a

distance lc in the nonlinear medium, the phase relationship between the two waves

is "reset" by some means, then this positive flow of power from the fundamental to
the second harmonic wave would be maintained. This is exactly the suggestion
outlined in figure 8. The way to periodically reset the phase relationship between
the fundamental and the second harmonic wave is to invert the sign of the
nonlinear coefficient every coherence length. The resultant growth in second
harmonic power is illustrated in figure 9(c). In the case of perfect birefringent

phase-matching, the exponential growth in the intensity of the second harmonic is
shown by the trace of figure 9(e). Figure 9(b) shows the cycle of forward and
backward conversion for the non-phase-matched condition. The periodic growth
and decay of the second harmonic intensity is clearly indicated.

By introducing a periodic inversion of the nonlinear coefficient shown by figure 6(a),
the conversion to back-conversion cycle of trace (b) is now transformed to an

average gain in second harmonic intensity (c). As can be seen, the overall build-up
in second harmonic intensity of this first-order QPM process is less than that of the

perfectly phase-matched case of trace (e). We shall see later that this reduction is,
in fact, exactly a factor of 2/7T from the perfectly phase-matched case. Since the
QPM process is less efficient than the perfectly phase-matched case we may ask
the question: "what advantage does a QPM interaction have over a similar
interaction that is birefringently phase-matched?" The answer lies in the ability of a
QPM process to allow the interacting fields to assume polarisation directions along
the crystalographic axis that utilises the highest nonlinear coefficient of the

nonlinear material. Figure 6 takes no account of the fact that the ^(2)-coupling of
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the interacting fields may well be significantly higher for the QPM interaction than
for the birefringently phase-matched one, for which the effective nonlinear
coefficient is a pre-determined function of the utilised phase-matching geometry.
We now have a clear picture of the basic principles that lie at the heart of a QPM

process.
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Figure 9. Growth of second harmonic intensity under different phase-
matched conditions, (a): periodic modulation of the nonlinear coefficient

(b): non-phase-matched second harmonic intensity, (c): QPM growth of
second harmonic intensity under periodic domain inversion described by

(a), (d): approximation to QPM growth assuming a 2/71 reduction of perfect
phase-matched condition (e). (e) Growth of second harmonic under perfect

phase-matched conditions. (lc =coherence length)

It now remains to quantify these principles and to formulate appropriate expressions
from which we may derive suitable phase-matching regimes, and design

appropriate periodic poling schemes for various nonlinear materials.
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2.5-4 Quasi-phase-matching theory

The theory of quasi-phase-matching has been detailed by a number of authors [24-

27] and an overview of the relevant expressions obtained is as follows.

Consider the case of second harmonic generation for which we have

Ak = k20)-2ka (2.54)

For the case of Ak * 0, we can introduce a grating vector Km such that the phase-

matching condition is satisfied as follows

Akm = k2co - 2km - Km=0 (2.55)

where the grating vector results from the periodic inversion of the nonlinear
coefficient as illustrated in figure 6. The expression for Km has been derived [27]
from a Fourier analysis of the periodic grating function. The basis of this method
starts from the premise that the amplitude of the generated frequency components

of a nonlinear process over a distance L may be obtained by integrating the

appropriate equation (2.19)

L

EL=T\d(z)e-iNczdz (2.56)
o

where r = icoiE2/nic and d(z) represents the periodically inverted nonlinear
coefficient. The function d(z) may be represented by a Fourier series as

«)=^Xe/-' (2-57)
m=—<*>.

where, assuming that d(z) is a function periodic in z and with a period A, where

the mth harmonic grating vector of (2.55) is given by
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2mil
(2.58)

From (2.57) and (2.58) we can see that m defines the order of the phase-matched
interaction of (2.55). Further analysis shows that for a process where Ak ~ Km the
mth order interaction dominates [27], In this case, dQ ~ deffGm and the Fourier
coefficient of (2.57) becomes

where D is the duty cycle of the periodic inversion of the nonlinear coefficient with

period A and positive domain length /, and is defined as

For an optimum domain inversion scheme as illustrated in figure 6, the duty cycle
D will be such that the domains invert every coherence length and hence
A = 2/ = 2/c. This allows us to relate the effective quasi-phase-matched nonlinear
coefficient dQ to the actual material value of the nonlinear medium concerned deff.
Thus, for the mth order process

In practice, it is the first order quasi-phase-matched process that is utilised in

practical QPM schemes as this offers the highest effective nonlinear coefficient.
Thus the QPM method can, at best, offer just under two thirds of the effective

nonlinearity of a perfectly phase-matched process. The key to the success of this
method is that every interacting polarisation of the QPM process can access the

highest nonlinear coefficient of a specific medium (for example deff -d^). In most
practical situations, the 2/k penalty is offset by this advantage and dQ is often

2
sin(jDnD) (2.59)

D = —

A
(2.60)
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significantly higher than deff for a birefringently phase-matched scheme. A
consequence of equation (2.59) is that for the optimum duty cycle (D = 1/2) only
odd ordered QPM processes can occur. It should be noted that higher order

processes may well result in a small net gain in intensity for any of the possible j(2)
frequency processes possible for the interacting fields of a nonlinear device. Thus,
for an intracavity OPO pumped at 800nm and with a designed QPM interaction

giving signal and idler wavelengths of 1200nm and 2400nm it will often be possible
to observe a number of other mixing processes with the naked eye. In particular,
sum frequency mixing of the pump and signal wave will give visible output at 480nm
in the blue and second harmonic generation of the signal will produce orange light
at 600nm. This provides an excellent visual indication of when the lengthy process

of cavity alignment for the OPO has been successful and it is worth noting that, as
well as elevating the efficiency and practicality of nonlinear optics for infrared

applications, quasi-phase-matching has also brought a little welcome colour to the

field.

We have outlined the basic principles of phase-matching as applied to a particular
nonlinear process. The advantages of quasi-phase-matched interactions, with high
effective nonlinearities and flexible design parameters have been noted. For many

applications, the long interaction lengths, and high dQ of QPM materials (in
particular periodically poled LiNb03) have placed the traditionally prohibitive
threshold pump powers of a number of nonlinear devices within the reach of

conventional continuous-wave (CW) laser output powers. Of particular note, and
central to the work presented in this thesis, the operation of CW singly-resonant
OPOs (CWSROs) has been brought down from the multi-watt-level pump threshold
domain to the sub-5 watt level. We shall see later that the intracavity pumping

approach is uniquely placed to take full advantage of a wide range of new QPM
materials whilst still remaining a practical option for the pumping of birefringently

phase-matched devices. Before concluding this chapter, one more aspect of the

phase-matching process must be examined, phase-matching acceptance

parameters.
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2.6 Phase-matching acceptance parameters

One consequence of the necessity to phase-match a nonlinear interaction to

provide efficient frequency conversion is that the phase-matching process itself will
determine the frequency bandwidth over which the interacting fields constructively

participate. Clearly, we must decide what is to be considered a "constructive"

participation to a particular nonlinear process. The conventional definition of the

acceptance bandwidth in this case is that for which the phase mismatch Ak varies
over the range -k/L< Ak < 7t/L. Thus, for a particular phase-matching scheme we

can formulate expressions for the acceptance parameters of temperature, angle
and input wavelength for a specified nonlinear process. The problem of acceptance

parameters in nonlinear optical process has been investigated by Barnes &
Corcoran [28] and the following brief overview reflects their analysis.

We shall consider the wavelength acceptance bandwidth for a collinear

birefringently phase-matched interaction. With very few exceptions, the acceptance
bandwidth for a particular phase-matched process is evaluated around the perfectly

phase-matched condition. The function of Ak may be expanded as a Taylor series
about the point Ak0

dAk
Ak = Ak0 +— M i a2ak8)L +

2 aA, '
(5A;2 + ... (2.62)

^i-pm

where for the case of perfect phase-matching, Ak0 = 0 and A,- is the value of A;
at Ak = Ak0. Taking the definition of acceptance bandwidth -n/L<Ak<7t/L and

setting AkQ = 0 for a bandwidth around the phase-matched condition, we have

dAk

dA;
„ i a2ak8A, +

2 dA;
8Ai2+... =±- (2.63)

x LA" i-pm

the full expression for the phase mismatch Ak in terms of the interacting

wavelengths is
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Ak = In nP^p) 'h(K) ftA)
A„ A.. A;

(2.64)

where the subscripts p, s and i refer to the pump, signal and idler fields

respectively. The functional dependence of the indices of refraction of these waves

has been indicated, as it is the derivative of these indices which will determine the

resultant bandwidth. Recalling the energy conservation relation

J___L J_
Tip Xs A;

(2.65)

and noting that the full bandwidth, from (2.63) is given by

AA,. = 2<5A; (2.66)

the first derivative with respect to the pump wavelength will be

dAk

3A~
= 2n ^p(Tip)

5A„
1 np(Xp) dns(A,)

,3 A2 3A.
K , n,q.)

1 A2D A2X, P P

(2.67)

with the first derivative of (2.62) dominating the acceptance bandwidth in the

overwhelming number of cases. Equation (2.67) may be used to express the

wavelength acceptance bandwidth using (2.63) and (2.66) resulting in the following

expression

H-i aA„
1 np(\) dns(Xs)
A.. A2 3A.

K . ns(K)
K K

(2.68)

Let us take as an example, the pump acceptance bandwidth of the nonlinear
material KTA pumped at 810nm as described in chapter 4. The sellmeier equations

governing the refractive indices of KTA are given by Fenimore etaI [29] as follows
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/lx(A) = ll .90713 + L23522 — -0.01025A2
1-

0.19692

A J

*y(A) = 2.15912 + 1,Q0Q" -0.01096A2
1- 0.21844^

A J
n(A)= 12.14786 + 1,29559—r-0.01436A2

1 f 0.22719Y

(2.69)(a)

(2.69)(b)

(2.69)(c)

where A is in |jm. To calculate the appropriate wavelength parameters at A& = 0
we may solve equation (2.64) for pump, signal and idler polarisations along y, y,

and z axes respectively (for collinear pumping along the x-axis) by using (2.65)
and the sellmeier equations (2.69)(b)&(c) (setting Ak-0, Ap = 0.810fim). The
phase-matched signal and idler wavelengths calculated by this method are 1.156

pm and 2.707 pm respectively. Substitution of the pump and calculated signal

wavelengths into (2.68) for a crystal interaction length of 11mm gives a pump

acceptance bandwidth AAp = l.lnm. This is the maximum bandwidth of an input
pump field that will contribute constructively to the nonlinear process for a phase
mismatch range of -tc/L< Ak<Jt/L. Clearly, further narrowing of the pump

bandwidth will have an advantageous effect on efficiency as the wavelength
extremes of the phase mismatch range provide a less efficient contribution than the
central wavelength for which Ak = 0. Similar acceptance parameters may be
calculated for the temperature acceptance bandwidth of a process. The appropriate

expression is given by

AT = —

L

1 dnp 1 dns 1 dni
K DT T A, dT T A,. dT T

(2.70)

Temperature derivatives have been measured for many nonlinear materials and are

comprehensively documented by Dmitriev [21]. Angular acceptance bandwidths

may also be calculated in the same manner [28],
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2.6-1 Acceptance parameters for QPM materials

We have already seen that the QPM process provides additional flexibility to the

phase-matching process by adding a further user-engineered parameter to the

phase-mismatch expression as follows

Akm = kP ~ K - K
2mn

(2.71)

where A is the grating period for the QPM material. Clearly, A is independent of

wavelength thus any derivative with respect to this parameter will be zero and the

expression for the pump acceptance bandwidth will assume the same form as that
for the birefringent material given by

AA = -
' L

dnp(Xp) 1 n (X ) dns(K)
XI dX.

Xs ns(Xs)
a. K K

-1

(2.72)

There is one important difference between the absolute value of the pump

acceptance bandwidth of the QPM material and that of the birefringently phase-
matched case. In the vast majority of cases, the interacting fields will be polarised

along one crystal axis only for the QPM process, this will lead to the values of
n (X) and rts(X) in (2.72) being derived from only one sellmeier equation (for poled
KTA (PPKTA) this will be nz(X)). Thus, from (2.69)(c) and (2.72), the QPM pump

acceptance bandwidth of KTA has a value of AXp=1.3nm compared to
AA =1.7nm for the birefringently phase-matched case. As before, it is also

possible to obtain expressions for the temperature, and angular acceptance
bandwidths of QPM materials. In the case of temperature acceptance bandwidth,
the grating period may well be a function of temperature as the material thermally

expands. Thus an additional term must be added to equation (2.70) to give
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A7QPM ~~

1 3/1

Ap dT
1 3/1.,
A, 3T

1 3/i,
A; 3r

3 71
- m—I —

-l

3TVA
(2.73)

Where the term

±(L
3rU (2.74)

must be calculated from knowledge of the thermal expansion coefficient of the
material concerned. The angular acceptance bandwidth of a QPM material is
obtained from analysis that is significantly more involved than that for the

birefringent case [27], The angular shift of apparent grating period must be
accounted for as well as the angular dependence of the indices of refraction. For
most cases, the high effective nonlinearity of QPM materials will mean that, in

practice, tight focussing conditions are rarely used and the interaction propagation
constants kj may be assumed to lie along a common direction.
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2.7 Chapter 2 summary

Chapter 2 has served as an introduction to the field of nonlinear optics and has

provided an overview of the process of phase-matching which is a fundamental

design parameter in any nonlinear frequency conversion process. The concepts
that have been outlined are applicable to a very broad range of nonlinear optical
devices and it has not been the purpose of this chapter to provide an in-depth

insight into any one particular device. This thesis presents the experimental

analysis of one particular device: the continuous-wave intracavity singly-resonant

optical parametric oscillator (ICSRO). The second-order nonlinearity discussed

above has little regard as to which process it will favour. It is the physicist that must,

through judicious choice of materials and cavity geometries, engineer a scheme of

operation that will encourage one of the many %(2) processes to dominate. In this

way, the parameters that will allow efficient transformation of coherent laser light
from one frequency domain to another may be explored. The next chapter serves to
detail the design parameters of the ICSRO. Cavity geometry, laser source and
mode of operation will all be outlined. Reference will be made to many of the

concepts introduced in chapter 2 and these will be utilised to provide a clear
framework for the analysis of the experimental observations of later chapters.
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3. ICSRO Implementation

3.1 Introduction

This chapter introduces the design concepts of the continuous wave intracavitysingly resonant optical parametric oscillator. The pump laser source, cavity

design and utilised nonlinear materials will be discussed, with emphasis placed on

the practical implementation of the devices described in the latter part of this thesis.
To conclude, the operational characteristics of the ICSRO as predicted by a simple

theory will be analysed and the significant conclusions of this analysis will be

presented.

3.2 Pump laser source

The choice of a Ti:Sapphire laser for the pump source of the first ICSRO [1] was
based primarily on the tunability of this laser material. The original device was based
on a non-critically phase-matched KTiOP04 (KTP) nonlinear crystal, a material
which may be angle-tuned for certain other birefringent geometries. The first, and
most intuitive, design factor for an intracavity-pumped nonlinear material is that, as
an integral part of the laser cavity, misalignment of the nonlinear medium will cause
a subsequent misalignment of the laser cavity. The consequence of any attempt to

angle-tune such a nonlinear device will be that the laser will, in most practical cases,
cease to operate. The resolution of this problem involves the implementation of

complicated servo controlled mirrors or expensive spherically-polished nonlinear
materials with the added drawback that critically phase-matched geometry will
introduce Poynting-vector walk-off which results in a reduction in nonlinear gain and
hence substantial increase in oscillation threshold. In the absence of practical
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temperature-tunability of KTP another method of tuning a device based on this

material, and other non-critically phase-matched materials, is to tune the pump

source. If the material dispersion of KTP assigns a particular signal and idler ratio for
the parametric mixing process C0s/(0i where from the conservation of energy we

have

cop=Q)s+(Oi (3.1)

then the tuning of the pump frequency cop will cause a subsequent tuning of the
signal and idler frequencies. To obtain a widely tunable device it is necessary to

tune the pump laser over as broad a range as possible. The Ti:Sapphire laser is one

such tunable pump laser source.

3.2-1 Ti.Sapphire material characteristics

Titanium-doped Sapphire (Ti:Al203) is a well-known tunable laser material. Since
the first observation of laser action in Ti:Al203 by Moulton in 1982 [2], the material
has been extensively characterised [3-8]. Among the many desirable characteristics
of Ti:Al203, its good thermal conductivity, large gain cross-section and high

damage threshold make it an ideal laser medium for high-power CW laser

applications.

WAVELENGTH (nm) WAVELENGTH (pm)
(a) (b)

Figure 1. (a) Absorption coefficient of Ti:AI203 with light parallel (n) or

perpendicular (o) to the crystal c axis (after Sanchez et al [8]). (b) Emission

cross section of Ti:AI203 (after Eggleston et al [9]).
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Strong coupling between the Ti3+ ions in the sapphire lattice causes

characteristically broad vibronic absorption and emission bands for the material,
which makes Ti:Al203 one of the most widely tunable laser materials available.

Figure 1 shows the absorption coefficient and emission cross-section spectra of

Ti:Al203. The spectral range of the absorption coefficient (figure 1(a) after
Sanchez et al [8]) covers a useful pump range exceeding 100nm. The peak of the

^-polarised absorption is centred at 500nm which makes this material ideal for

pumping with argon-ion, or frequency doubled Nd-based lasers. The emission
cross-section spectra (figure 1(b) after Eggleston et al [9]) illustrates the broad

tunability of Ti:Al203. The two curves of figure 1(b) are fitted distributions obtained
from experimental observations of the fluorescence spectra of the material. Laser

operation is readily obtained at room temperature if care is taken to remove excess

thermal load on the material with a suitable cooling scheme. The importance of

cooling is illustrated in figure 2, this graph shows the temperature dependence of the

upper-state lifetime, t , for Ti:Al203.

Figure 2. Temperature dependence of upper-state lifetime for Ti:Al203 (after
Albers et al [4]).

It can be seen from figure 2 that the lifetime is essentially independent of

temperature from the low-temperature limit up to approximately 200K with

rp =3.85/is. At room temperature, rp falls rapidly and at 400K it is roughly 30% of
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its initial low-temperature value. Thus, a fundamental design parameter of any

Ti:Sapphire laser based system will be adequate cooling of the laser crystal, as the
threshold pump power of the laser is inversely proportional to the upper-state
lifetime. Whilst the pump and fluorescence bands of Ti:Al203 are well spaced, the
material can suffer from residual absorption at the lasing wavelength, which has

been attributed to the presence of quadruply ionised 774+ ions [7]. This has led to a

common convention for assigning a figure of merit (FOM) for Ti:Al203 defined as

the ratio of the absorption coefficient at the peak of the absorption band (at about

490nm) to the absorption coefficient at the peak of the laser gain (at about 800nm).

Early samples of the material had FOM values as low as 5, whilst advances in

crystal growth and annealing methods have pushed this to values of 250 or more for
modern commercial samples.

3.2-2 Cavity geometry, design and stability

In order to implement the intracavity OPO, a suitable cavity geometry must be

designed such that two separate foci are established for the resonant laser mode
within the laser gain medium and the nonlinear gain medium. The resonant cavity
must also present as little loss as possible to the laser field in order to optimise

efficiency. A general rule is that the more optical surfaces a cavity contains, the

greater is the loss incurred for each round trip and the more technically challenging
the optical alignment becomes. There must be a compromise between cavity

simplicity and practicality once the critical spot-size specifications for efficient laser
and OPO operation have been satisfied. The geometry utilised must also allow the
further implementation of a stable high-finesse singly-resonant OPO cavity with

good spatial overlap of resonant pump and signal (or idler) modes. A further design
consideration is the choice of standing-wave or travelling-wave (ring) cavity. The
choice of which of these two configurations should be implemented will depend on

the frequency characteristics required of the output fields. While technically

challenging to align, the ring geometry allows problems associated with spatial hole

burning to be avoided and is commonly utilised to obtain single-frequency laser

operation [10]. The utilisation of a ring cavity design and the consequent single

longitudinal mode (SLM) operation of the laser, allows for the SLM operation of both
the signal and idler modes of the OPO as the singly-resonant field commonly
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operates on one mode only [1], The standing-wave laser cavity configuration is
much simpler to align and does not require the utilisation of lossy intracavity uni¬
directional devices. Whilst the ultimate aim of any ideal laser source is SLM

operation at all wavelengths, for the majority of the work presented in this thesis, the

simple standing-wave cavity is utilised. This approach is undertaken from the

viewpoint that the insight gained from devices based on this technically simpler

cavity, will allow a more informed progress towards the design of ICSROs utilising

ring cavity geometries. Thus, for the following analysis, cavity design will be limited
to the standing-wave resonator.

The Ti:Sapphire laser used for the vast majority of the experimental research is a

modified Schwartz Electro-Optics (SEO) Titan laser [11], the basic standing-wave

configuration of which is shown in figure 3.

Figure 3. Standing wave configuration of SEO Titan laser. BRF is a 3-plate

birefringent filter. WP indicates a half-wave plate. L1 is a focusing lens for the

input pump beam. M1-4 are the cavity mirrors.

The cavity of figure 3 is a common four-mirror standing-wave "bow-tie"

configuration. The Ti:Sapphire crystal is a Brewster-cut rhomb which is placed at the
centre of the intracavity focus of the resonator between two 100mm radius of
curvature (ROC) mirrors, M2 & M3. Astigmatism introduced by the Brewster-cut

crystal is compensated by the fold half-angle 6 of these mirrors according to [12]

Green Laser Pump Source

WP LI M2 M3
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RsinOtanO =——7-^ (3-2)
n

where R is the ROC of the fold mirror, n is the refractive index of Ti:Sapphire and

L is the length of the crystal. The cavity stability and focussing parameters of the
resonator may be analysed through the ABCD matrix method [13, 14]. The cavity

configuration of figure 3 has been analysed previously by Kane [15] with reference
to the optimisation of the focussing geometry. This analysis may be extended to

investigate the spot sizes and stability characteristics of a modified two-foci
resonator based on the commercial SEO laser, a similar analysis has also been

performed for a ring-resonator containing two coupled foci [16]. There are a number
of options for the modification of the SEO laser cavity. Three practical possibilities
are illustrated in figures 4, 5 and 6.

Figure 4. Modified cavity design incorporating a second intracavity focus
located at the centre of the nonlinear crystal and utilising a further curved
mirror arrangement. Dotted line represents the resonant signal field. BS
indicates a beam-splitter specified highly reflecting (HR) at the signal and

highly transmitting (HT) at the pump wavelength. Resonant signal field is
shown by dotted line.
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M2 M3

Figure 5. Cavity design incorporating an intracavity lens L1, and utilising one

less surface for the signal cavity configuration compared to figure 4. Resonant

signal field is shown by dotted line.

M2 M3

Figure 6. Cavity design with the implementation of the simplest signal cavity

configuration (with the exception of monolithic cavity designs). Resonant

signal field is shown by dotted line. Here the beam-splitter optic (BS) is a

curved zero-powermeniscus lens. L1 is an intracavity pump-focusing lens.
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There are merits and also drawbacks with each of the cavity designs of figures 4-6.
Each design is able to satisfy the stability and focussing requirements of the ICOPO,

whilst, to a greater or lesser degree, accommodating further design requirements
such as the ability to include a temperature-controlled oven around the nonlinear

crystal or to minimise signal cavity losses. The design most commonly used for the

experimental work presented in this thesis is that of figure 4. It should be noted that
this design involves the greatest round-trip loss for the signal field as it requires the
most number of surfaces to be used of the three arrangements. In practice, this

design has proved to be the simplest to align and was readily constructed from

optics purchased at the start of the experimental study. Despite the greater loss in
the cavity, and hence reduced efficiency, the advantages of having an extended
collimated signal branch (BS to mirror M7) outweigh this penalty for robust practical

investigation of the device. The access it provides for inserting components into the

signal cavity without effecting the pump field, ease of alignment and easily
substituted end mirror M7 (the majority of the output-coupling optics used have been

plane mirrors) makes this cavity the most flexible of the three for characterisation

purposes. The exception arises when an oven is inserted around the nonlinear

crystal. In this case, increasing the fold-angle of mirrors M5 and M6 to

accommodate an oven introduces a prohibitively large amount of astigmatism to be
a practical option. In this case the geometry illustrated in figure 5 is most practical,

indeed, the temperature tuning data of the devices presented in the later chapters of
this thesis have often been obtained with this cavity design. The design illustrated in

figure 6 has yet to be implemented as a device. The benefits of this design are not

only the reduced round-trip loss of the signal field, the simplicity is also attractive.
The section of cavity extending from lens L1 to mirror M4 in figure 6 is optically

equivalent to a plane output coupler from the perspective of the laser. It is evident
that such a design encompasses the possibility of a modular "add-on" ICOPO for

existing Ti:Sapphire lasers. Further discussions of this geometry are found in the

concluding chapter of this thesis.

We have introduced the standing-wave cavity utilised for the experimental

implementation of the ICOPO devices presented in this thesis. Illustrations of three

separate cavity designs have been briefly discussed with the intention of highlighting
the driving factors of simplicity, ease of alignment and experimental versatility upon
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which the choice of cavity design has been made. Deviations from this basic design
and progress towards alternative technical implementations of the ICOPO will be
discussed in the appropriate experimental chapters. For the present section, we

shall proceed to analyse the cavities (pump and signal) of figure 4 through the
ABCD matrix approach. This methodology may then be extended and modified for
alternative cavity geometries.

3.2-3 ABCD matrix analysis of laser and OPO cavities

The ABCD matrix analysis of resonant laser cavities is an integral part of laser and
OPO device design [13-15], Through this analysis, spot sizes, stability ranges and

sensitivity to thermal-lensing characteristics may be explored and appropriate

design parameters can be identified. The flexibility of this analysis lies in the fact that
each element of a laser cavity may be represented by a four-element matrix. The

propagation of a resonant Gaussian mode through the cavity elements may be

explored through consecutive matrix-multiplication to obtain suitable stability and
mode parameters for one round-trip of the laser cavity. In this approach, each

focussing element of the round-trip cavity (mirrors M2,M3,M5 & M6 in figure 4) is

represented by a lens as shown in figure 7.

► ► !<
D2 ! LX1 D3

(a)
M2 M3

M6
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Figure 7. Dual-focus laser cavity parameters for ABCD analysis (a) and

expanded cavity model for one round-trip with each focussing element (b).
Mirror M4 does not feature in the analysis as the total distance D4+D5 is
considered between M3 & M5.

Each of the components and free-space elements of figure 7(b) may be represented

by a separate ABCD matrix [14], Due to the astigmatic nature of the cavity, a

separate analysis must be made for the sagittal and tangential planes of the cavity
where stability criteria must be satisfied for both planes of the cavity to support a

stable resonant mode. The appropriate ABCD matrix representations are given in
table 1.

ABCD Element Sagittal Plane Tangential Plane

(I d\

( 1 0>
~1

1
KfcosQ ,

Free Space

Lens

n

0 1v

f 1 0>1-cost?

V / 7

60



Chapter 3 ICSRO Implementation

{ |
r~n~7

1 d/n
0 1

1 d/n
0

3A

Brewster Rod

d
) j

Plane Crystal

r\ d/rC 1 d/n
v0 1 ,

Table 1. ABCD ray transfer matrices for the optical elements illustrated in

figure 7(b). For the lens matrix, R indicates the radius of curvature of the
mirror represented by the element and 6 is the fold half-angle of the mirror

given by equation (3.2).

The sagittal and tangential ray transfer matrices for the round trip cavity of figure 7

may be calculated by successive multiplication of matrix elements encountered for
each plane. The combined product of each ABCD matrix element over one round

trip will yield an overall ABCD matrix for the cavity of the form

M. =
A B"

C D,
(33)(a)

(A BM=\' CD
(3.3)(b)

Jt

where the subscripts s and t refer to the sagittal and tangential matrices

respectively. The analysis involves the complex Gaussian beam parameter q which
is given by

I-_L_ •

q~ K
A

7TW~
(3.4)
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where Rw is the wavefront curvature of the resonant cavity mode and w and A are

the mode radius and wavelength respectivly. This complex parameter is related to

the round-trip ABCD matrices (3.3)(a)&(b) through the expression

^<> =77^ <35)Cq(z1) + D

which satisfies the condition that the cavity mode must be self-consistent and repeat
itself after one round-trip of the cavity from position zv Thus, by analysing a

particular cavity geometry, identifying the appropriate matrix elements and

evaluating the resulting round-trip matrix, the parameters of the beam may be
calculated at the starting position zx using (3.4) and (3.5). For a particular cavity to

support a stable mode with real solutions the following expression must be satisfied

< 1 (3.6)

For any cavity geometry satisfying (3.6) the mode radius at the input plane is given

by

i

\B\X I I I2
W = T~H (3.7)

n "yi-(A + D)2/4

The laser cavity of figure 7 may be analysed using this matrix method. The stability

ranges and spot sizes at the foci are readily calculated for various separations and
radii of curvature of mirrors M5 and M6. The separation of mirrors M2 and M3
remains fixed as this has been optimised for the Ti:Sapphire rod length and primary

(green) laser pump focusing geometry of the commercial laser used. The analysis of
the cavity mode and stability parameters of the OPO cavity is identical to that of the
laser cavity with the appropriate parameters of shared components (mirrors M5 &
M6 of figures 7 & 8) included as appropriate. Spot sizes for the resonant signal field

may be calculated for the cavity illustrated in figure 8, where mirrors M5 & M6 are

the common laser - OPO mirrors (see figure 4). The nature of this cavity
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arrangement, with shared focussing optics, requires that the chosen mirror ROC and
separation must satisfy the stability and focusing requirements of both cavities. The

only independent design parameters are the length of the section D1+D2 and the
ROC of mirror M7 for the signal cavity of figure 8. In practice, it is seldom that there
are suitable ranges of ROC for the high-specification optics required for

implementing the high-finesse cavities used for these devices. This means that in

general, the only true degree of freedom (that can be employed quickly and

practically) for independent adjustment of the signal cavity parameters is that of

adjusting distance D1+D2.

(a)

(b)

M7 M5 OPO
n

M6 OPO
A

VI

a

—►«-

M5
n

u

-*■<—

M7

«—► «—

D1+D2 D3 LX2 DA DA LX2 D3 D2+D1

Figure 8. Cavity geometry for the signal field showing shared optics M5 & M6
common to the cavity of figure 7 (a). Expanded round-trip cavity for ABCD

analysis of the mode and stability parameters (b).
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Diagrams illustrating the form of the stable cavity eigenmodes within the cavities of

figures 7 and 8 are shown below for optimum cavity parameters. These optimum

parameters are given in table 2.

1750

£
=t
VI
23

X3
ro
*

01
T3
O
£
>s

'>
rs
U

1500 -

1250 -

1000 -

750 -

500 -

250 -

Tangential
Sagittal

Ti:Sapphire
Crystal

0 0.5 1 1.5 2

Distance from mirror M1 (m)

Figure 9. Eigenmode structure for the Ti:Sapphire laser cavity illustrated in

figure 7(a). Appropriate optimum cavity parameters are given in table 2. Pump
mode wavelength is 810 nm.

1500

0.2 0.4 0.6 0.8

Distance from mirror M7 (m)

Figure 10. Eigenmode structure for the OPO cavity illustrated in figure 8(a).

Cavity parameters are given in table 3. Signal mode wavelength is 1200 nm.
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Figures 9 and 10 illustrate the mode structure of the laser and OPO cavities under

optimum component spacing. The optimisation of the cavity design is dependent on
several critical design goals. The first, and most obvious, of these is that both
cavities must support stable eigenmodes. Preference is given to cavity component

spacing that supports eigenmodes suitably removed from the edge of the stability
criterion of equation (3.6). Clearly, when |A + Z)|/2 = 1 but still stable, any small

perturbation of the cavity through thermal effects may cause one or both of the

cavities to become unstable. The designer of an ICOPO based on Nd+- laser
materials [17] must pay particular attention to this point as the common crystal hosts
of this ion are particularly susceptible to thermal lensing effects which must be
accounted for using suitable ABCD matrix elements in the design stage. In the
context of Ti:Sapphire laser cavity design, a similar approach is required for

modelling high peak-power mode locked cavities where thermal lensing must be

accounted for as well as further ^(3) Kerr-lens effects [18]. Another substantial

problem of working close to the stability range of the resonant cavity is that mode
sizes within the cavity begin to rapidly change with small changes in cavity length.
For applications within nonlinear optics, where the efficiency of the processes

involved rapidly scale with pump intensity, rapid changes in focused mode size are

to be avoided.

Ti:Sapphire Laser Cavity Parameters

Mirror ROC (mm) Angle (Deg) Separation Distance (mm)
M1 CO N/A D1 645.0
M2 100 9.8 D2 48.7

LX1 7.6
M3 100 9.8 D3 48.7
M4 OO N/A D4 700.0

D5 786.0
M5 200 2 D6 98.8

LX2 11.5
M6 200 2 D7 198.4

Table 2. Ti:Sapphire laser cavity parameters from figure 7(a).
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OPO Cavity Parameters

Mirror ROC (mm) Angle (Deg) Separation Distance (mm)
M7 oo N/A D1 200.0

D2 376.0
M5 200 2 D3 98.8

LX2 11.5
M6 200 2 D4 198.4

Table 3. OPO Cavity parameters from figure 8(a).

As previously mentioned, the laser used in the majority of the experimental work of
this thesis is a modified commercial Ti:Sapphire Titan laser [11], Thus, the

optimisation of the Ti:Sapphire crystal length and fold mirror separation has already
been undertaken and the optics involved are rigidly embedded on a purpose-built
mount with very little scope for manipulation. This may be regarded as something of
a blessing as the resultant laser cavity is well engineered and shows excellent

stability characteristics. This, in general, makes the modification of the cavity to

support a further intracavity focus (between M5 & M6 of figure 7(a)) simpler in that
the modification itself should closely maintain the original cavity parameters at the
centre of the Ti:Sapphire crystal. It is then a matter of trying to match a suitable spot
size at the secondary intracavity focus to the intended length of the nonlinear
material to be utilised. There are two adjustable variables that may be utilised to
achieve this: the radius of curvature of the focussing mirrors and the separation of

these, and other components within the cavity. The most pragmatic and useful view
is that only one of these variables is continuous, the component spacing. It is

prohibitively expensive to specify high-finesse multi-band optical coatings on every

radius of curvature that may be useful in obtaining the exact spot size required.
Standard optical substrates often increase in radius of curvature in steps of 10 to 50
mm and due to this factor the majority of experimental OPO and laser devices are

found to contain optics that have radii in multiples of 25 or 50 mm. The optics used
in the design and implementation of every device presented in this work are either

plane, 50, 100, 150 or 200 mm ROC. This places the optimisation of spot size in its
correct context. The methodology involves choosing the nearest ROC for the

required pump spot and then optimising the focusing mirror separation of the

secondary intracavity focus until the correct spot is obtained at the centre of the
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Ti:Sapphire crystal. The mirror separation obtained is then used to model the

separate OPO cavity to ensure that it can support a resonant signal mode and is

reasonably within the stability range criterion (3.6).

ABCD analysis of the two resonant cavities shows that the stability ranges of the
Laser and OPO cavities overlap over a displacement range of approximately 4mm
for the mirror separation of M5 and M6. Over this range the pump and signal waist
radii vary by as much as 50% from their optimum values shown in table 4 for the

cavity component spacing of tables 2 and 3.

Waist Radii (pm) @ M5-M6

Waist Sagittal Tangential

Laser 35 32

OPO 54 55

Table 4. Resonant Laser and OPO waist radii between mirrors M5 and M6 for

the cavity spacing of tables 2 & 3.

The waist radii at the pump wavelength correspond to a confocal parameter

b ~ 9mm (where b = 2nw] /A) for a nonlinear crystal of length 11.5 mm (as utilised
in the device of chapter 4). Optimum focussing conditions occur for pump focussing

parameters l/b>\ [19] and thus, the cavity arrangement described above is a

sound basis for initial characterisation of the ICOPO. It should be re-affirmed that

that particular cavity chosen here is one that provides the most flexibility in terms of

simple alignment and ease of characterisation. The cavities of figures 5 and 6 de¬

couple the pump and signal focussing as the pump focus is maintained with a single
lens. This factor provides a far broader scope for signal and pump waist optimisation
for these geometries which makes both cavities attractive options for devices with

tight design requirements in terms of efficiency and power-scaling. The details of

specific cavity designs will be given in the appropriate experimental chapters. The
discussion of Ti:Sapphire laser design will now address the issue of line-narrowing
and tuning.
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3.2-4 Tuning the Ti:Sapphire laser

The large gain bandwidth of Ti: A1203 results in a broad spectral output under free-

running conditions. In practice, this broad output (usually a function of both the gain
bandwidth and appropriate mirror reflectivities) falls outwith the acceptance
bandwidth of most parametric processes by over an order of magnitude. As a

homogeneously-broadened laser medium, Ti:Al203 will naturally lase at the centre

of the transition gain-bandwidth within a given mirror bandwidth. In order to narrow

the laser output and provide frequency selectivity within the gain bandwidth a tuning
mechanism is required that will suppress laser oscillation on all but one mode. This
mechanism must present as little loss as possible to the selected mode and ideally

provide continuous tuning of this mode over the entire gain bandwidth (some 150

nm). The device most commonly used to satisfy these two conditions is the

intracavity birefringent-plate tuner as described by Bloom [20], The principle of this
mechanism is that the natural spectral dispersion of a birefringent material

(commonly crystal quartz) may be utilised to resolve the polarised laser mode along
two orthogonal directions within a birefringent plate. The plate is inserted internally
to the laser cavity at Brewster's angle for the polarised laser mode (see figure 3) and
rotated about the axis of the beam to access different phase-retardations for the

orthogonal modes resolved in the axis of the plate. In general, the resultant mode
will be elliptical and suffer loss at further Brewster surfaces within the cavity. As the

phase-retardation, and hence the ellipticity, of the mode will be a function of

wavelength (due to dispersion) the Brewster plate may be designed as a

wavelength-tunable filter. A common three-plate birefringent filter (BRF) is illustrated
in figure 11. The band-pass characteristic of the filter shown may be analysed using
Jones-matrix analysis as undertaken by Preuss and Gole [21] although care should
be taken to use the appendix of the paper for the correct analytic expressions [22],
To a good approximation, the transmitted field amplitude Et of one of the

birefringent plates illustrated in figure 11 may be given by [21]

Et(6,<l>) = (n20 -cos2(</>)cos2(0)) 1 x...
,..[exp(/<5g(0,</>))n2 sin2(0) + exp(/<5o(0,0))(n2 -cos2(0))cos2(0)] (3.8)
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where

5e{d,<t>) =
2rent

1 +
cos2(0)cos2(0) cos2 (0) cos2 (0)

n„ n„

1- cos2(0)sin2(</>) cos2(0)cos2(</>)
n„

(3-9)

5Mo) =
2TrnJ

X
1- cos2(0)

n„

(3.10)

ne and n0 are the extraordinary and ordinary refractive indices of the birefringent

plate, t is the thickness, X is the wavelength, (j) is the angle of rotation around the

crystal axis and 0 is the angle between the incident ray and the plate surface

(d = 7t/2-dB).

Figure 11. Three-stage intracavity birefringent filter (BRF) inserted at
Brewster's angle 0B. Et and Ex are the incident and transmitted field
amplitudes respectively, (p is the rotation angle of the plate about the plate
axis.
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A plot of the spectral transmission characteristic of the 3-plate filter of figure 11 may

be calculated from equations (3.8), (3.9) and (3.10) using Sellmeier data for quartz

[23], The transmitted intensity of each plate is given by

7,(0,0) = £,(0,0)-£,*(0,0) (3.11)

A qualitative picture of the combined transmission may be found by multiplying the
transmission functions of each plate in turn to give an overall curve as shown in

figure 12. The spectral location of the peaks is correct but the actual loss incurred
has been exaggerated as the loss per Brewster surface is only about 17% for the TE

polarisation.

Wavelength (nm)

Figure 12. Transmission function of a 3-plate Quartz filter illustrated in figure
11. The solid line shows the overall transmission and the dotted lines show

the individual contributions from each plate. Plate 11 = 1mm, Plate 2 t = 3mm,
Plate 3 t = 9mm. Ratio is 1:3:9. Values of 6 and (f> are 33 and 55 degrees
respectively.
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Rotating the filter assembly around the axis of the filter (rotation angle <p) tunes the
central transmission peak. This rotation changes the absolute refractive index

"seen" by the resolved polarisation components. In order to emerge from the

birefringent plate with an unchanged polarisation mode, the wavelength of the
resonant mode must adjust to access different values of the material dispersion that
will counteract the index change due to rotation. The manufacture of such a

birefringent filter requires tight tolerances. An important factor in its design is that the

plates must be in an exact integer ratio. Examination of figure 12 and equations

(3.9) and (3.10) show that the spectral location of the peak transmission of each

plate is a function of the plate thickness if each plate is aligned to a common angle

(p. In order for these transmission peaks to align in frequency space, the thickness

of the plates must be in an exact integer ratio to ~ one part in 104 [21]. Corrections
for tolerance errors in the plate thickness may be made by a small rotation A0 of
each plate relative to the others in order to maximise transmission although this will
affect the absolute tuning range of the filter assembly. The theory presented by
Preuss and Gole in reference [21] provides a useful insight into the design and

implementation of the BRF and makes a number of approximations. It does not
undertake a quantitative analysis of the loss experienced by the rejected TE mode
of the induced elliptical polarisation states, nor does it fully account for the spatial

splitting of the two polarisation modes. Zhu [24] has addressed the spatial

displacement of these modes and finds that the optical path length difference is a

significant factor in the operation of the BRF. Both authors avoid including the
effects of optical activity in the Quartz plates. For the present purpose of outlining
the tuning mechanism of the Ti:Sapphire laser containing a 1:3:9 ratio BRF, the

approximations made do not detract from the useful insight gained from the cited

analysis. More rigorous analysis of birefringent filters may be found in the literature

[25, 26],
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3.3 ICSRO Power analysis

The final implementation of the ICSRO requires background knowledge of the power

characteristics of these devices in terms of the laser and OPO thresholds. This will

allow appropriate bounds to be placed on the primary pump laser requirements, and
ultimate efficiencies of the devices outlined in the later chapters. More importantly,
the scope and versatility of the intracavity pumping approach and its application to a

broad range of nonlinear materials and power domains will become clearer once its
full mode of operation has been explored.

3.3-1 Theoretical background

The theoretical analysis of the continuous-wave intracavity OPO began with a paper

investigating the efficiency and dynamics of the doubly-resonant (DRO)

configuration by Oshman and Harris [27] in 1968. Their work identified three

operation regimes for the ICDRO. The first is a stable efficient mode with a fixed

phase relationship between the pump, signal and idler fields of A(J) = n/2. The
second is a stable inefficient mode where A</> ^ tt/2 and the parametric process

begins to drive the phase of the interacting fields rather than the amplitude. The third

mode, which occurs at pump powers ~3 times above OPO threshold, is a

repetitively pulsing regime. The factors that will dictate which mode will operate are

governed by the relative losses and gains of each interacting field of the parametric
interaction as well as the relative gains of the laser and parametric processes. The

implications for CW power scaling are greatly affected by the limits placed by these

regimes. While there were a number of early reports of ICDRO operation [28-31],
the operation of the ICSRO remained neglected until a theoretical treatment in the
mid 1980s [32] and later analysis of the pulsed ICSRO [33], The work of references

[32, 33] has been extended to include multi-frequency pump schemes and power

stability by Turnbull et al [34] and the salient conclusions of this analysis are outlined
below. Further discussion and detailed derivation of the expressions used may are

found in reference [35],
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3.3-2 Power analysis

The analysis outlined in the following section is based on the work of Graham A.

Turnbull, undertaken in the School of Physics and Astronomy at St Andrews

University [35], I wish to acknowledge that the following section draws exclusively
from his work and is reproduced here for completeness.

A simplified generic ICSRO cavity geometry is shown in figure 13. The high-finesse
laser and OPO cavities are discriminated by a beam splitter. The nonlinear medium
of length / is placed at the end of the laser cavity and its end face coincides with
the cavity origin z = 0. A laser gain medium is located in the pump field branch of
the cavity and is pumped by an external pump laser source through the end mirror.
The idler field exits from the cavity in a single pass and is non-resonant.

The standing-wave pump cavity illustrated in figure 13 will, in practice, produce a

multi-frequency laser field due to spatial hole burning in the homogeneously
broadened gain medium. It is assumed that all the modes of this field fall well within
the acceptance bandwidth of the nonlinear material. The resonant signal is assumed
to be single frequency which is found to be in good agreement with experimental
observations [1, 36], Overall cavity lengths are Ls and Lp for the signal and pump

cavities respectively. The Gaussian pump and signal fields are defined as [34]

Ep(z,r,t) = ^.2Epj(t)exp(-r2/Wp)sm(kpjz)cos(cDpjt + 0W) (3.12)
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Es(z,r,t) = 2Es(t)exp(-r2/w?)sin(ksz)cos(cost + <ps) (3.13)

where kpj -npjcopj/c and ks =nscos/c with ns and np averaged over the cavity. The
laser and signal waist radii are given by wp and ws respectively. The analysis
assumes that each of the j axial modes of the laser mix with the single frequency

signal mode to produce j idler modes. For the standing-wave geometry of figure 13,
the parametric interaction must be investigated for both ±z directions, hence

equations (3.12) and (3.13) may be generally expressed in the form

Ep(z,r,t) = ~\e+p (z,r, t) - Ep(z,r,r)} + c.c. (3.14)

Es(z,r,t) = ^{£;(z, r, t) - ETS (z, r, f)} + c.c. (3.15)
E±P(z,r,t) = Epj(t)exp(±ikpjZ)exp(-i(copjt + ))exp(-r2/w2p) (3.16)

Ef(z,r,t) = Es(t)exp(±iksz)exp(-i(o)st + tf))exp(~r2/w2s) (3.17)

with the travelling-wave field-components having Ekpjsz being denoted with ±.
Equations (3.14)-(3.17) may be substituted into the Maxwell wave equation in a

manner similar to that described in chapter 2 by inserting appropriate polarisation
terms for the parametric process and taking care to preserve the directional (±)
interaction notation. The polarisation term of the idler field is found to re-radiate idler
field components (in both ± directions) given by

E?(z,r,t) = E* (r)exp(±/£,.z)exp(-f(£y,yr + </>J)) + c.c. (3.18)

The important consequence of the singly resonant condition is that the idler field (for
which the cavity has a very low finesse) exits from the crystal after one pass only.

Thus, for each pass of the nonlinear medium the initial idler phase is dictated by the
dominant resonant pump and signal fields maintaining a phase relationship given by

Atpj = (t>pj -{j)s -^ = n/2. This liberates the parametric interaction from the
inefficient, phase-driven regime of the ICDRO. The spatial transverse variation of
the idler field is assumed to take the form of the driving polarisation. A further
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assumption is that the temporal variation of the idler occurs on timescales dictated

by the resonant fields (as these provide the source terms for the idler field). As the

pump and signal fields are confined in high-finesse cavities, their cavity lifetimes are

long and over the transit time for these fields within the nonlinear medium, they

provide an almost constant polarisation source term for the idler. Thus, time
derivatives arising from the Maxwell wave equation are small compared to the

spatial derivative and may be neglected. The highly qualitative view is that in the

single-pass idler scheme, the idler goes from "nothing" to "something" over the
transit time along z of the nonlinear medium whereas the idler source term simply

goes from "something" to "almost the same something". The resulting idler field may

be expressed as

where the individual phase mis-match of each jth mode is replaced by a common

Ak as all the j modes are assumed to lie well within the parametric gain bandwidth.
The coupled rate equations for the ICSRO may be derived following the example of
reference [33]. The fields within the resonator are commonly described using
Lamb's self-consistency equations [37], These equations describe the axial field
modes arising from polarisation source terms that re-radiate consistent fields
identical to the driving fields. The resonant laser field will contain polarisation terms
that are anchored in the laser and nonlinear mediums whereas the resonant signal
field is self-consistent with nonlinear polarisation source terms only. Both fields are

coupled through the j(2) nonlinear process, a factor that has significant implications
for the transient dynamics of the ICSRO [38], The relevant self-constancy equation
for the pump and signal fields with cavity decay times x'p, and r's respectively are

given by

E?(z,r,t) = T""-exp(-r2(vv~2 +w;2))Es(t)l/XK Yl-C

(3.19)
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+EM = _^_Im[p;(0 + Pi-(0] (3.20)Cft T. ££r\Tl0 'vs

+ = --2t-lm[p;(0 +p;«]- ^_ln.[p,„„(»)] (3.21)at r'„2 eyr1 2Eo«;

Where the parametric process polarisation terms P„*(f) and P/(f), are related to

the nonlinear polarisation terms through volume integrals over the crystal length and
radial transverse co-ordinates to yield

Im(p») = - 2 e°'d-» J-smc>(^%(<)S>,A('); (3-22)v ' 1 +wjws cn{ 2 Ls V 2 J

Im(p•*(»)) = -—-2—^J-sinc2f^K.(0fl>sE,(0J (3-23)v " ' 1 + wp/wp citj 2Lp V 2 y

where we have set the relative phase difference of the parametrically coupled fields

as A(f)+ =n/2 and A<p~ =7t/2-Akl and the waist radius of the nonlinear

polarisation w is given by [39]

yKP = l/wi+l/wl (3-24)

The last substitution that must be made is to replace the laser polarisation term

Im(p,*er;.(f)) in equation (3.21) with the expression [35]

GE .

; PJ (3.25)

to give

dE .

x'—— =
' dt

'°^-l
VGj-'h )

Gj-**,

T'co C
Epj~ p P2P1 (3.26)e0n2p

where G; is the saturated laser gain of the jth laser mode and Gj_th is the threshold

gain required for the oscillation of the j,h mode. The analysis of the steady-state
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power characteristics is further simplified through the introduction of the following

photon flow expressions for the resonant modes

The laser photon flow threshold value may be obtained from equations (3.22) and

(3.20) and is given by

This result is the multi-mode threshold expression for the ICSRO. Here the photon
flow of each laser mode contributes to the threshold condition and we see the

familiar sinc2(M//2) expression encountered in the phase-matching section of

chapter 2. If the laser bandwidth is sufficiently small all the j modes of the laser

may be considered as phase-matched and the multi-mode laser will provide the
same threshold condition as a single frequency laser of the same total power,
consistent with the analysis of Harris [40], The normalised gain, signal power and
laser power are given by

F, =nsc£0E2snw2j4ticos

?pj=npc£0E2pjnw2p/4hcopj
(3.27)

(3.28)

NJ = Gj/GJ^ (3.29)

(3.30)

(3.31)

which give appropriate expressions for equations (3.20) and (3.21) as

(3.32)

(3.33)

where

77



Chapter 3 ICSRO Implementation

F = (3-34)

is the ratio of the laser and signal cavity finesse and rp, Ts are the laser and signal
cavity photon lifetimes (where t = x'ps/2). The final equation that completes the
full compliment of expressions that describe the steady-state and transients of the
ICSRO is an evolution equation for the saturated laser gain

where xu is the upper-state lifetime of the laser medium, cr is a pumping-rate term

equal to the number of times that the jth mode is pumped above threshold and x is
a saturation parameter given by

with the saturation parameter, Fsat, representing the laser saturation photon flow.

Cross saturation between pairs of laser modes is introduced by the coefficient fi< 1,
a concept introduced in the analysis of intracavity SHG [41] to account for partial

inhomogeneous broadening caused by spatial hole burning.

3.3-3 The ICSRO steady-state power characteristics

Equations (3.32)-(3.35) may be solved for the steady-state by setting time
derivatives to zero. For a single-frequency pump laser, the general solutions are

(3.35)

(3.36)

p; =0
N° =C7

Ps° = 0

(3.37)

(3.38)

(3.39)
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where (3.37)-(3.39) represent the rather uninspiring steady-state solutions of the
laser below threshold where the only thing happening is a linear increase in laser

gain with external pumping rate a. Between the laser threshold pumping and the
SRO threshold pumping rate (<Jth_L <(J < Oth_SRO) the solutions take the form

N =1

p. = o

(3.40)

(3.41)

(3.42)

Equations (3.40)-(3.42) now describe the operation of a normal single-frequency
laser with the laser gain clamped at threshold. The intracavity power is increasing

linearly with the pumping rate. The SRO is still below threshold and is merely

contributing to the internal losses of the laser via the parasitic loss of its optics. The

steady-state solutions above OPO threshold {<7th_SR0 ^ O) are

P;= 1 (3.43)

N° = -2— (3.44)
l + x

P°=1(3.45)

l + x

(JV-1)

The final solutions (3.43)-(3.45) describe the power characteristics above SRO

threshold. Equation (3.43) shows that the laser field photon flow is now clamped at

its threshold value, a concept outlined in 1962 by Siegman [42] as a possible
nonlinear optical power limiter. Any increase in the external pumping rate o induces
a linear increase in laser gain, which is now coupled through the nonlinear process
to produce a linear increase in down-converted signal and idler fields. This is
illustrated in figure 14 where, we have replaced the photon flow pumping thresholds

<Jth_L and oth_SR0 with their respective pumping power thresholds PtR and PtshR0. The
extension of solutions (3.37)-(3.45), to involve the multi-frequency laser pump

introduces further terms relating to the cross-saturation coefficient p in (3.35) and

appropriate summation over the laser modes. The overall nature of the equations
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remains identical to the single frequency case when power optimisation and
behaviour are considered. One consequence of the multi-frequency analysis is a

small amount of narrowing of the pump laser field as the peripheral modes of the
laser bandwidth "die out" through the onset of the nonlinear loss presented by the
SRO operation above threshold [34],

Figure 14. (a) Downconverted photon flow characteristic for the ICSRO.

Regions I, II & III are described by equations (3.37)-(3.45). Here we have

replaced the photon flow pumping thresholds olh_, and oIh_SRO with their

respective pumping power thresholds PtR and p™° on the x-axis. (b) Laser
intracavity photon flow in each region of operation. The clamping effect is
shown for pumping rates above SRO threshold.

It can be seen from equations (3.43)-(3.45) and figure 14 that the intracavity SRO is
now acting as a nonlinear output-coupler. If this is indeed the case, then there will
be some optimum ratio of this output-coupling to input pumping rate. This is
discussed next.
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3.3-4 Power optimisation

Optimisation procedures for the output powers of the ICSRO provide the necessary

insight needed to make judicial choices regarding specific laser pumping schemes.

Relating this optimisation to relative SRO and laser thresholds and to available
external pump powers, a clear picture of the flexibility of the ICSRO concept

becomes apparent. Perhaps the most attractive feature of the ICSRO is its ability,
under optimum conditions, to downconvert 100% of the available optimum output

power of its "host" pump laser source to signal and idler fields [32], Examination of

equations (3.30), (3.36) and (3.43)-(3.45) yields

F = F
a„

oc.
(°" h-SRo)

/ \

1 _ glh~L
^th-SROV

(3.46)

where the substitution F = asjap has been made and ocs,ap are the round-trip
photon losses in the signal and pump resonant cavities. Equating the round-trip

signal and idler photon losses in the steady-state gives an idler output of

(F,-L = F«uap{<T-Cth_SR0)
r \

I — —ih~L
&th-SRO J

(3.47)

Combining equations (3.46) and (3.47) we may express the total downconverted

power PDC of the laser photon flow to signal and ider photon flows in terms of input
laser power and thresholds as

P = y (P - PSR0)DC I max ( in rth )

/ pL \
\ _ 'h

-iSRO

V
(3.48)

7

where table 5 lists the new power terms that have been introduced. The term y^ is

equal to the output slope efficiency of the laser and accounts for the coupling

efficiency between the primary pump input power and the circulating laser field. The

expression for y^ is
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Ymax=^n^VL (3.49)

where T]in is the optical coupling efficiency of the input primary pump laser at

wavelength X ^ into the pump laser crystal, T)^ is the amount of this pump power

that is absorbed and Xp_in, X are the wavelengths of the input primary pump laser
and the pump laser respectively.

Equivalent terms

Term Field power Photon flow

Input pump Pin <7

Laser threshold PLth &th-L

SRO threshold pSRO
th &th-SRO

Table 5. Equivalent terms of input pump rates and device thresholds of

equations (3.46), (3.47) and (3.48).

Optimisation of equation (3.48) for a specific input power Pin is realised through the
solution of the equation

= 0 (3 50)
th

which gives the SRO threshold condition that satisfies the maximum downconverted

power obtainable for a specific input power and laser threshold as

p,r=4dTK <3.51)

The condition (3.51) can be used to derive the maximum obtainable
downconversion for a specific laser threshold and input pump power under optimum
SRO threshold conditions. This is given by
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{foeL,=y„,(V^-V?)2 <352>

This expression is identical to that describing the optimum output power (P0t)max of
the pump laser that contains the ICSRO, which is

2

(*£)_=MV>Wtf) <3-53>

Thus, under optimum conditions we have, from (3.48) and (3.53)

P,L A
Prth V

=r„x(V4-V':.1) <3-54>

and

(pf-)2
p™=-JTT- <3-55>

th

These optimisation conditions may be illustrated graphically by plotting the

appropriate functions that describe optimum downconverted power and optimum
laser output for a range of input powers as shown in figure 15.

A clear insight into the operational characteristics of the ICSRO may be obtained
from examining figure 15. We see that above threshold, the SRO rapidly

approaches 100% efficiency under the optimum laser and SRO threshold condition

(3.55). Thus to maximise the output power at the non-resonant idler field for a given
laser threshold and input pump power, the SRO threshold should be set to satisfy

equation (3.55). The three regions of operation I, II and III are the equivalent regions
illustrated in figure 14. It should be noted that the optimum output power of the laser

(Pntr) has been plotted in figure 15 in order to give a clear picture of the optimum\ om /max

downconversion condition. Under ideal operating conditions, the pump laser cavity
will only output-couple power in the form of downconverted signal and idler fields
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and not at the pump wavelength as all mirrors of the laser cavity are specified to be

highly reflecting for the pump.

?! P,lR° Input power Pm ►

Figure 15. Graphical illustration of the ICSRO downconversion optimisation

parameters. Regions I, II and III correspond the same regions of figure 14.

Optimisation of the signal output power requires the separation of the signal field

round-trip losses into parasitic and useful output coupling losses [34], Differentiating
the appropriate expression for the signal output flux with respect to the output-

coupling loss yields the solution

(3.56)
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where is the minimum SRO threshold in the absence of signal outputV / min

coupling and (F|f0) is the threshold of the SRO in the presence of output-
coupling. When equation (3.56) is satisfied, the optimum powers obtainable as

useful signal and idler outputs are given by

/pi y oc _V out / max
-1

1.
(C)„

(3.57)

(3.58)

where = a>s/a>p is the ratio of the signal and idler photon energies. The
consequent optimisation strategy for maximising signal output power is to minimise

the SRO threshold (Pf*0) . This is achieved through maximising the nonlinearV /min

coupling and minimising the round-trip parasitic losses. Once has beenV /min

reduced as much as is practically possible, SRO output-coupling should be
increased until the new threshold satisfies equation (3.56). If the total output power

(at the signal and idler fields) is to be maximised, this new threshold should be set to

satisfy (3.51) instead.
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3.4 Chapter 3 summary

Chapter 3 has introduced some important design factors for the implementation of a

Ti:Sapphire ICSRO. Characteristics of the pump laser have been detailed, and

appropriate cavity geometries for the introduction of a secondary intracavity focus
have been described. The important factors governing the stability of the modified
laser cavity and implications arising from different choices of signal cavities have
been provided. The factors affecting the subsequent choice of cavity are primarily
ones of convenience and flexibility in the experimental implementation of this device.
The tuning mechanism of the Ti:Sapphire has been discussed, this factor will
become an important issue for phase-matching geometries that cannot be

temperature-tuned (angle-tuning being initially ruled-out due to cavity misalignment).

Finally, the steady-state theory of the ICSRO as derived by Turnbull [34] has been
outlined and the subsequent optimisation analysis re-expressed in terms of

experimentally measured power levels. This analysis will be applied to each of the

experimental devices outlined in the next four chapters.
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4. ICSRO based on KTiOAsO4

4.1 Introduction

Paper T. J. Edwards, G. A. Turnbull, M. H. Dunn, M. Ebrahimzadeh and F. G.

Colville, "High-power, continuous-wave, singly resonant, intracavity optical

parametric oscillator," Applied Physics Letters, 72, 1527-1529 (1998).

Abstract A high-power continuous-wave optical parametric oscillator based on the
nonlinear material KTiOAs04 and pumped internal to a tunable Ti.Sapphire
laser is described. The use of the intracavity pumping approach has enabled

operation of a singly-resonant oscillator (SRO), resulting in the generation of
as much as 1.46 W of infrared power in a 11.5-mm-long crystal. Amplitude-
stable signal and idler outputs, each in excess of 500 mW, over the

respective wavelength ranges of 1.11-1.20 and of 2.44-2.86 pm have been
extracted from the SRO. We demonstrate up to 90% down-conversion of the

optimum Ti.Sapphire output power to the SRO, confirming our recent
theoretical predictions. The performance characteristics of the device
demonstrate that practical, stable, and efficient operation of continuous-wave
SROs at watt-level output power can be readily achieved in conventional

birefringent materials by exploiting the intracavity pumping approach.

The work presented in this chapter has been published as detailed above. Theexperimental study was jointly undertaken with Graham Turnbull and Finlay
Colville in the School of Physics and Astronomy, University of St Andrews. Due
credit and recognition is given to them both for their contributions to this

experimental work.
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Chapter 4 ICSRO based on KTA

This chapter describes the study of a continuous-wave Ti:Sapphire pumped

intracavity SRO based on the nonlinear material KTi0As04 (KTA). The

experimental arrangement, and mode of operation is similar to that reported by
Colville et al [1] using the same laser system and optics. The advances undertaken
with the work presented here include the observation of significant operational
efficiencies approaching 90% and Watt-level output powers over a broad tuning

range.

4.2 Experimental design

Argon-ion laser

The design and layout of this device is identical to that discussed in the previous

chapter on the general implementation of the ICSRO. The cavity arrangement and

primary pump layout is illustrated in figure 1.

WP LI M2

Figure 1. Layout of the KTA ICSRO experiment. BRF is the birefringent
tuner. WP is a half-wave-plate and L1 is the argon-ion pump focusing lens.
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Chapter 4 ICSRO based on KTA

The KTA crystal is located at a secondary intracavity focus of a standing-wave

Ti:Sapphire laser. The Ti:Sapphire laser itself is a modified commercial laser [2]
based on the common bow-tie geometry. The Ti:Sapphire crystal is located at an

optimised intracavity focus between two 100mm ROC focussing mirrors M2 and
M3. The crystal is Brewster-cut to minimise losses at the horizontally-polarised

pump field and astigmatism introduced to the resonant laser by this component is
minimised by rotating mirrors through an angle of 9.8 degrees to compensate for
the angle of the Brewster surfaces [3] as discussed in chapter 3. This 7.6 mm long

crystal is pumped at the centre of its absorption band by a large-frame argon-ion
laser (Spectra-Physics-171) delivering a maximum output power of 14 W on

multiple-lines all of which couple near to the centre of the Ti3+ absorption band
illustrated in figure 1(a) of chapter 3. In order to pump at the /r-polarised peak of
this absorption the emerging polarisation from the argon-ion laser is rotated through
90° via a half-wave-plate (WP) to match the incident polarisation parrallel to the c-

axis of the Ti:Sapphire crystal. The argon-ion beam is focused into the laser crystal

using a 90 mm focal length lens (L1) to form a -10 pm beam waist. Cooling is via a

water-cooled block upon which the crystal is bonded with good thermal contact.

Owing to the excellent thermal conductivity of Ti:Al203, crystal temperature may be
assumed to be the same as that of the cooling water at approximately 20°C. This
maintains an upper state lifetime of -3.2 ps for the laser medium (see figure 2 of

chapter 3).

The Ti:Sapphire laser is chosen to operate close to the centre of its gain bandwidth
at ~800nm. This requires the utilisation of the mid-band mirror set supplied with the
commercial Titan laser. These mirrors have a reflectivity of >99.7% over a 100nm

range centred upon 800nm. The implementation of the SRO branch of the cavity

(mirrors M5, M6, M7 and the beamsplitter (BS)) requires custom-made multi-layer
coated optics. Mirrors M5, M6 and M7 are all specified with broad-band coatings to
as high a specification as possible. The priority is to minimise the signal cavity
losses whilst maintaining a high reflectivity at the pump wavelength. The signal field

specifications are a reflectivity R>99.9% centred at 1200nm and R>99.7% over

1100-1300nm. Pump wavelength specifications for M5, M6 and M7 are the same as

those for the laser mirrors M1-M4 namely R>99.7% over 750-850nm. It should be
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noted that there is no need for mirror M7 to meet this pump specification, it is simply
far cheaper to place this optic into the same coating-run as the other substrates.
The dichroic-coated beamsplitter (BS) is specified to be highly reflecting R>99.7%
at 45° over the signal mirror bandwidth, and highly transmitting T>99.5% for the

pump field. All coatings are specified for horizontally polarised signal and pump

fields. The non-resonant idler specifications for these optics are that they have high
transmission T>85% over a wavelength range of 2-3 pm. To realise this

transmission, mirrors M5 and M6 are coated on calcium-fluoride substrates. Mirror

M7 may be interchanged with an output-coupling optic for the signal field. This is
discussed later in the appropriate section. Total losses for the signal cavity are

calculated from finesse measurements and found to be 2.4±0.5% [1], Tuning of the

Ti:Sapphire laser is by means of a birefringent tuner (BRF) as described in chapter
3. The tuner has a three-plate Quartz design with a plate ratio of 1:3:9 with plate
thickness' 1, 3 and 9 mm respectively. This tuner continuously scans the laser

wavelength over the entire pump mirror bandwidth.

M5 & M6 Mirror Separation (mm)

Figure 2. Beam waist in the centre of the KTA crystal as a function of
mirror separation of M5 & M6. Laser and SRO cavities are stable over a

~4mm range.
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Stability analysis of the laser and SRO cavities shows that cavity stability criteria are

satisfied for both cavities over a mirror displacement range of ~4mm as illustrated in

figure 2. The cavity spacing and mirror radius of curvature (ROC) for the optics of
both cavities are given in tables 1 & 2 (from chapter 3)

Ti:Sapphire Laser Cavity Parameters

Mirror ROC (mm) Angle (Deg) Separation Distance (mm)
M1 oo N/A D1 645.0
M2 100 9.8 D2 48.7

LX1 7.6
M3 100 9.8 D3 48.7
M4 oo N/A D4 700.0

D5 786.0
M5 200 2 D6 98.8

LX2 11.5
M6 200 0 D7 198.4

Table 1. Ti.Sapphire laser cavity parameters of the layout illustrated in

figure 1. Separation notation refers to figure 7(a) of chapter 3.

OPO Cavity Parameters

Mirror ROC (mm) Angle (Deg) Separation Distance (mm)
M7 oo N/A D1 200.0

D2 376.0
M5 200 2 D3 98.8

LX2 11.5
M6 200 0 D4 198.4

Table 1. SRO Cavity parameters of the layout illustrated in figure 1.

Separation notation refers to figure 8(a) of chapter 3.

The optimum separation of mirrors M5 and M6 is found to be 308.7 mm after

optimisation of the SRO output power. At this mirror separation, the laser mode
waist size measures 22/im in the Ti:Sapphire crystal and 35x32fjm in the KTA

crystal for a pump laser wavelength of 810nm. The signal waist size in the KTA

crystal is 54 x 55/dm at a wavelength of 1200nm.
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4.2-1 Nonlinearmaterial

The nonlinear crystal used in this experiment is an 11.5mm long KTiOAsOA
obtained from Crystal Associates Inc. [4]. The crystal was x-cut and polished for

type II non-critical phase-matching (0 = 90°, 0 = 0°). Figure 3 Shows the

orientation of the crystal axes with respect to the pump polarisation. The non-critical

geometry is free from walk-off effects and may be tuned through variation of the

pump wavelength. The type II interaction involves the horizontally polarised pump

field driving a phase-matched parametric process with signal and idler fields

assuming horizontal and vertical polarisations respectively.

Figure 3. Dimensions and orientation of the KTA crystal. The incident

pump field is shown polarised along the crystallographic y axis.
Dimensions are x x y x z = 11.5 x 3 x 3 mm •

The wavelength transparency range of this material extends to >4.5 pm which is
well beyond the phase-matched idler range obtainable with the mirror bandwidths.
The crystal was anti-reflection coated to have low loss at the pump, signal and idler
fields. The measured transmission per surface was < 0.3% for the centre of the

signal and pump field bandwidths and Tsf < 10% for the non-resonant idler field.

Tuning calculations for the non-critical geometry are performed through the solution
of the following equation with respect to Xs where conservation of photon energy

and momentum have been observed.

y
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A/._W VA*)
K K

= o (4.1)

Values for ny(A,), nz(A) may be calculated from sellmeier data published in the
literature [5]

4.2-2 SRO cavity alignment

The alignment of the SRO cavity requires the experimenter to follow a few simple

procedures. The first of these involves the optimisation of the pump laser cavity
itself. This is a simple procedure for the standing-wave cavity due to the presence

of fluorescence reflections from the cavity mirrors. Assuming that the laser cavity
has been power-optimised at the central pump wavelength of the SRO phase-
matched bandwidth, and now includes all the correct SRO components, the SRO

cavity may be aligned to obtain oscillation.

screen

M7

Figure 4. SRO branch of the laser cavity illustrating misalignment ofmirror
M7 and the associated divergence of the residual reflected pump field.
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A useful guide to alignment is the residual argon-ion pump light that circulates
around the laser cavity, a certain amount of this light will be reflected from the

beamsplitter (BS) towards mirror M7. Returning this reflected light back towards the

beamsplitter will roughly align M7. The SRO may now be aligned using the residual

pump light reflected from the beamsplitter as shown in figure 4. Despite being

specified as highly transmitting for the pump field, the beamsplitter can reflect a

significant amount of pump light. Once the fact that, in the absence of SRO

operation, circulating fields totalling over 100 W of power are regularly found inside
the laser resonator has been appreciated, the discovery that over 100mW of this
laser light reflects off the beamsplitter is not unsurprising. In practice four separate

"alignment beams" can be attributed to pump reflections from the beamsplitter. Two
beams per surface for both field directions illustrated by the dotted lines in figure 4.
The reflections from the first two surfaces (travelling from left to right in the diagram)
are terminated with filled circles. The return field reflections, after subsequent
reflection from mirror M7, are terminated with arrows.

Alignment of mirror M7 involves overlapping the pairs of beams emerging from the

beamsplitter in the far-field using a suitable screen and an infrared viewing scope.

The cost-conscious ICSRO developer can dispense with expensive laboratory

viewing scopes (often costing >£1000) by taking advantage of the fact that

Ti:Sapphire wavelengths fall conveniently within the wavelength ranges of cheaply-
obtained "night-scopes" often sold in high-street electronics stores. They have an

excellent response at 800nm and, if the packaging is to be believed, may well assist
in the monitoring of suspicious activities. Another advantage of this alignment

procedure is that, once aligned, M7 will return the reflected pump light back into the
laser cavity causing a small degree of enhancement. Monitoring of the intracavity

pump field leaking through any of the cavity mirrors with a photodiode connected to
an oscilloscope will allow this enhancement to be observed visually, confirming

alignment. If all is well the SRO should burst into life and the monitored laser field
should suddenly drop to its clamped level. Care should be taken that the SRO

output fields are not potentially incident on the monitoring photodiode, otherwise the

oscilloscope trace will disappear upwards. In both cases, a sudden change in the
monitor photodiode signal (with the exception of the far smaller enhancement

effect) often signals success. One last note regards the visual appearance of the
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SRO once parametric oscillation has been achieved. When using birefringently

phase-matched materials, a working ICSRO looks exactly the same as a one that
has failed to work. Power meters, filters and photodiodes will have to act as eyes in
this case. It is far better to have these items in place, preferably coupled to an

oscilloscope trace within the experimental field of view, before attempting to align
the cavity as they will aid the rapid confirmation of SRO action. In the case of QPM

materials, confirmation of SRO operation is simple and conclusive. The high-order

phase-matching processes in these materials give rise to parasitic nonlinear

processes (SHG, SFM and DFG) the outputs of which, often fall within the visible

spectrum as will be shown in chapter 5.

4.3 KTA ICSRO power characteristics

This section details the continuous-wave power characteristics of the KTA ICSRO
outlined in the preceding sections. The tunable nature of the Ti:Sapphire pump

laser means that a full power characterisation over the entire tuning bandwidth is
not practical. For the purpose of this study, the device was initially characterised at
its optimum power performance and subsequently tuned over the operational
bandwidth to obtain an output power spectrum. The results obtained are discussed
in context with the theoretical analysis of chapter 3. And the overall performance of
the device, in terms of efficiency, output powers and tunability, is evaluated with
reference to contemporary methods for obtaining coherent mid-infrared CW
radiation.

4.3-1 Intracavity power

The Ti:Sapphire laser, configured with all mirrors highly reflecting at the pump

wavelength and containing all relevant SRO optics, was studied and the circulating

intracavity power measured. The measurement was made by monitoring the laser
field leaking through the high-reflector M4 at a pump wavelength of 810nm.
Calibration of this "leakage" field was performed by operating the Ti:Sapphire laser
with a range of known output-couplings and obtaining a ratio of intracavity field to

leakage field. The resultant intracavity power characteristic is shown in figure 5.
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Figure 5. Intracavity (IC) laser power circulating within the resonator with
and without SRO operation. Argon-ion input thresholds for the laser and
SRO are 0.6W and 3.1W respectively. Open circles show IC power in the
absence of SRO operation. Filled circles show IC power under SRO

operating conditions.

The Ti:Sapphire laser operates with an incident argon-ion input threshold of 0.6W.
Above threshold the intracavity field increases to a maximum circulating field of
~75W at 810nm for 14W of input power, as shown by the open circles in figure 5.
This circulating field corresponds to a total field of 150W inside the laser cavity at
maximum pump power. The input power threshold for the SRO is measured to be
3.1W. The circulating pump power inside the laser cavity at this threshold value is
13±4W which remains clamped for further increases in input power up to 7W shown

by the filled circles of figure 5. Beyond 7W the increase in intracavity clamping is
attributed to the degradation of the input argon-ion beam quality at high powers.

When operating close to its maximum output power the argon-ion beam mode

begins to deviate from TEM-00 operation. The consequence on laser operation is
that the focusing conditions inside the laser crystal are altered, reducing mode-

matching efficiency slightly. There may be a possible feedback effect on the
resonant cavity mode size also, which in turn will alter the SRO waist radii. This
remains a point of conjecture and confirmation of the true nature of this effect is
hard to establish. This serves to illustrate the fact that the operation of the SRO is
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always coupled to the characteristics of the pump laser and those of the primary

input power source. The theory presented in chapter 3 assumes that the laser
threshold remains unchanged throughout the power-scaling of the ICSRO. For very

high incident powers this may not be the case and for devices based on laser media
with strong thermal-lensing characteristics this assumption will not be appropriate at
all.

4.3-2 Output power and efficiency

The non-resonant idler field is generated in both directions of the pump and signal
fields within the KTA crystal. It exits through the crystal surfaces and cavity optics
with a coupling efficiency T]i = 0.87 and forms two separate outputs as shown in

figure 1. The total measured idler output power accounting for both outputs but not
for the coupling efficiency of the optics is shown in figure 6.
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Figure 6. Total (two-way) idler output power as a function of incident

argon-ion input power. The total power scales to 930mW for 14W of input

power. Idler wavelength is 2.72 pm.

Above threshold, the measured idler output power at a wavelength of 2.72 pm

reaches a maximum value of 930mW for 14W of input argon-ion pump power. This
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output can be used to calculate the total laser power, PDC, downconverted by the

parametric process using the following expression

P =
DC

f nV
2—

V Tli ■4. (4.2)

where 77,. =0.87 is the idler cavity-coupling efficiency, Pt is the one-way generated

idler power and A;, Xs are the idler and signal wavelengths respectively. For idler

and signal wavelengths of 2.72 and 1.15 pm respectively, the maximum
downconverted laser power to signal and idler fields is 3.6 W at 14 W of argon-ion

input power as illustrated in figure 7.

4 6 8 10 12 14 16

Argon-ion input power (W)

Figure 7. Downconverted power of the KTA ICSRO. The two lines show
the theoretical predictions based on the measured threshold values and

using equations (3.48), (3.49) and (3.53) of chapter 3. The data points

represent measured downconverted power inferred from idler power
measurements.

Figure 7 shows the downconverted power characteristics of the KTA ICSRO.
Theoretical predictions of the total downconverted power and optimum output power
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of the laser are calculated from equations (3.48), (3.49) and (3.53) of chapter 3

namely

where

P = y (P - PSR0)DC I max ( in rth )
( pL A
1—Lth-

pSRO
V r'h

7max - VmVabs '
A.
p-in

(4.3)

(4.4)

and the optimum laser output power expression

(4.5)

Here, y^ has a measured value of 0.47 at 810nm for argon-ion pumping.

Equations (4.3) and (4.5) describe the optimum downconverted power and

Ti:Sapphire laser output as illustrated in figure 7. From the measured SRO and
laser thresholds of 0.6 W and 3.1 W respectively the input pump power required to
achieve 100% theoretical downconversion may be calculated from equation (3.55)
of chapter 3 which is

P. =
,SRO \2
th ) (4.6)

Solving (4.6) for the measured thresholds gives an optimum argon-ion input power
of 16 W, slightly above the maximum power output power of 14 W available from
the argon-ion laser used. To achieve 100% theoretical downconversion at 14 W of

input power, the SRO threshold must be reduced to 2.9 W by increasing the

magnitude of the nonlinear interaction or lowering the SRO cavity losses. Better

insight into the efficiencies achieved in this experiment may be obtained by plotting
the ratio of downconverted power to optimum laser output power as shown in figure
8.
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Figure 8. Showing the ICSRO Downconversion efficiency as a function of

input argon-ion power.

The conversion efficiency of the KTA ICSRO rapidly rises above threshold to reach
levels of -85-90% at high pump powers. This efficiency is a measure of the total
downconverted power to signal and idler fields as a percentage of the available

optimum output power of the Ti:Sapphire laser. It should be noted that at this stage

the only extracted power is that at the non-resonant idler wavelength. This output

accounts for approximately 1/3 of the total downconverted power (due to the photon

energy ratio of the signal and idler), a further -13% of this power is lost through the

coupling efficiency of the SRO optics at the idler wavelength of 2.72 pm.

The degradation of the argon-ion beam quality, evident in figure 5, can be observed
in the form of reduced efficiency compared to the theoretical predictions of

equations (4.3) and (4.5). As discussed previously, these expressions assume that
the laser and SRO thresholds remain constant over the entire input power range.
For the present experimental arrangement we speculate that this is not the case. To
obtain the correct downconversion efficiency of this experimental arrangement it
would be necessary to directly measure the optimum output power of the

Ti:Sapphire laser over the entire range of argon-ion input powers in order to account
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for the change in laser threshold over this range. At the time of this experimental

work, the range of output couplers available did not allow for such a measurement.
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Figure 9. 50 second amplitude stability of the resonant signal field for the
SRO >4 times above threshold. The y-axis covers the full amplitude of the

signal.

Short-term power stability of the resonant signal field is shown in figure 9 for pump

powers greater than four times above SRO threshold. The measurement is taken
from leakage field coupled out of the signal high-reflector M7 using a 1mm2 area

germanium photodiode. Power stability shows no indication of the inefficient

repetitively-pulsing regime, characteristic of the ICDRO pumped over three times
above threshold [6],

4.3-3 Signal output coupling

The experimental results detailed in the previous section are based on a high-
finesse signal cavity design for which the round-trip losses are minimised to reduce
SRO threshold. This design favours infrared output at the idler field only. By

replacing mirror M7 with an output-coupling optic for the signal field, significant

output powers at the signal field may be achieved at the expense of SRO threshold.

Stability = ±1.9%

50 seconds
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Figure 10 shows the output powers obtained at the signal and idler fields by

replacing mirror M7 with a signal output coupler.
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Figure 10. Signal and total (two-way) idler output powers in the presence

of signal output coupling. Maximum measured values of 780 mW and 580
mW are observed at idler and signal outputs for 14 W of argon-ion input

power.

The plane-parallel output coupler had a measured transmission of 1.14% and
introduced a total loss of 1.7±0.3% to the signal cavity. Thus, ~33% of the output

signal field was absorbed in the substrate itself. This additional loss to the signal

cavity raised the SRO threshold to 7 W of argon-ion input power corresponding to a

circulating intracavity laser field of 38±5 W. Total output powers of 780 mW at a

wavelength of 2.72 pm for the idler and 580 mw at a wavelength of 1.15 pm for the

signal are obtained at the maximum argon-ion input power of 14 W. Accounting for
the idler cavity-coupling efficiency 77,. =0.87, total downconverted power at this
maximum pump input is 3 W. This amounts to a total of 2.1 W of signal power at
1.15 pm and 0.9 W of idler power at 2.72 pm. Thus, if 580 mW amounts to 1.14%
loss at the signal field there must be a total loss of 4.1%, in excellent agreement
with the previously measured loss (2.4±0.5%) plus the additional insertion loss of
1.7±3%. The ~70% increase in signal cavity loss that the insertion of the output-

coupling optic introduces should increase the SRO threshold by 70% from 3.1 to 5.3

O Total idler power

• Total signal power

r

{ } t
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W of incident argon-ion pump power. The higher increase in threshold that is
observed (3.1 to 7 W) indicates that as well as introducing a linear loss of 1.7±3% to

the signal cavity the output-coupling has caused a reduction in parametric gain for
the nonlinear process. One possible mechanism for this is that the reduction in

circulating signal field and subsequent expected rise in intracavity laser power has
altered the cavity waist geometry through a small amount of residual thermal

lensing in either the Ti:Sapphire or KTA crystals. If this lensing is indeed caused by
an increase in the intracavity laser field then a linear parasitic loss will also have an

associated parametric-gain loss as the higher field clamping it demands alters the

focussing in the KTA crystal. As always, factors of this nature must remain complete

conjecture until a thorough experimental investigation can be performed. At the time
of investigation, issues associated with the quality of the KTA crystal and lack of
faith in the failing argon-ion laser put an experiment of this nature beyond the scope

of practicality.
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Figure 11. Downconversion efficiency for KTA ICSRO under signal output-

coupling conditions.

It is useful to examine the consequences experienced in terms of efficiency by

output-coupling the signal field. Returning to the simple expression for calculating
the optimum input power for a given laser and SRO threshold (4.6) we find that a
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laser threshold of 0.6 W and an SRO threshold of 7 W would require 82 W of input

argon-ion power (and a remarkably safe pair of safety glasses) to achieve the 100%
downconversion condition. This would reward the adventurous experimenter with
over 30 W of downconverted infrared power. Over the modest input power range
available from the argon-ion laser the efficiency varied according to figure 11. The
total downconversion efficiency reaches 69% for 14 W of argon-ion input power.
The measured downconverted power closely follows the theoretical prediction
based on laser and SRO thresholds of 0.6 W and 7 W respectively. Here, the
measured downconverted power has again been inferred from idler power

measurements.

Optimisation of the output field may be achieved by following the method described

at the end of chapter 3. For a minimum SRO threshold (P™°) . of 3.1 W, optimum
signal output coupling is achieved by raising the SRO threshold according to

Thus, for an available 14 W of input pump power, the optimum output coupling will
be such that the SRO threshold rises to 6.6 W. Under ideal conditions the insertion

of a perfectly transmitting 2.7% output coupler would maximise signal output power.
As has been noted previously, because this would more than double the clamped
laser field, it may have possible implications for thermally-induced cavity waist

changes that may alter the parametric gain of the SRO itself, further increasing
threshold.

So far the power characteristics of the device have been reported for fixed-

wavelength values of 0.81, 1.15 and 2.72 pm for the pump, signal and idler fields

respectively. A primary feature of this ICSRO is its ability to tune rapidly with pump

wavelength. In the signal output-coupling regime outlined above, the device was

pump-tuned over the SRO mirror bandwidths using the birefringent tuner. The

subsequent spectral variation in signal and idler output power is illustrated in figure
12.

(4.7)
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Figure 12. Power spectrum of the signal and idler fields under signal

output coupling conditions.

Under signal output-coupling conditions the ICSRO shows a wide degree of

tunability. Signal and idler output powers are in excess of 500 mW over a respective

wavelength range of 1.12-1.20 pm and 2.43-2.82 pm. The limits of this tuning range

are attributed to the finite bandwidths of the SRO optical coatings, alternative tuning

ranges should be accessible with optical components specified with different mirror
and antireflection coating bands. Figure 12 illustrates the practical high-power

generation of continuous-wave near- to mid-infrared coherent radiation obtainable
from the ICSRO approach. The power levels obtained here are not optimised for the
incident argon-ion pump power and do not account for the ~33% loss in signal

power through transmission of the output-coupler and the -13% coupling efficiency
of the idler field from the laser cavity. Addressing these transmission efficiencies
with optimised optical components may result in significant improvements. The

tuning range of the device may be extended by returning to the high-finesse signal

cavity configuration thus reducing SRO threshold, allowing the device to tolerate a

greater loss at the periphery of the mirror bandwidths. The resultant tuning range,

and further spectral properties of the KTA ICSRO are discussed in the next section
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4.4 ICSRO spectral properties

Extension of the SRO pump-tuning range in the absence of signal output coupling is
shown in figure 13. The solid lines are calculated tuning ranges based on sellmeier
data from Fenimore et al [5].

750 775 800 825 850 875

Pump laser wavelength (nm)

Figure 13. Signal and idler tuning ranges of the KTA ICSRO in the
absence of signal output-coupling. The solid lines represent sellmeier-
based calculations which are solutions of equation (4.1). Both traces share
a common x-axis scale.
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It can be seen from figure 13, that the signal and idler tuning data is in excellent

agreement with the predicted curves. Tuning ranges of 1.10-1.25 pm at the signal

(measured through leakage field from M7) and 2.32-3.00 pm at the idler are

observed for a total pump tuning range of 748-880 nm. Again, the limits of these

ranges are attributed to increased SRO loss at the limits of the mirror bandwidths
and also, owing to the large pump tuning range, increased laser loss at the
extremes of its own mirror bandwidths.

4.4-1 Resonant field linewidths

The standing-wave configured Ti:Sapphire laser operates on multiple longitudinal
modes. The frequency spectrum of the resultant laser linewidth has been measured

previously [7] for the Ti:Sapphire laser. This measurement was made using a

scanning Fabry-Perot interferometer with a free spectral range of 70±5GHz. The
laser was configured to accommodate a KTiOP04 nonlinear crystal as reported in
reference [1] and was otherwise identical in its layout to the laser cavity described
above.

J 1 I I I I I I I I I I I I L

Relative frequency

Figure 14. Resonant Ti:Sapphire laser field linewidth (after Colville et al

[7]). The scale on the x-axis represents 10GHz divisions of frequency.

The full-width at half maximum (FWHM) of the laser linewidth, shown in figure 14, is

measured to be 20±5GHz and falls well within the 380GHz pump acceptance
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bandwidth of the KTA crystal. Thus, the assumption that all the longitudinal modes
of the laser resonator may be considered as phase-matched within the linewidth
shown in figure 14, is a good approximation. The signal frequency spectral linewidth
is shown in figure 15.
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Figure 15. Resonant signal field linewidth. The scale on the x-axis

represents 300MHz divisions of frequency.

The trace shown in figure 15 shows the linewidth of the ICSRO resonant signal field
at pump powers ~4 times above threshold and in the absence of signal output

coupling. The measurement was made using a 2GHz free spectral range scanning
confocal interferometer. The signal field commonly operates on a single longitudinal
mode of FWHM <20MHz with mode hops to adjacent cavity modes occurring under

free-running conditions. In the absence of active frequency control, the insertion of
a ~1mm-thick glass etalon between M7 and the beamsplitter suppressed mode

hops on a timescale of several minutes.

The frequency spectrum of the idler field could not be directly measured, as a

suitable interferometer was not available at the time. The spectrum of the idler may
be inferred from that of the pump as each longitudinal mode of the pump will couple

through the single frequency signal field to produce an idler field that adopts the
bandwidth of the pump laser. Thus, single frequency operation at the idler would

require a single frequency laser configuration.
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4.5 Chapter 4 Summary

The experimental work presented in this chapter confirms many of the operational
characteristics of continuous-wave ICSROs predicted by theory. Power stability at

pumping rates >4.5 times above threshold confirms that the singly-resonant
condition liberates the ICSRO from the inefficient repetitively pulsed regime of the
ICDRO. The device is found to operate with efficiencies approaching 90% and
delivers over 1W of tunable infrared radiation under signal output coupling
conditions.

There is evidence that the cavity parameters that define SRO threshold, especially
the strength of the parametric interaction may alter over the pumping range of the

argon-ion laser. Whilst it has not been possible to confirm a suitable mechanism for
this conjecture, the reduction in expected efficiency at high pump powers serves to
illustrate that power-scaling of these devices to Watt level output power will have to
account for changes in cavity waist sizes caused by thermal effects at high pump

powers. Problems associated with the output beam quality of the argon-ion laser at

high pump powers compound the issue of reduced efficiency and further

investigation of this effect is required.

Alternative geometries may allow a greater flexibility in the optimisation of the signal

spot size relative to that of the pump within the nonlinear material. The current

system denies flexible focussing differentiation through the use of mutual laser and

pump focusing mirrors.

To conclude, this device has shown the practical implementation of a continuous-
wave infrared source, delivering high output power through the use of an 11.5 mm

long KTA crystal. The ICSRO approach is thus well placed to utilise any material

offering similar or higher nonlinear properties.
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5. ICSRO based on QPM-
LiNb03

5.1 Introduction

Paper G. A. Turnbull, T. J. Edwards, M. H. Dunn and M. Ebrahimzadeh,
"Continuous-wave singly-resonant intracavity optical parametric oscillator
based on periodically-poled LiNb03," Electronics Letters 3 3, 1817-1818

(1997).

Abstract A singly-resonant optical parametric oscillator using PPLN and operating

intracavity to a continuous-wave Ti.sapphire laser is described. The oscillator
exhibits multi-parameter pump-and grating-tuning of signal and idler

wavelengths over the ranges 1.073-1.275 mu m and 2.30-3.33 mu m and
280mW output power. Observation of thermal lensing in PPLN is also

reported.

The work presented in this chapter has been published as above. Theexperimental study was jointly undertaken with Graham Turnbull in the School
of Physics and Astronomy, University of St Andrews. Due credit and recognition is

given to Graham for his contribution to this experimental work and subsequent

analysis.

This chapter describes the study of an Ti:Sapphire pumped intracavity SRO based
on the Periodically-Poled LiNb03 (PPLN). This nonlinear material represents the
state of the art for nonlinear materials in the 0.5-5 pm transparency range as far as
effective nonlinearity is concerned. With an effective nonlinear coefficient of

deff ~ ITpm/V, PPLN is an attractive choice for many applications in nonlinear
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optics. This material has placed SRO thresholds within the practical reach of
conventional external CW laser output powers [1], High efficiencies have been
observed in such externally pumped devices [2], Despite the success of PPLN
based external SROs, the intracavity pumping approach is able to reduce the

primary pump power requirements even lower, to the sub-Watt level domain [3],

Clearly, the possibility of utilising the high nonlinearity of PPLN to achieve low

threshold, high output power intracavity SRO operation made the material a

compelling choice for this experimental study.

This chapter describes the study of a Ti:sapphire pumped intracavity SRO based on

PPLN. Multi-parameter tuning of the device is achieved and outlined. The expected

high output power operation of the device is hindered by poor thermal properties of
the material when subjected to the high circulating fields within the Ti:sapphire
laser. The implications of using an intracavity oven include increased laser
instabilities. A brief study of the thermal effects is presented.

5.2 Experimental design

To avoid the possibility of photorefractive damage, devices based on standard

undoped LiNb03must be operated at elevated temperatures. This necessitated the
used of a servo-controlled oven around the crystal. The cavity design of the ICSRO
outlined in chapter four was modified to accommodate the ~50mm diameter

commercial Eskma oven. This modified design is shown in figure 1. The secondary

intracavity focus of the Ti:sapphire laser is formed by an 80mm focal length

intracavity lens, anti-reflection coated (R<0.3%) for the pump wavelength
bandwidth. This lens forms an intracavity beam waist having a sagittal pump

confocal parameter of 19.8mm and a tangential pump confocal parameter of
18.0mm located at the centre of the PPLN crystal. The signal cavity is formed by

discriminating the resonant signal field from the pump field using a dichroic

beamsplitter placed at 45 degrees to the incident pump field and located 30mm to
the right of lens L2. Mirrors M6 and M5 define the resonant signal cavity. With the

exception of the intracavity lens, all mirrors and components have identical
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specifications and optical coatings to those described previously in chapter 4. The

layout is simply a modified version of that used for the KTA experiment.

Figure 1. PPLN ICSRO experimental design.

Ti:Sapphire Laser Cavity Parameters

ror/Lens ROC (mm) Angle (Deg) Separation Distance (mm)
M1 OO N/A D1 680.0
M2 100 9.8 D2 48.7

LX1 7.6
M3 100 9.8 D3 48.7
M4 OO N/A D4 780.0
L2 f=80 0 M4-L2 700.0

L2-BS 30.0
M5 200 0 BS-M5 *162.4

Table 1. Ti:Sapphire laser cavity parameters of the layout illustrated in

figure 1. Separation notation D1-D4 refers to figure 7(a) of chapter 3.
Includes physical length of PPLN crystal

116



Chapter 5 ICSRO based on PPLN

OPO Cavity Parameters

Mirror ROC (mm) Angle (Deg) Separation Distance (mm)
M6 200 0 M6-BS 98.8
M5 100 0 BS-M5 *162.4

Table 1. SRO Cavity parameters of the layout illustrated in figure 1.
"includes physical length of the PPLN crystal.

Optimum component spacing parameters are given in tables 1 and 2 for the laser
and SRO cavities respectively. For the separation shown, the SRO cavity forms a

beam waist with a confocal parameter of 18.8mm at the centre of the PPLN crystal.

5.2-1 Nonlinear material

The PPLN crystal used in this experiment was obtained commercially [4] and had a

total of eight QPM gratings ranging from 21.0 - 22.4 pm in 0.2 pm steps. Overall
dimensions were 19 x 11 x 0.5 mm as shown in figure 2.

Figure 2. Dimensions and orientation of the PPLN crystal. All the

parametrically interacting waves are polarised along the crystallographic z

axis as shown. Dimensions are xxyxz= 19x11 x0.5mm-

The QPM grating periods of the material were designed to phase-match Pump

wavelengths from 800 - 840nm over the signal mirror bandwidth of 1.1 - 1.3 pm.

The calculated pump tuning characteristics of the device are shown in figure 3.
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Figure 3. Calculated pump tuning curves for PPLN at 165"C. The eight

separate QPM gratings periods are: (a) 21.0pm, (b) 21.2pm, (c) 21.4pm,

(d) 21,6pm, (e) 21,8pm, (f) 22.0pm, (g) 22.2pm, (h) 22.4pm.

The tuning curve of figure 3 is obtained by numerically solving the following

equation
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where energy conservation considerations have been made and nz(/1) is calculated
from published sellmeier data for LiNb03[5] which shows good agreement for data

up to the 5.5 pm transparency edge of the material. It can be seen from figure 3 that
there is a significant amount of overlap in the tuning range of each grating period.
For a laser as widely tunable as Ti:sapphire, the grating periods having 0.6-0.8 pm

spacing would be more appropriate for the given signal mirror bandwidth. This
would enable a far wider idler tuning range to be exploited by accessing a wider

pump tuning range. Choice of appropriate signal mirror bandwidths would enable
the generation of any idler wavelength from degeneracy to the practical limit of the
material transparency at ~4.5 pm. It should by emphasised that the present coating
bandwidths were designed to accommodate the operation of birefringently phase-
matched materials. PPLN also shows a significant degree of temperature tunability
as shown in figure 4.

Temperature (°C)

Figure 4. Temperature tuning of the signal field for PPLN at a pump

wavelength of 810nm. QPM gratings periods are: (a) 21.0pm, (b) 21.2pm,

(c) 21.4pm, (d) 21.6pm, (e) 21.8pm, (f) 22.0pm, (g) 22.2pm.

The wide temperature tunability of PPLN is an attractive characteristic of the
material for applications involving fixed-frequency pump laser sources. The rapid

pump tunability of the Ti:sapphire laser removes the necessity of temperature
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tuning which is a far slower mechanism. The multi-parameter combination of pump,

grating and temperature tuning of the PPLN ICSRO allows a wide range of tuning
schemes to be accessed. The implications of this high degree of flexibility include
the ability of the PPLN ICSRO to operate at integer ratio output frequencies. This

optical frequency division aspect to the tuning of the device is an attractive prospect
for reference chain synthesis, discussed later in this chapter.

With a high coercive field of ~21kV/mm, PPLN is hard to produce with apertures of

greater than 1mm. This presents problems during the optimising of devices with

large path lengths. A 19mm long 0.5mm wide aperture inside the laser cavity

presents a significant alignment challenge and hinders rapid power optimisation.
This factor, coupled with the need to operate the material at elevated temperature,
has a notable impact on the development prospects of the intracavity PPLN SRO.
Recent progress in the development of wide aperture PPLN samples [6] and MgO-

doped PPLN [7] shows promise for the solution of these material problems.

Problems arising from the thermal properties of this nonlinear material are

discussed in a separate section.

5.2-2 SRO cavity alignment

The alignment procedure for the SRO cavity implemented in this experiment is

slightly different from that outlined in the previous chapter. With the plane-mirror
terminated SRO cavity of chapter 4, once lateral alignment of the retro-reflected

pump is achieved SRO operation should commence. In the case of the PPLN SRO,
lateral and longitudinal alignment must be made as the SRO cavity is terminated by
a curved mirror M6.

The key to quick and effective alignment of mirror M6 is good initial alignment. M6
should be placed just behind the calculated optimum position from the beamsplitter.
A screen located behind the beamsplitter as shown in figure 4 of chapter 4 must be
used to examine the divergent back-reflected spots from the beamsplitter.

Rudimentary alignment of M6 should give rise to a ring interference pattern

between the back-reflected spot off the beamsplitter and the retro-reflected curved
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wavefront from M6. The general idea is to increase the diameter of these rings,
when overlapped, by moving M6 towards the beamsplitter. This will ensure that the
two curved wavefronts will converge and bring the SRO cavity into stability and

alignment. Clearly, if the rings get smaller, pull the mirror outwards. A good deal of

patience is required here, ensure that the laser is tuned to the correct wavelength
for the grating period being used and try and use a good viewing scope to get better
contrast for the ring patterns (which can be very faint). The first indication of SRO

operation will be the observation of a small amount of visible orange SHG of the

signal wavelength. This is an effect of the high-order QPM processes that give finite
conversion for odd-orders of the grating period. Sum frequency generation of the

pump and signal is also clearly visible.

5.3 PPLN ICSRO power characteristics

The large effective nonlinearity of PPLN enabled the ICSRO to operate with an

intracavity power threshold of 4.4±0.5W (one-way circulating). This corresponded to

an input argon-ion power of 2W. The device, operating with a Ti:sapphire laser
threshold of 0.7W, generated a total measured idler output power of 238 mW at a
maximum input power of 6W. The total generated idler power (accounting for the
85% coupling efficiency of the SRO cavity) was 280mW at this pump power. With

respective signal and idler wavelengths of 1.21 and 2.46 pm, the total
downconverted power was inferred to be 0.85W at a pump wavelength of 811nm

corresponding to 75% of the optimum Ti:sapphire output power at 6W of argon-ion

input.

The lower power threshold of this device made it suitable for pumping with an all-
solid-state frequency-doubled Nd:YV04 laser [8], With a maximum green output

power at 532nm of 5.3W a total measured idler power of 120mW was generated.
This was tunable over the same range as measured for the argon-ion pumped

configuration and detailed in the next section. The total downconverted power was

inferred from the measured idler power and amounted to 360mW at the maximum

input power of 5.3W.
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From the outset of operation, the device showed poor amplitude stability with large

temporal and spatial fluctuations on ~1 -10 second timescales. These fluctuations
increased with input power, and at 6 W of argon-ion input the best power amplitude

stability was ~±9% as shown in figure 5.

50 Seconds

Figure 5. PPLN ICSRO amplitude stability over 50 seconds.

The power amplitude fluctuations were also observed for the Ti:sapphire laser in the
absence of SRO operation. This indicated that the PPLN crystal and oven were the

primary cause of the instabilities. Despite having a negligible effect on the laser

threshold, insertion of the PPLN crystal into the laser cavity reduced the Ti:sapphire

output powers by -25-50% at argon-ion pump powers of 6-8W. The observed

degradation in laser performance at high input powers is attributed to power-

induced thermal lensing in the PPLN crystal. A significant number of the short

(~10ms) timescale fluctuations appear to be caused by the intracavity oven itself. At
an operating temperature of 165°C, the oven introduces air currents and dynamic
refractive index effects analogous with mirage effects. An appreciable reduction in
the output instabilities was achieved through the use of intracavity beam tubes
around the oven input and output facets. These stabilised the gas temperature

gradients close to the oven and also reduced convection currents. The larger
timescale fluctuations were not affected by this measure.
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5.3-1 PPLN thermal lens effects

The amplitude instabilities observed in the PPLN ICSRO diverted experimental
attention towards an investigation of the thermal lensing effect of PPLN. Evidence
of a large thermal lens induced by the intracavity laser field came from two distinct
observations. The first, and perhaps most conclusive observation, was that the

residual argon-ion pump light that is found approximately collinear with the

intracavity laser field was affected by the presence of the laser field. When the

intracavity laser field was blocked and released, the residual argon-ion light showed
a series of rapidly expanding ring-fringes implying the dynamic establishment of a
refractive index change along the axis of the laser field. This fringe expansion

stopped once an equilibrium had been established. The second effect manifested
itself in the "thermal latching" of the SRO. It was often observed that despite

repeated attempts to align the SRO at input powers of -6W, oscillation could only
be achieved if the argon-ion input power was reduced by ~1W or the PPLN crystal
was displaced slightly in the lateral direction. The qualitative inference is that at high

intracavity power levels the stability conditions and/or cavity waist size induced by
the thermal lens is such that the SRO cannot operate unless the intracavity field is
reduced slightly. Once operational, the SRO keeps the intracavity field reduced due
to the clamping effect such that the power may then be increased up to the
maximum input power of 6W once more. When blocking the signal field and

subsequently releasing the aperture, SRO operation often failed to commence

despite the alignment of the cavity remaining the same.

To measure the strength of the induced thermal lens in PPLN, a He-Ne probe laser

experiment was undertaken as illustrated in figure 6. A He-Ne laser operating a

633nm was coupled into the laser cavity off the SRO beamsplitter which placed it
collinear with the intracavity laser field. Upon propagation through the PPLN crystal,
the residual He-Ne laser light was monitored using a linear photodiode array

(shown PDA in figure 6). The probe laser was focused with a 150mm focal length
lens forming a waist at the centre of the PPLN crystal. This waist had a confocal

parameter -35% smaller than that of the laser field at the centre of the PPLN crystal

ensuring that the aberrations were minimised. The He-Ne beam profiles in the
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presence and absence of the intracavity laser field are shown in figure 7. These

profiles were taken at a distance of 340±1mm from the centre of the PPLN crystal.

WP LI M2 M3

Figure 6. Experimental arrangement of the PPLN thermal lens study

showing the He-Ne probe laser and photodiode array (PDA).

0 4 8 -8 -4 0

Transverse spot size at PDA (mm)

Figure 7. Transverse He-Ne spot size at PDA (a) without and (b) with 25W

circulating intracavity field.
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In the presence and absence of a circulating intracavity field of 25W, the beam

profiles of figure 7 were used to infer the thermally induced focal length in the PPLN

crystal. Using an ABCD analysis of the probe laser beam propagation, the PPLN

crystal matrix was modelled as a lens duct with a transverse refractive index profile

given by

n(r) = n-%T (5.2)2 r

having an effective focal length feff, of

Adjusting the parameter n2 for a crystal length I = 19mm such that the beam

divergences observed in figure 7 were obtained, gave an inferred thermal lens focal

length of feff = 10±4mm. The effective focal length of the PPLN thermal lens may

be calculated following the procedure of Innocenzi et al. [9], Taking the absorption

of LiNb03, a, at 800nm to be 0.15%cm_1 [10] and a thermal conductivity value of

Kc=5.6Wm~lK~x [11], a calculated value of feff-3Amm is obtained. The
analytical solution used is approximate and the exact numerical method yields a

slightly longer focal length. Both results show that under intracavity operation, with
its associated high circulating fields, PPLN suffers from significant thermally
induced lensing. This qualitatively explains the poor power stability of the device.
The location of this strong lens at the intracavity laser focus is a critical factor in

minimising its effects on the cavity. Despite this, as the thermal lens builds with
scaled input pump power it will effect the Ti:sapphire crystal beam waist; reducing
laser gain and setting the cavity at a sensitive equilibrium where further increases in

pump power are offset by the reduction in laser gain. The cavity itself will be close
to its stability range. This hypothesis is highly speculative and has not been verified.
That the thermal lens in PPLN has a severely detrimental effect on the high power

operation of the ICSRO is in much less doubt.
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5.4 Spectral properties

The pump wavelength tuning of the PPLN ICSRO is shown in figure 8. The data
were obtained with an argon-ion input power of 6W at an oven temperature of
165°C. Idler wavelength values are inferred from measurements of pump and signal

wavelengths using an optical spectrum analyser operating with a resolution of
0.1 nm. Conservation of energy is assumed.

4.00

0.790 0.800 0.810 0.820

Pump wavelength (pm)
0.830 0.840

Figure 8. Pump wavelength tuning of PPLN ICSRO. Gratings are

designated: (a) 21.0pm, (b) 21.2pm, (c) 21.4pm, (d) 21.6pm, (e) 21.8pm,

(f) 22.0pm, (g) 22.2pm, (h) 22.4pm
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The oven insert used to mount the PPLN crystal made the 21.0pm grating
inaccessible to the intracavity laser field and data for this grating are missing. The

experimental data is in excellent agreement with the theoretical curves calculated

using equation (5.1). In contrast to its poor power performance, the PPLN ICSRO
showed a great deal of tuning flexibility. The signal field operated over the entire
mirror bandwidth from 1.073 to 1.257 pm corresponding to an idler tuning range of
2.30 to 3.33 pm. For an individual QPM grating period, the pump tuning range is
reduced to ~17nm, significantly less than the ~130nm pump tuning range of the
KTA ICSRO of chapter 4 for similar signal tuning ranges.
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Figure 9. Frequency ratio condition showing 3:2:1 Pump:Signal:ldler.

An important consequence of the multi-parameter tuning behaviour exhibited by the
PPLN ICSRO is shown in figure 9. Combinations of pump, grating and temperature

tuning allow frequency division synthesis [12] over a wide range of pump

wavelengths. Tigure 9 shows eight distinct solutions (intersections of the lines

shown) for which the pump signal and idler frequencies are in a 3:2:1 ratio.
Examination of figures 4 and 9 clearly shows that a ~50°C temperature tuning range

would tune each intersection solution to its nearest neighbour, giving a complete

coverage of the labelled ratio line shown. This is only possible due to the
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combination of the three tuning parameters available to the tunable Ti:sapphire

pumped ICSRO. Due to the conservation of energy condition central to the

operation of the OPO, one of its outputs, when locked to an external frequency

reference, allows the other outputs to be referenced to this same source when they
are locked in an integer ratio.

The external reference would commonly be an atomic transition. The internal
reference is generated by the parametric process itself. For example, when the

pump, signal and idler frequencies are in a 3:2:1 ratio the second harmonic of the

signal field coincides in frequency with the sum frequency of the idler and pump

fields providing a suitable ratio "lock point". It is worth noting that high order
nonlinear process in the QPM structure simultaneously phase-match all the

possible parametric process (albeit with very poor efficiencies). By virtue of the fact
that the QPM material is immersed in two multi-Watt circulating fields (signal and

pump) even the poor efficiencies of these high order process are enough to clearly
see the visible SHG and SFM output. It is often possible to scatter this output from a

diffraction grating and watch the SHG signal field and the SFM pump and idler scan
towards each other as the pump wavelength is tuned. This is a practical
demonstration unique to the Ti:sapphire pumped ICSRO. For higher conversion

efficiencies, the secondary nonlinear processes can be individually phase-matched
to enable a strong beat frequency between the coincident processes [13, 14], In
some circumstances, the secondary nonlinear process itself can self-injection lock
the OPO parametric process [15].

A suitable frequency reference scheme for the PPLN ICSRO has been devised by
Turnbull [16], This scheme involves referencing an idler field at 3.39pm to the P(7)
branch of the v3 Methane band. A single frequency pump (such as that obtained in
the PPKTP device of chapter 7) at 848nm driving a QPM PPLN ICSRO with a

grating period of 23.0 pm at 175°C would give the desired frequency ratio and idler

output. Internal parametric locking would be obtained via a coincidence of the idler
SHG and the DFM of the signal and idler. The resultant frequency chain could
stretch from 3.39 pm to the SHG of the pump wavelength at 424nm under suitable

phase-matched conditions.
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5.5 Chapter 5 summary

An intracavity SRO based on QPM LiNb03 (PPLN) has been implemented. The
device operates with a low primary pump threshold of 2W placing it well within the

pump power domain of efficient all-solid-state diode pumped laser sources. The
flexible combination of pump, grating and temperature tuning enables the device to

operate over a range of useful frequency division output frequencies. Adjustment of
the resonant signal mirror bandwidths and QPM grating period would allow an even

greater flexibility of output frequencies with comparable device performance.

The high power stability of the device is poor due to the superposition of two

independent factors. The first concerns effects induced through the insertion of a

high temperature oven at 165°C into the Ti:sapphire laser cavity. Convection
currents and associated dynamic refractive index gradients of the air surrounding
the oven cause instabilities of the output power for both the laser and ICSRO.

Enclosing the intracavity beam path near the oven facets with tubes results in a

marked decrease in the output power instability. Clearly, a desirable improvement
would be to operate the oven at a reduced temperature, advances in the MgO-

doping of LiNb03 [7, 17, 18] may well allow operation at, or close to, room

temperature without the effects of photorefractive damage. The use of intracavity
ovens requires a far greater degree of cavity engineering than is required for room

temperature operation. This is a significant factor in the favour of poled materials
such as PPRTA and PPKTP which can be operated at room temperature without
the observation of photorefractive damage.

The second factor affecting the power stability of the device is the observation of a

large thermally induced lens in the PPLN crystal when immersed in high circulating

Ti:sapphire fields. The intracavity pumping geometry utilised here couples the two

intracavity beam waists such that a significant change in the focussing conditions at

one waist location will adversely effect those at the other waist. In this way a

sensitive equilibrium between induced thermal lens in the PPLN crystal and its
associated effect on the gain of the laser mode is established. Instabilities in output

power are observed on ~1-10 second timescales as well as dynamic changes in
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spatial mode quality of the laser and SRO outputs. Solutions to this problem are

inherently material based. Of the few cavity improvements that may be made, a

cavity design which replaces mirror M5 with a plane mirror (having the same

coating specification) placed close to the rear surface of the PPLN crystal is less
intolerant to thermal lensing. This is due to the fact that the axial location of the

secondary beam waist is now defined at the plane mirror. The disadvantage of this
method is that the parametric gain is reduced as the beam waist is located away

from the centre of the PPLN crystal. Problems of optical coating damage may also
arise by forming the secondary intracavity focus directly onto the plane mirror and
close to the end facet of the PPLN crystal. Cavity desensitising of thermal lensing
has been successfully employed for a low power Nd:YV04 ICSRO based on PPLN

[3] where the use of an intracavity focussing element coupled with low circulating
fields and long PPLN interaction lengths reduces the effects of thermally induced

lensing.

In conclusion it is worthwhile to note the absence of high power continuous wave

applications for internally pumped PPLN. The frequency doubled NdYV04 laser
utilised in a section of this experiment is a prime example. This laser successfully

operates with an intracavity oven (all beam paths in the laser are enclosed) but
uses the nonlinear material LBO to achieve intracavity SHG. This material has an

effective nonlinearity ~4 times lower than that of PPLN.
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6. ICSRO based on QPM-
RbTiOAsQ4

6.1 Introduction

Paper T. J. Edwards, G. A. Turnbull, M. H. Dunn, M. Ebrahimzadeh, H. Karlsson, G.
Arvidsson and F. Laurell, "Continuous-wave singly resonant optical

parametric oscillator based on periodically poled RbTi0As04," Optics Letters,

23, 837-839 (1998).

Abstract We report a continuous-wave optical parametric oscillator (OPO) based on

periodically poled RbTiOAs04 (PPRTA). The singly resonant OPO, which is
located within a Ti.Sapphire laser, has a high-finesse signal cavity and
delivers a maximum output power of 270 mW to the nonresonant idler wave
at 2.92 pm, through a 4.5-mm PPRTA crystal. For room-temperature

operation and a crystal with a 30-pm grating period, pump tuning over 838-
848 nm results in OPO turning over 1.13-1.27 pm (signal) and 2.53-3.26 pm

(idler), limited by the bandwidth of optical coatings. PPRTA exhibits thermal

properties superior to those ofperiodically poled LiNb03.

This chapter describes the study of a Ti:Sapphire pumped intracavity SRObased on periodically poled RbTiOAs04 (PPRTA). In the Autumn of 1997 we

were fortunate enough to have, on loan, one of two PPRTA crystals acquired for

picosecond pulsed Ti:Sapphire pumping in the School of Physics and Astronomy,
St Andrews University (this work was subsequently published [1, 2]). The crystal,
which was the longer of the two acquired, measured just 4.5mm in length and
offered a unique opportunity to attempt the first observation of CW optical

parametric oscillation in this newly-poled material. The intracavity pumping
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approach was well placed to overcome the high SRO threshold conditions

presented by the small interaction length of the crystal. The tight focussing

geometry required to minimise threshold placed the cavity geometry under tight

stability constraints. Despite this, SRO operation was observed for input pump

powers twice above threshold. Characterisation of this device was subject to limited
time constraints dictated by the research schedule of the group from which it

originated. The crystal used in this experiment was subsequently characterised in

picosecond Ti:Sapphire OPO systems [1,2].

6.2 Experimental design

The cavity arrangement and design of the PPRTA was similar to that of the KTA
device discussed in chapter 4. To accommodate the much shorter nonlinear crystal
the pump focussing was increased in the SRO branch of the cavity by specifying
mirror M5 with a radius of curvature (ROC) of 100mm.

Figure 1. PPRTA experimental cavity layout
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Deviations from the cavity design outlined in chapter 4 are the replacement of the

Spectra-Physics 171 argon-ion with a more reliable Spectra-Physics 20-30 model,
and the reduction in laser waist size in the SRO branch by specifying M5 with a

100mm ROC. To reduce the overall cavity size for convenient positioning of cavity

optical mounts, mirror M6 was also specified with a ROC of 100mm. Optical

coatings on both these optics were identical to those previously used. Other than
these minor changes the cavity is unchanged from that described in chapter 4.

The consequences on the dual stability criterion of both laser and SRO cavities

arising from reduced SRO pump and signal mode waists is illustrated in figure 2.
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Figure 2. Beam waist in the centre of the PPRTA crystal as a function of
mirror separation of M5 & M6. Laser and SRO cavities are stable over a

~1mm range in contrast to the ~4mm common stability range of the KTA

configuration of chapter 4.

It can be seen from figure 2 that the laser and SRO cavities satisfy the common

stability criterion for ICSRO operation over a separation range of ~1mm. Both
cavities are operating close to the edge of stability. The analysis was performed for
a pump wavelength of 840nm and a signal wavelength of 1180nm with cavity
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spacing measured from the operational ICSRO device. The measured cavity

component spacing is given in tables 1 and 2.

Ti:Sapphire Laser Cavity Parameters

Mirror ROC (mm) Angle (Deg) Separation Distance (mm)
M1 oo N/A D1 645.0
M2 100 9.8 D2 48.7

LX1 7.6
M3 100 9.8 D3 48.7
M4 OO N/A D4 680.0

D5 680.0
M5 100 3.5 D6 49.8

LX2 4.5
M6 100 3.5 D7 98.4

Table 1 . Ti:Sapphire laser cavity parameters of the layout illustrated in

figure 1. Separation notation refers to figure 7(a) of chapter 3.

OPO Cavity Parameters

Mirror ROC (mm) Angle (Deg) Separation Distance (mm)
M7 oo N/A D1 223.0

D2 377.0
M5 100 2 D3 49.8

LX2 4.5
M6 100 2 D4 98.4

Table 1. SRO Cavity parameters of the layout illustrated in figure 1.

Separation notation refers to figure 8(a) of chapter 3.

The optimum mirror separation of mirrors M5 and M6 is found to be 152.7 mm for
maximum SRO output power. The pump laser mode sizes at this optimum

separation are 21x20fjm in the Ti:Sapphire crystal and 20x22/jm. at the centre of
the PPRTA crystal for a pump wavelength of 840nm. The respective PPRTA signal
field waist size was 27 x 26/dm for a wavelength of 1180nm.
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6.2-1 Nonlinearmaterial

The single-grating PPRTA crystal used here was prepared from an 8 mm long x 1
mm thick sample by patterning a photoresist grating with a period of 30 pm upon

the c+ face [3]. Electrical contact with the crystal was made by a KCI electrolyte,
and the sample was poled with 12-ms-long voltage pulses of 2.0 kV. Evaluation of
the quality of the quasi-phase-matched (QPM) structure was performed by carrying
out sixth-order second-harmonic generation with a CW source with a fundamental

wavelength of 914 nm. The width of the obtained phase-matching peak implied an

effective interaction length equivalent to ~80% of the total grating length and a

nonlinear coefficient of deff ~ 8 pm/V. The sample was then cut to obtain a 4.5 mm

long crystal whose end faces were then polished and subsequently coated with an

antireflection coating centred for pump and signal wavelengths respectively. The
orientation of this crystal with respect to the pump polarisation is shown in figure 3.

Figure 3. PPRTA showing the pump polarisation orientated along the z

axis of the crystal. Dimensions in the xxyxz crystallographic directions
are 4.5x5x 1 mm- The single-grating period is A = 30pm.

The wavelength transparency range of RTA extends beyond 5 pm and the QPM

phase-matched geometry allows phase-matching over the entire transparency

range. The coating bandwidths of the Ti:Sapphire ICSRO optics constrain the
resonant signal field to a 200nm bandwidth centred at 1200nm. This limits the

Z
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potential accessible tuning ranges that are available through the grating-engineered

phase-matching geometry.

The QPM phase-matching regime may be calculated by numerically solving the

following equation for As, given a particular pump tuning range

Here, nz(/1) is calculated from published sellmeier data [4], Common with many

QPM interactions, all the interacting parametric fields are polarised along the crystal
axis that accesses the highest nonlinear d coefficient. In the case of RTA this is

along the z axis, which accesses a published coefficient of d33 = 12.1 pm/V [5], As

outlined in chapter 2, the effective nonlinear coefficient for first order QPM

accessing the d33 nonlinear coefficient is given by

This gives an effective nonlinear coefficient of deff - 7.6 pm/V for the data of
reference [5], in good agreement with the experimental measurement. Equation

(6.1) may be solved for phase-matched signal and idler ranges (assuming energy

conservation) for a given pump wavelength range and grating period A.

Alternatively, (6.1) may be used to calculate a range of grating periods suitable for a

particular pump wavelength and signal mirror bandwidth. This second method is
often the first stage of the QPM design process for a particular application. The
resultant curves generated by this approach taking a range of Ti:Sapphire pump

wavelengths are shown in figure 4. As the grating period of the material will not be a

continuously tunable variable (with the exception of a small change in period with

crystal tilt) the correct choice of grating must be made at the outset of the design

stage. The choice of grating period will be tied to the accuracy of the sellmeier data

v *
'

yt.
U-A,

(6.1)

(6.2)
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used to model the tuning curves. For materials such a RTA which lack a wide range

of published sellmeier data there is scope for error when specifying a particular
QPM period. A great advantage of the Ti:Sapphire ICSRO pumping approach is
that the wide tunability of the device is able to accommodate most design errors of
the QPM period by operating over different pump wavelength ranges. Coupled with
its ability to overcome the stringent CW threshold requirements of newly-developed
materials (which often have short interaction lengths when first developed), the
ICSRO is uniquely placed as a test-bed for new QPM materials. The pump

wavelength "agility" mentioned above is illustrated in figures 4 and 5.

o.o 1 1 1 1 1
26 27 28 29 30 31 32

QPM grating period (pm)

Figure 4. PPRTA calculated signal and idler QPM wavelengths as a

function of grating period for a range of Ti:Sapphire pump wavelengths. An

expanded view showing the signal mirror bandwidth is given in figure 5.

The resonance constraints of the signal field, dictated by our mirror bandwidths will
define the tuning scheme that is accessed for a particular QPM period. There are

multiple solutions of signal and idler pairs. Starting at degeneracy on one of the
curves shown in figure 4 (at ~1.6pm) the possible signal field solutions of (6.1) track
downwards in wavelength and the idler solutions track upwards in wavelength. The

signal and idler solutions remain paired for each QPM period. Where multiple pair
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solutions exist for one QPM period, the lowest signal wavelength matches the

highest idler wavelength (the nlh signal solution below the degenerate point will be

paired with the nth idler solution above degeneracy. The coatings specified on the

ICSRO optics access signal and idler solutions for which n = 1, i.e. the 1st paired
solutions beyond the degenerate point. An expanded view of figure 4 over the
ICSRO mirror bandwidths is given in figure 5.

26 27 28 29 30 31 32

QPM grating period (pm)

800nm 810nm 820nm 830nm 840nm 850nm 860nm

Figure 5. Expanded view of the PPRTA signal QPM wavelengths as a

function of grating period.

It can be seen from figures 4 and 5 that the 30 pm grating period specified on the
PPRTA crystal is predicted to phase-match the mirror bandwidth range of 1.1-1.3

pm at pump wavelengths around 830-840nm (for the given sellmeier data [4]). This
was the desired operating scheme for the intended application. As the ICSRO had

previously been extensively characterised for pump wavelengths around 810nm
then ideally, a theoretical grating period of -28.3 pm would have allowed ICSRO

operation at this wavelength (for which transmissions of the cavity optics were

already known). A more useful tuning curve, placing the continuously variable

wavelength parameters along the axes and keeping the QPM grating period
constant in (6.1), is shown in figure 6 for the 30 pm PPRTA grating specified. This

represents the static pump-tuning of the crystal.
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0.820 0.825 0.830 0.835 0.840 0.845 0.850 0.855 0.860

Pump wavelength (pm)

1.05 1 1 1 L— J 1—
0.824 0.828 0.832 0.836 0.840 0.844

Pump wavelength (pm)

Figure 6. (a) Calculated pump wavelength tuning for 30 pm grating PPRTA

sample, (b) Expanded view of resonant signal bandwidth.

The calculated pump tuning range is ~826-842nm corresponding to 16nm. This
contrasts greatly with the case of birefringently phase-matched KTA, which had an

equivalent 125nm pump tuning range. This reduction in pump bandwidth required to

cover the entire signal tuning range and subsequent rapid pump tuning is a

common characteristic of QPM schemes.
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6.2-2 SRO cavity alignment

Having a common signal cavity geometry to the KTA ICSRO of chapter 4 results in
a very similar alignment procedure. The first priority is to correctly align the pump

laser cavity and optimise it for power with a suitable output-coupler at M1 and then

replace this optic with a pump high-reflector (optimising the pump leakage field). As

before, the return residual pump spots from mirror M7 should be overlapped with
those reflected from the beamsplitter face opposite the mirror. The slight difference
with this procedure is due to the fact that the common cavity stability condition is far

more stringent. With only ~1mm of travel over this stability range, care must be
taken to obtain the correct separation and also to locate the PPRTA at the centre of

the intracavity focus. To obtain parametric oscillation it may be necessary to slowly

adjust the separation of mirrors M5 & M6 whilst optimising the pump leakage field.

Upon each adjustment the SRO cavity alignment should be attempted.

It is important to highlight the importance of persistence here. The quality of many
nonlinear materials is often "dubious" every crystal will have "sweet-spots" and the
minor transverse translations of the material through the pump focus can often have

significant effects on both pump and SRO performance. Paying close attention to
this fact will avoid the observation of a "null-result", or "no-PO" as is has come to be

known in the course of this work, for the majority of cases where persistence and
numerous cycles of crystal translation and pump optimisation eventually pays

dividends.

6.3 PPRTA ICSRO power characteristics

Power characterisation of the PPRTA SRO was limited to 6 W of input argon-ion

power. The nature of the tight focus required in the PPRTA and its associated
constraints on the stability ranges of both SRO and laser cavities caused a rapid
decline in laser and SRO performance at high input powers. This decline is
attributed to a small amount of thermal lensing at high input powers and circulating

intracavity fields which may alter the relative waist sizes and affect stability.

Unfortunately, a combination of time constraints (the crystal being on loan) and the
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fact that the optics used were originally obtained with the intent of using much

longer nonlinear materials, resulted in little experimental investigation of this effect.
The decision was made to characterise the device initially within the linear range of
its operation and invest any spare time into the investigation of this effect, especially
as it was similar in nature to that observed in KTA a high input powers. To date, this

investigation has not been performed.

The power characterisation of the device was undertaken at pump, signal and idler

wavelengths of 0.840, 1.18 and 2.92 pm respectively.

6.3-1 Intracavity power

The intracavity power of the Ti:Sapphire laser, with all mirrors specified as highly

reflecting, was monitored by calibrated leakage field from mirror M4 at a pump

wavelength of 840nm. Calibration of this field was performed by monitoring the

leakage for differing levels of output coupling of the Ti:Sapphire laser. The
measured intracavity power characteristic is shown in figure 7.

60

0 23456789

Argon-ion input power (W)

Figure 7. Intracavity power characteristic of the PPRTA ICSRO showing
the pump clamping effect above SRO threshold. Open circles show the

intracavity field in the absence of SRO operation.
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The Ti:Sapphire laser operates with an incident argon-ion threshold of 0.5 W. In the
absence of SRO operation, the internal laser field increases linearly with input

power to a maximum one-way circulating field of 54 W at 8 W of input power. At an

argon-ion input power threshold of 3.0 W the SRO clamps the intracavity laser field
at 16±3 W shown in figure 7. The laser field remains clamped for input powers up to
5 W then increases slightly at higher input powers. This is attributed to slight
thermal effects in the Ti:Sapphire crystal effecting cavity mode size in the PPRTA

crystal.

6.3-2 Output power and efficiency

As with all the standing wave SRO devices studied, the idler field is generated in
both directions of interacting fields within the nonlinear crystal. Thus the total
measured idler is twice the value of the measured idler through one of the cavity
mirrors M5 or M6. The total measured idler (not accounting for the coupling

efficiency of the cavity optics) is shown in figure 8.
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Figure 8. Total measured idler power at 2.92 pm as a function of argon-ion

input power. The dashed line represents the theoretical prediction of idler

output power based on the laser and SRO thresholds and accounting for
the idler coupling efficiency i). from the SRO cavity.
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Above SRO threshold, the idler output power increases to a maximum value of 206
mW at 8 W of argon-ion input power. Recalling the expressions for optimum laser

output power and downconverted power, namely

and

where

p -y (p _ ps
DC I max ( in th,SRO^

( pL \
1 _ >h

pSRO
v ^

Ymax = VinPabs = ^-49

(6.3)

(6.4)

(6.5)

we can deduce the theoretical idler output power. For signal and idler wavelengths

Xs, of 1.18 pm and 2.92 pm respectively, the total downconverted idler power is

given by

P' = P1 DC 1DC 1 +A
X,

v1

(6.6)
S /

where PDC is calculated from equation (6.4) using measured laser and SRO
thresholds of 0.5 and 3.0 W respectively and a maximum input power of 8 W. Note
that the value of here is slightly larger than that measured for the KTA ICSRO

which utilised an older Spectra-Physics 171 argon-ion laser. The theoretical idler

output power then given by

PL = PDCVi (6.7)

where T7;=0.76 is the measured idler coupling efficiency from the SRO cavity.

Equation (6.7) is shown by the dotted line in figure 8. The maximum theoretical
idler output given by (6.7) is 588 mW at 8 W of argon-ion input power (not shown on

graph). This is some 380 mW greater than the measured experimental value, a
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factor of 2.8 difference. Possibilities for this discrepancy are discussed at the end of
this section. The overall downconversion performance is illustrated in figure 9.

Argon-ion input power (W)

Figure 9. Downconverted power of the PPRTA ICSRO. Theoretical laser
and SRO output powers are shown by solid and dashed lines respectively.

It can be seen from figure 9 that the optimum input power required to achieve a

maximum 100% downconversion efficiency lies beyond the 8 W input power used
for characterisation of the PPRTA ICSRO. Using the power optimising expression

the calculated input power for maximum downconversion is 18 W. Whilst an input

power of this magnitude was available from the 20-30 argon-ion laser, the device
failed to operate above ~12 W of input power, an effect attributed to thermal lensing

causing the laser and SRO cavities to become unstable. Within the reduced input

power scheme investigated, the Ti:Sapphire laser delivers a maximum theoretical

output power of 2.2 W at 8 W of argon-ion input power. Of this power, the SRO can

potentially downconvert 2.0 W to the signal and idler fields as shown by the dashed
line of figure 9. With the present arrangement, an inferred total downconverted
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power of 940 mW was produced leaving a shortfall of 1.08 W from the theoretical

prediction. This reduced the downconversion efficiency from a potential 92% at 8 W
of argon-ion input power to an measured efficiency of 43% as shown in figure 10.
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Figure 10. PPRTA ICSRO downconversion efficiency as a function of

argon-ion input power. There is a clear drop in efficiency at higher input

powers.
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Despite the reduction in measured efficiency from that predicted by theory it is still
useful to take the wider view that, for a crystal of such a short interaction length, a

CW conversion efficiency of 43% is highly respectable. This does not excuse the
fact that the deviation from theoretical performance must be accounted for. The fact
that the intracavity laser field shown in figure 7 remains roughly clamped over the

input power range of the device rules out the possibility that the SRO threshold is

simply increasing with input power due to thermal effects. In fact, the intracavity
SRO threshold increases to only 18.5±4 W corresponding to an inferred input power
threshold of ~3.2 W. With this threshold the calculated downconverted power would
be reduced from 2.04 W to 1.98 W which does not account for the reduced

efficiency observed.

The idler field wavelength was not monitored during power characterisation. The
SRO was pumped at a wavelength of 840nm corresponding to the maximum device
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output power. At this pump wavelength the signal wavelength was measured to be
1.18 pm corresponding to an idler wavelength of 2.92 pm. Cavity coupling efficiency
for the optics was measured with the pump wavelength at 840nm and it was
assumed that the idler wavelength was identical to that previously measured.

Subsequent tuning analysis of the device, outlined in the next section, showed an

erratic tuning behaviour, which casts into doubt the validity of the idler coupling

efficiency measurement. Unfortunately time constraints did not allow a complete re¬

characterisation of the ICSRO power performance. The effects of this erratic tuning
on inferred efficiency are outlined in the conclusions of this chapter.

6.4 PPRTA ICSRO spectral properties

As mentioned above the tuning characteristics were erratic and inconsistent.
Several attempts were made at obtaining consistent tuning behaviour from the
device. The data obtained is displayed graphically in figure 11. Of the datasets that
are represented in figure 11, datasets 1 and 5 show simultaneous phase-matching
of one or more signal modes. It should be noted that the idler could not be directly
measured and the plot of idler wavelength is that inferred from signal and pump

wavelength measurements. The wavelengths were measured using a 1m
monochromator and a germanium photodiode detector. The monochromator was
calibrated using He-Ne lasers operating at 0.633 and 1.152 pm. Each dataset

represents a pump tuning range for which the cavity alignment was unchanged.

Subsequent re-alignment necessary to operate the ICSRO each time the device
was used on separate days, produced a different tuning characteristic. This implies
that there was an issue of material quality, possibly an irregular QPM grating

geometry coupled with poor crystal homogeneity. Evidence of this is observed in
dramatic changes of ICSRO output power with transverse deviation of the nonlinear
material through the intracavity pump focus. This erratic tuning may explain a

degree of the efficiency shortfall observed in the power characterisation process, as

this process assumes a constant cavity coupling parameter for the idler field. The
simultaneous phase matching of multiple signal modes for dataset 1 of figure 11
shows a signal wavelength spacing of 17-20nm. This excludes the possibility of the
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separate modes being adjacent cavity modes. Another possible explanation is

required.
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Figure 11. Erratic wavelength characteristics of the PPRTA ICSRO.

A possibility that was investigated was that the pump laser itself may be operating
on widely-spaced modes (possibility adjacent peaks of the birefringent tuner).
Observation of the pump laser field with an optical spectrum analyser having a

resolution of 0.5nm did not show any such modes for the simultaneously phase-
matched condition. The adjacent modes of the birefringent tuner are ~10nm apart

and thus cover the entire signal pump tuning range of the laser. The possibility of
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the signal field accessing the lower branch of the QPM tuning curves (figure 4) is

unlikely as this would require a signal mode spacing of far greater than the ~20nm
observed. This is best illustrated in figure 12.

Pump Wavelength (nm)

Figure 12. Experimental signal tuning data superimposed onto a plot of the
theoretical tuning characteristic as calculated form sellmeier data.

Although the theoretical curve does not match the tuning curve obtained by

experiment, it serves to illustrate the argument discounting the possibility of the

signal field simultaneously phase-matching on two solutions of the QPM tuning
curve. The form of the theoretical tuning curve would allow a -20 spaced signal
near the cusp point at 826nm shown in figure 12. Pump tuning away from this point

however, would mean that subsequent phase-matched signal pairs would rapidly
increase their wavelength separation over a few nanometers of pump tuning. This is
not consistent with the observed behaviour of the mode pairs which remain

constantly spaced to within ~3nm over a pump tuning range of ~5nm. Extending
5nm in pump wavelength from the cusp wavelength of the theoretical curve

increases the signal solution spacing by almost 100nm.

Observation of the signal fine frequency spectrum was brief, and showed an

unsurprisingly erratic behaviour with multiple mode hops to adjacent cavity modes
and operation of the signal wavelength on several simultaneous cavity modes. The
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mode spacing of the ~750mm long signal cavity was 200MHz, far smaller than the
4THz spacing observed with the monochromator!

Further characterisation of the PPRTA ICSRO was somewhat hindered by the lapse
of the crystal loan period. The crystal was expunged from our system before a full

investigation of its frequency properties and also, high input power characteristics
could be performed. The concluding remarks of this chapter will leave many

important questions unanswered as to the operational characteristics of the PPRTA
ICSRO.
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6.5 Chapter 6 summary

Continuous-wave parametric oscillation has been observed in the nonlinear material
PPRTA. Using a 4.5mm long sample and an intracavity SRO pumping

configuration, the device was able to operate ~2.5 times above threshold.
Measured output power at the idler wavelength exceeded 200 mW for 8 W of input

primary pump power. The device operates with a downconversion efficiency of 43%
at maximum pump power.

This device was operating at the limits of cavity stability due to the tight intracavity

focusing required to achieve threshold conditions. Alternative cavity designs that

place both pump and SRO cavities well within their stability ranges would reduce
the sensitivity of the ICSRO to thermally induced fluctuations in cavity mode size.
For example, specifying mirror M7 with a ~3m radius of curvature and moving it
400mm backwards would double the common stability range and maintain the
same signal waist in the PPRTA. Suitable optics to undertake this improvement
were not available.

Erratic tuning of the ICSRO signal wavelength casts in doubt the validity of the
inferred downconverted power measurement as this is tied to a known cavity

coupling efficiency for the idler wave. Experimental tuning would suggest that

simply operating the ICSRO at 840nm is no guarantee that the idler wavelength will
remain consistently at 2.92 pm. Resolution of this uncertainty would involve re¬

characterisation of the power performance with intermittent checks on the signal
field wavelength to ensure consistency.

The cause of the erratic tuning has yet to be established. The strong dependence
on lateral crystal position and output power would suggest the quality of the sample

investigated is not optimum. The resultant effects that this may have on the poling

process may include a certain degree of non-uniformity of the QPM grating
structure within the crystal itself. It would not be surprising for a degree of domain
error in the QPM structure to cause unpredictable tuning characteristics. Again, until
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this can be investigated it remains pure conjecture and serves only as a guide for
future studies of the material itself.

Behind this incomplete picture of the PPRTA ICSRO lies one factor that must not be
overlooked. The very fact that CW parametric oscillation could be achieved at all in
such a sample is a resounding endorsement of the ICSRO pumping approach. The

Ti:Sapphire wavelength tunable pump source has underlined its own versatility in
the flexible accommodation of new nonlinear materials. The discrepancy between
calculated and experimental tuning ranges may well have been the difference
between a working device and a redundant crystal had the sellmeier equations
been utilised to design a grating for a fixed wavelength device.

With an ever-greater emphasis being placed on the development of new nonlinear

materials, uncertainty in the design process of the QPM period will inevitably

produce errors in the phase-matched schemes derived. The Ti:Sapphire ICSRO by
virtue of its frequency agility and ability to surpass multi-Watt level CW thresholds,
has an unprecedented capacity to characterise these new materials.
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7. ICSRO based on QPM-
KTi0P04

7.1 Introduction

Paper T.J. Edwards, G.A. Turnbull, M.H. Dunn and M. Ebrahimzadeh, "Continuous-

wave, singly-resonant, optical parametric oscillator based on periodically

poled KTiOP04," Optics Express, 6, 58-63 (2000).

Abstract A continuous-wave singly-resonant optical parametric oscillator (SRO) has

been implemented using a 20 mm long crystal of periodically poled KTiOP04

(PPKTP) intracavity-pumped at room temperature within a Ti:Sapphire laser.
The device delivers a maximum output power of 455 mW at a non-resonant

idler wavelength of 2.47 pm. The 28.5-pm grating PPKTP crystal provides
SRO tuning over 1.14-1.27 pm (signal) and 2.23-2.73 pm (idler) limited by

optical coating bandwidths and corresponding to a pump tuning range of
805.5-811.2 nm. Temperature tuning of the device generated signal and idler

ranges of 1.18-1.26 pm and 2.29-2.57 pm, respectively, corresponding to an

average tuning rate of 1.2 nm/degree (signal) and 4.5 nm/degree (idler). Ring-

cavity configuration of the device resulted in generation of 115 mW of single-

frequency idler output at 2.35 pm.

This chapter reviews the study of a Ti:Sapphire based ICSRO implemented witha crystal of periodically poled KTiOP04 (PPKTP). This work has been

published in the above paper. PPKTP offers the significant advantages of QPM

grating engineered phase-matching and an enhanced effective nonlinearity due to

the ability of the QPM process to access the highest nonlinear d coefficient of the
material. The material properties of KTP are well known through its widespread use
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as an established birefringently phase-matched nonlinear material [1], The

implementation of the QPM regime for this material offers a further continuous

tuning parameter beyond those of the birefringently phase matched case. As all the

interacting fields of the QPM parametric process are polarised along a common

crystal direction, the absolute change in refractive index with temperature will give
rise to a significant amount of temperature tuning. In contrast, the birefringence of
the material shows little temperature tuning as all three principal refractive indices
show the same relative change in absolute refractive index and thus maintain the

index difference that gives rise to birefringence. This opens up an important degree
of freedom for the tuning of an ICSRO device that is based on a fixed frequency
laser source for which there is often little scope for tuning in other manners due to

potential misalignment of the laser itself. The investigation of this material and its

associated tuning properties under ICSRO operation forms the greater part of the

work outlined in this chapter. In total, three different cavity geometries are employed

at different stages of the investigation. The third geometry studies the possibility of

implementing the ICSRO device in a ring-ring geometry, that is, a ring cavity SRO

operating within a ring cavity Ti:Sapphire laser. The advantages of this configuration
are that all the parametrically interacting fields may be made to resonate with single

longitudinal modes. Further to this advantage, the uni-directional nature of the fields
will give rise to idler output in one direction only, avoiding the problem of bi¬
directional idler output that characterises the standing-wave ICSRO configuration.

7.2 Experimental design

We shall cover the study of the ring-configured PPKTP ICSRO in the latter part of
this chapter as its implementation is significantly different from the standing wave

devices encountered previously. The two cavity configurations used to characterise
the standing wave device are outlined below.

7.2-1 Power and pump tuning analysis - cavity design

The main body of power and spectral characterisation was undertaken in the
familiar standing wave geometry of the modified commercial Schwartz Titan laser
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[2] as illustrated in figure 1. Cavity optics and their arrangement have been
described in chapter 4. The exceptions in the case of the PPKTP ICSRO are,

obviously, the location of a 20 mm long PPKTP at the secondary intracavity focus of

the Ti:Sapphire laser and the utilisation of a more reliable Spectra-Physics 20-30

argon-ion primary pump laser capable of delivering ~18 W of multi-line green output

power.

Figure 1. Cavity arrangement of the PPKTP ICSRO for power and pump

tuning studies.

The cavity configuration above utilised a 200mm ROC mirror at M5 and M6 which

resulted in the common laser and SRO stability condition being satisfied over a

mirror separation of -309-313.5 mm as shown in figure 2. The optimum mirror

separation was found to be 312.7 mm which corresponded to a laser mode waist of

35x34/dm (Ap=808nm) and a signal mode waist of 51x52fim (As = 1200nm) at
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the centre of the PPKTP crystal. The mode waist at the centre of the Ti:Sapphire

crystal measured 19x20/dm. Cavity spacing parameters for the laser and SRO
cavities are given in tables 1 and 2 with spacing notation being taken from figures

7(a) and 8(a) of chapter 3.
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Figure 2. Laser and SRO waist sizes in PPKTP crystal as a function of
mirror separation.

Ti:Sapphire Laser Cavity Parameters I

Mirror ROC (mm) Angle (Deg) Separation Distance (mm)
M1 oo N/A D1 645.0
M2 100 9.8 D2 48.7

LX1 7.6
M3 100 9.8 D3 48.7
M4 oo N/A D4 700.0

D5 786.0
M5 200 2 D6 98.3

LX2 20
M6 200 0 D7 194.4

Table 1. Ti:Sapphire laser cavity parameters of the layout illustrated in

figure 1. Separation notation refers to figure 7(a) of chapter 3.
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SRO Cavity Parameters I

Mirror ROC (mm) Angle (Deg) Separation Distance (mm)
M7 oo N/A D1 420.0

D2 370.0
M5 200 2 D3 98.3

LX2 20
M6 200 0 D4 194.4

Table 2. SRO Cavity parameters of the layout illustrated in figure 1.

Separation notation refers to figure 8(a) of chapter 3.

7.2-2 Temperature tuning analysis - cavity design

The cavity layout used to study the temperature tuning characteristics of the PPKTP
ICSRO had to accommodate a temperature-controlled oven situated around the

nonlinear material. This rendered the cavity layout described in figure 1 inoperable.
The commercial Eskma oven had a diameter of some 50mm, increasing the fold

angle of the SRO branch of the laser cavity such that the collimated arm of the

cavity passes the main bulk of the oven would introduce a prohibitive amount of

astigmatism to the cavity mode. For this reason, the experimental temperature

tuning of the ICSRO was undertaken with a modified laser and SRO cavity design
as shown in figure 3.

In this design, a second intracavity laser focus is introduced through the use of an

intracavity lens L2 with a focal length of 100 mm. The lens was broad-band anti-

reflection coated for the resonant pump field only and placed external to the
resonant SRO cavity. This enabled the resonant laser mode to pass through the
centre of the oven containing the PPKTP crystal with the signal field being
discriminated from that of the pump with the use of a 45° beamsplitter (identical to
the optic used in the cavity design of figure 1). This design liberates the SRO cavity
from utilising the common focusing mirror M5 in figure 1, allowing greater flexibility
over the stability range. Thus, the common cavity stability criterion may be satisfied
for the SRO cavity over any stability variation of the laser. Clearly, the essential
issue that must be satisfied, beyond that of cavity stability, is that appropriate signal
and laser mode sizes must be maintained at the centre of the nonlinear material.

159



Chapter 7 ICSRO based on PPKTP

For the purpose of this experiment, the intracavity lens was chosen to produce an

identical laser waist to that formed by mirror M5 in figure 1. In practice this mode will
be slightly less astigmatic as, correctly aligned, lens L2 should not introduce

astigmatism to the resonant laser mode.

Figure 3. Modified ICSRO cavity design for the study of PPKTP

temperature tunability.

A comparison of figures 1 and 3 shows that, from mirrors M1 to M4, the laser cavity

arrangement is identical. The only cavity modifications occur in the cavity branch
from M4 to M5&6. Cavity spacing parameters are given in tables 2 and 3. At these

optimum separations astigmatism is negligible and the respective pump and signal
waist sizes are 35 pm and 57 pm at the centre of the PPKTP crystal. Despite the

greater flexibility of the SRO cavity design shown in figure 3, it should be noted that
the cavity spacing parameters of table 4 place the SRO cavity close to the edge of

stability in order to minimise the signal waist within the PPKTP crystal. When

operating well within the stability range of the SRO cavity the signal waist increases
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to approximately twice its value for optimum mirror separation. With the exception of
the intracavity lens L2, all optical components are identical to those used in previous

experiments.

Ti:Sapphire Laser Cavity Parameters II

Mirror ROC (mm) Angle (Deg) Separation Distance (mm)
M1 oo N/A D1 645.0
M2 100 9.8 D2 48.7

LX1 7.6
M3 100 9.8 D3 48.7
M4 OO N/A D4 700.0
L2 f=100 D5 586.0

D6 50.0
M5 200 0 D7 262.7

Table 3. Ti:Sapphire laser cavity parameters of the layout illustrated in

figure 3. Separation notation to mirror M4 refers to figure 7(a) of chapter 3.
All other separations refer to figure 3.

OPO Cavity Parameters II

Mirror ROC (mm) Angle (Deg) Separation Distance (mm)
M6 100 0 D8 45.2
M5 200 0 D7 262.7

Table 4. SRO Cavity parameters of the layout illustrated in figure 3.

7.2-3 Nonlinear material

Potassium titanyl phosphate (KTP) is well established as a birefringent nonlinear
material [1], With good thermal properties, high damage threshold and excellent

optical homogeneity KTP is an admirable candidate for promotion to the QPM

operating regime. A significant advantage of this material over QPM LiNb03 (PPLN)
is its resistance to photorefractive damage at room temperature and low coercive
field. These factors, coupled with a simple lattice structure make the domain
inversion and subsequent use of this material a good deal less complicated. Minor
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drawbacks of the material itself include a relatively high ionic conductivity, which
hinders domain resolution and promotes high electrical currents during the poling

process. This can be resolved through the use of Rb+ ionic doping to reduce the
number of mobile K+ ions in the crystal lattice [3], Perhaps more serious, for tunable
mid-infrared applications, are the two absorption features of the material. A narrow

OH" absorption at 2.8 pm and a more pronounced lattice absorption from 3.8 to 4.5

pm must be excluded from operational signal and idler tuning bandwidths if
maximum efficiency is to be maintained. Of course, the very nature of the QPM

process itself allows the phase-matched process to be engineered away from these
material absorption bands.

The PPKTP crystal used in the experiments outlined in this chapter was obtained
from the Department of Physics, Royal Institute of Optical Technology, Sweden,
and prepared according to reference [3], Dimensions and crystal orientation relative
to the incident pump laser polarisation are shown in figure 4.

Figure 4. PPKTP showing orientation of the pump polarisation along the z

axis of the crystal. Dimensions in the xxyxz crystallographic directions
are 20x3x1 mm- The single-grating period is A = 28.5pun.

The grating period of the PPKTP was chosen to phase-match a pump wavelength
of 810nm to a resonant signal wavelength of 1.2 pm. This placed the phase-
matched condition at the centre of the signal mirror bandwidth. Using the sellmeier
data of Dyakov et at [4] a grating period of 28.5 pm was calculated from the

following first-order QPM phase-matching equation
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As with its close crystal family member PPRTA, PPKTP is poled to access the

highest d33 nonlinear coefficient along the crystallographic z axis. Thus only

sellmeier data for nz(A) is required. A plot of signal and idler wavelengths as a

function of grating period for a range of pump wavelengths is shown in figure 5.
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Figure 5. Calculated signal and idler wavelengths as a function of QPM

grating period for PPKTP using sellmeier data of reference [4],

It can be seen from figure 5 that a small variation in grating period can have a

dramatic effect on the phase-matched condition. Specifying a particular idler grating

period for a fixed frequency source requires sub-micron accuracy for the poling
mask. Fortunately PPKTP has a respectable amount of temperature tunability as

will be seen later in this chapter. This allows for errors in the grating period design
to be tuned onto phase-matching. Avoiding the necessity to temperature tune the
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nonlinear material, the Ti:Sapphire ICSRO can quickly accommodate such errors

via the tunability of the pump laser. To illustrate one of the major problems faced
when designing a particular QPM grating scheme for PPKTP, a plot of the pump

tuning characteristic of PPKTP having a grating of 28.5 pm is shown in figure 6 for
several published sources of sellmeier data.
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Figure 6. Pump tuning characteristic of a 28.5 pm grating PPKTP crystal
calculated from the following sellmeier data: (a) Liao et al [5], (b) Anthon et
al. [6], (c) Vanherzeele et al. [7], (d) Kato [8], (e) Dyakov et al. [4], (f)
Fradkin et al. [9] and Fan et al. [10].

Clearly, care must be taken to select the correct sellmeier source if mistakes are to

be avoided. Examination of the experimental data range over which the sellmeier

equations have been fitted is essential. In this way, only those equations fitted to

experimental data within the desired phase matching regime should be considered.

Following this general rule does not provide a conclusive candidate from among the

published data. For the phase-matched pump and signal ranges of this experiment,
the four centrally placed curves in figure 6 are potential tuning curves. An expanded
view of these calculated curves is shown in figure 7. Of the four calculated sellmeier

tuning curves shown in figure 7, the curve derived from the data of Vanherzeele et
al. [7] is found to most closely match the experimental data of the ICSRO

experiments outlined in this chapter. It should be noted that this is not the actual
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sellmeier reference from which the design of the 28.5 [jm QPM grating was derived.
In the context of fixed frequency pump sources, this inherent uncertainty in the

design process of the QPM period may well give rise to wide deviations from the
desired phase-matching regime.
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Figure 7. Expanded view of figure 6 showing the four best sellmeier
candidates for phase-matching calculations of the 28.5 pm PPKTP sample,

(c) Vanherzeele et al. [7], (d) Kato [8], (e) Dyakov et al. [4], (f) Fradkin et al.

[9]

The first order QPM interaction of the PPKTP sample is designed to access the

highest d coefficient of the material. In the case of PPKTP this is the d33 coefficient
with a common value of d33 =16pm/V [11, 12], This gives an effective first order
QPM nonlinear coefficient of deff ~2/n x\6pm/V ~ 10pm/V, which represents the
highest expected value of deff. In practice, the experimentally observed deff may be
as low as deff ~ 5pm/V [13], The temperature dependence of the indices of
refraction for KTP are taken from published literature [14, 15] and may be used to

model the temperature tuning characteristics of PPKTP given that all the

parametrically interacting waves are polarised along the z-axis. Where appropriate,
the theoretical calculations of temperature tuning will be presented in the relevant
section of this chapter.
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7.2-3 SRO cavity alignment

The cavity geometry of figure 1 follows an alignment procedure identical to that of
the KTA ICSRO of chapter 4. Here alignment is further aided by the QPM high-
order phase-matching process giving rise to a small amount of visible output that is
collinear with the incident pump field within the nonlinear crystal. Rough alignment
can be made by retro-reflecting the doubled Ti:Sapphire field (@~400nm) from M7

(figure 1) back towards the beamsplitter. In a few cases this procedure alone is

enough to bring the SRO into alignment. Confirmation of SRO action is similarly

straightforward as a small amount of SHG at the signal wavelength will produce

orange light that is easily visible to the naked eye. Sum-frequency generation of the

pump and signal wavelengths will produce a small amount of blue-green output

which, by accident, coincides with wavelength output of the argon-ion laser. This
makes it hard to differentiate from the residual argon-ion light inside the laser cavity.
It is worth noting that, for a photon arising from transitions inside the argon laser, it
has been quite a journey through the physical processes of the experimental

system as a whole to end up being converted back to a green photon once more.

This process has a wall-plug efficiency of ~ 1(T81

The narrow pump-tuning range of the PPKTP crystal (~10nm) requires the pump

laser to be tuned to the centre of this range before alignment is attempted. Clearly,
once the pump tuning range has been established this does not present a great

problem. Initially, the only guideline as to where the SRO will operate over the pump

tuning range is that provided from sellmeier data. Errors in the predictions of the
sellmeier data can give rise to many fruitless hours attempting to align the SRO at a

pump wavelength for which it has no intention of working. If the device fails to work
where predicted, the best course of action is systematic incremental tuning of the

pump together with systematic alignment. This can take a long time.

Alignment of the cavity of figure 2 follows the procedure used for the PPLN ICSRO
in chapter 5. This cavity should be aligned once the operating wavelength has been
established with the more simply aligned cavity of figure 1. This is a prime reason to

perform this temperature tuning experiment after the power and pump tuning
characterisation of the ICSRO.
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7.3 PPKTP ICSRO power characteristics

Power measurements for the PPKTP ICSRO were performed at a pump

wavelength of 808nm which corresponded to the maximum idler output at 2.47 pm.

The corresponding signal wavelength was measured as 1.2 pm. Argon-ion input

power was limited to 10 W as the ICSRO operated above maximum efficiency for
this input power. The power characterisation was limited to the cavity layout shown

in figure 1. No power characterisation was performed for the cavity layout shown in

figure 2, which was implemented to accommodate the temperature controlled oven

for temperature tuning experiments. Thus, all power measurements were

undertaken at room temperature.

7.3-1 Intracavity power

The intracavity power performance of the PPKTP ICSRO, with all SRO and laser
mirrors specified as highly reflecting, is shown in figure 8.

Argon-ion input power (W)

Figure 8. Intracavity power characteristic of the PPKTP ICSRO showing a

slight increase in pump clamping above SRO threshold with increased

input power. Open circles show the intracavity laser power in the absence
of SRO operation.
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SRO operation commences at 6±1 W of circulating intracavity laser power. This

corresponds to an incident argon-ion input power of 3 W. Above SRO threshold, the

clamped field slowly increases to a maximum of 11 ±1 W. This is not consistent with
the SRO theoretical analysis of chapter 3 (shown by the dotted line in figure 8. The
increased clamping field indicates that the SRO threshold is increasing with incident

argon-ion input power. A possible explanation for this increase is a slight increase in
the pump waist size in the PPKTP due to a small amount of thermal lensing in the

Ti:Sapphire crystal. Again, the true nature of this effect remains the subject of
debate and is, at the time of writing, a matter of conjecture. The 20-30 argon-ion
laser was operating well below its maximum output and showed no signs of beam-

degradation at 10 W. The laser threshold was found to be 1.4 W of argon-ion input

power. This indicates a high insertion loss of the PPTKP crystal at the pump

wavelength when compared to other nonlinear materials investigated in this thesis.

7.3-2 Output power and efficiency

The total measured idler field - accounting for the two-way output of the standing-
wave configuration - is shown for various argon-ion input powers in figure 9.
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Figure 9. Total measured idler power as a function of argon-ion input

power.
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The maximum idler output power at 2.47 pm is 455 mW for 10 W of argon-ion pump

power. With a cavity coupling efficiency of rii =0.91, this corresponds to a total

generated idler power P'DC, of 500 mW. Thus, the total downconverted power may

be found using the equation

where Xs = 1.2\im and Xs =2.47fim. The maximum total downconverted power at

10 W of incident pump power is 1.53 W. The downconversion performance of the

PPKTP SRO is shown in figure 10.

0 1 23456789 10 11

Argon-ion input power (W)

Figure 10. Downconverted power of the PPKTP ICSRO. Theoretical laser
and SRO output powers are shown by solid and dotted lines respectively.

Examination of figure 10 shows that, for the first time in the experimental work

presented in this thesis, the input power condition for 100% downconversion of the

optimum laser output power falls within the pump power range. The familiar

equation describing the optimum pumping input power Pin for a given pump and
SRO input power threshold is

(7.2)

2.0
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(7.3)

For laser and SRO thresholds of 1.4 W and 3 W respectively, the optimum input

power given by (7.3) is 6.4 W. This means that the SRO is operating above the

optimum level for and input power of 10 W suggesting that the SRO threshold
should be increased by utilising a suitable output-coupler. For a measured signal

cavity round trip loss of 2.8±0.6% the appropriate choice of output coupler to satisfy

(7.3) for 10 W of input power is a 99.4% reflective mirror. This would raise the SRO

threshold to 3.7 W and also provide useful output at the signal wavelength. At the
time the study was undertaken a suitable output coupler was not available. The

optic previously used in the KTA ICSRO of chapter 4 had become integrated into a

pulsed laser system at the valid discretion of the optic's owner. The realisation of
this useful output-coupling potential has led to the possibility of implementing an

intracavity SHG scheme for the signal field. A suitable QPM engineered crystal has
been designed and purchased for this purpose. Intracavity SHG and SFM process

for the PPKTP ICSRO will be discussed in the concluding chapter.

100

0 23456789 10 11

Argon-ion input power (W)

Figure 11. PPKTP ICSRO downconversion efficiency.
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The efficiency of the PPKTP ICSRO under the present operating configuration is
shown in figure 11. The efficiency reaches a maximum of 87% at 7.8 W of input

power. At higher input powers the efficiency decreases as the SRO is operating
above the optimum pumping condition. Discrepancies between the observed and

predicted efficiencies are attributed to the steady increase in SRO threshold
indicated by figure 8.

The present discussion of the ICSRO power output concludes with the simple
observation that the PPKTP ICSRO shows ample potential for the output-coupling
of the signal field by some means. This could be via a conventional output coupler

or, more interestingly, via an internal SHG process within the SRO cavity itself. The

output of such a SHG process would reflect the tunability of the signal field, given a

degree of tunability of the SHG phase-matching. As we shall see in the next

section, a PPKTP SHG scheme will show a useful degree of temperature tunability
due to the common polarisation of all the interacting fields of the parametric

process..

7.4 PPKTP ICSRO spectral characteristics

The pump tuning data detailed in this section was measured with the ICSRO

configured as shown in figure 1. Measurements were made for the pump and signal

wavelengths with the idler wavelength being inferred from these measurements.

Direct measurement of the idler wavelength was not made due to the lack of a

suitable detector at >2 pm. Conservation of energy considerations makes the

deduction of the idler wavelength from signal and pump measurement a valid
method.

7.4-1 Pump tuning

The pump tuning curves for room temperature operation are shown in figure 12.

Pump tuning is relatively rapid when compared to the birefringently phase-matched
ICSRO of chapter 4. For a pump tuning range of 805.5 to 811.2nm the signal

wavelength covers almost the entire SRO mirror bandwidth from 1.14 - 1.26 pm
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corresponding to an idler tuning range of 2.23 - 2.73 pm. The closest match to the

published sellmeier data was found to be that of reference [7], a calculated tuning

plot derived from this source is shown alongside the experimental data in figure 12.
To place the excellent agreement that the experimental data shows to the sellmeier
data of reference [7] in its wider context, figure 13 shows the previous sellmeier

plots of figure 7 together with the experimental data of figure 12.

805 806 807 808 809

Pump wavelength (nm)

Figure 12. Pump tuning data at room temperature for the PPKTP ICSRO.
The solid line represents theoretical tunig calculated from the sellmeier
data of Vanherzeele et al. [7].
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The pump tuning data presented in figures 12 and 13 have a wider significance
than the simple observation of yet more pump tuning of an Ti:Sapphire ICSRO.

That such a device is widely tunable is indeed a notable characteristic, amply
demonstrated in the experimental work of the previous chapters. More importantly,

here, useful tuning data is presented that covers a wavelength range for which
there is a wide variation in the predicted tuning performance of PPKTP as figure 13
illustrates. With increasing interest being shown in the relatively new QPM

phosphates and arsenates, tuning data is a vital commodity for the design process

of the QPM grating period. For QPM gratings designed for near to mid-infrared

applications in PPKTP the data presented here is a timely contribution to the QPM

design process. As previously stressed, this becomes far more important where the

pump source shows little or no tunability and cannot accommodate errors to the
same degree as the Ti:Sapphire laser.

3.5

(/)
-C

§ 2.5
<D
>
ro
S
>- 2.0
0)

oa

ro 1.5
c
o>

CO

1.0

805 810 815 820 825 830 835

Pump wavelength (nm)

Figure 13. Pump tuning data superimposed upon the plot of figure 7. The
labelled plots correspond to the following sellmeier data: (c) Vanherzeele et
al. [7], (d) Kato [8], (e) Dyakov et at. [4], (f) Fradkin et at. [9],

Another point worthy of note regards the rapid pump tuning of the device. For one
nanometer of pump tuning range, the idler field varies over almost 100nm. This

presents attractive possibilities for utilising PPKTP in a high-power 810nm-diode

pumped DRO or pump enhanced SRO. With the diode configured in an external-

J I I I I L
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feedback cavity design, a single-frequency idler source with wide pump tunability
could be realised. Of course, another alternative would be an ICSRO configured in
a ring-ring geometry as discussed later in this chapter.

7.4-2 Temperature tuning
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Figure 14. Temperature tuning of PPKTP ICSRO at a pump wavelength of
810nm. Solid and dashed lines refer to the temperature derivatives of
Weichmann et al. [14] and Kato et al. [15], Sellmier data is from
Vanherzeele et al. [7],
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As previously discussed, birefringent KTP shows little temperature tunability of

phase-matched parametric interactions. The reason for this is that whilst the
absolute values of the refractive indices vary with temperature their difference
remains essentially unchanged. Thus, the birefringence utilised for a particular

phase-matching scheme will show little temperature tunability. The advent of QPM
interactions in poled KTP has not only opened up the possibilities of grating

engineered phase-matching, it has also liberated the temperature insensitivity of the
material. All the parametrically interacting fields access the highest nonlinearity of
the crystal along the z-direction and hence their phase-matching is governed by the
absolute refractive index along z.

The greater degree of temperature tunability shown by PPKTP over the birefringent
material was shown early on in its development [13], There is some degree of

discrepancy between the published temperature derivatives of the material [14, 15]
and the observed tunability of the material shown in figure 14. The data that is
shown in this figure was measured using the modified SRO cavity shown in figure 2
to accommodate the ~50mm diameter oven around the PPKTP crystal. The pump

wavelength was fixed at 810nm which allowed the ICSRO to tune towards shorter

signal wavelengths with increasing temperature. Overall, an average temperature

tuning rate of 1.2/im/degree for the signal field and 4.5nm/degree for the idler field
was observed. This corresponded to a signal and idler tuning ranges of 1.18 - 1.27

pm and 2.29 - 2.57 pm respectively.

The theoretical temperature tuning was calculated from the z-axis temperature
derivatives of references [14] and [15] together with the sellmeier data of
Vanherzeele et at. [7], Deviations between the measured data and the theoretical
curves are attributed to the bias of the published temperature derivatives towards
the visible region of the spectrum. It appears that PPKTP has a near to mid-infrared

temperature derivative with a magnitude of about half that in the visible region.

7.4-3 Fine frequency studies

The fine frequency characteristics of the signal field were examined using a 2GHz

scanning confocal interferometer. The signal field commonly oscillated on one
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longitudinal mode of the signal cavity with frequent mode hops to adjacent cavity
modes on millisecond timescales. Insertion of a 1mm thick uncoated etalon into the

signal cavity suppressed the frequency of the mode hops but did not induce the
same stable single longitudinal mode operation observed in the birefringently

phase-matched KTA ICSRO. Active frequency stabilisation of the PPKTP SRO was

not attempted in any way and efforts towards the generation of single frequency

output at the signal and idler wavelengths was subsequently directed towards the

implementation of a ring cavity ICSRO. A suitable interferometer for the idler

wavelength was not obtainable during this experiment and it is assumed that the
idler field was generated with the same ~20GHz measured bandwidth of the

standing-wave pump laser.

7.5 Ring cavity PPKTP ICSRO

The high effective nonlineararity of the PPKTP crystal coupled with its long
interaction length make it a suitable candidate for the implementation of a ring

cavity SRO. In the course of the ICSRO research outlined in this thesis, one

successful attempt was made to construct a Ti:Sapphire ring-cavity based ICSRO
with the KTA nonlinear crystal. This device operated just above threshold and it
became clear that to achieve a substantial improvement in the design, a nonlinear
material with a higher parametric gain was required. Alongside the motivation
towards a ring based device, suitable optics and materials were acquired for the
construction of a more compact design of the Ti:Sapphire laser (a glance at the

component spacing given in any of the experimental chapters will show that the
overall cavity length of the modified Schwartz laser was almost 2.5m). The intended
all solid-state green pump source for this compact laser failed to make the

commonly neglected transition form "planned" to "actual" that befalls such

expensive pieces of laboratory equipment. In this way, the opportunity to try and

implement a ring cavity PPKTP ICSRO arose. The spirit of this investigation was to

try and identify the particular design needs of the project and attempt to obtain all

single frequency operation. It was clear at an early stage that a full characterisation
of the device would be almost a PhD thesis in its own right. Thus it is here that the
clear division between the limited results that are presented in this section and
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those expected of a full and scientifically rigourous investigation should be made.
With this in mind we shall continue with an explanation of the cavity design process,

device layout and initial ICSRO performance.

7.5-1 Cavity layout and design

Figure 15 shows the layout of the ring-ring PPKTP ICSRO design. The signal field
is shown by a dotted line and the laser field by a solid line. Small arrows

superimposed on these lines indicate the travelling direction of the two fields.

Figure 15. Ring cavity PPKTP ICSRO cavity layout. UD is a uni-directional

Faraday rotator, E1 and E2 are uncoated etalons and BS indicates a 5-

degree beamsplitter (x2).

The ring cavity ICSRO (RICSRO) shares many common components with the

standing-wave ICSROs outlined in this, and previous, chapters. All the cavity
mirrors (M1-M6) are either identical to those previously used (M5 & M6) or share
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exactly the same specifications. The birefringent tuner (BRF) is that previously used
in the standing wave experiments. The 20-30 argon-ion laser and all relevant beam

coupling optics (L1, WP) are unchanged. Components that have been specially

acquired are: a new Ti:Sapphire Brewster crystal [16], small-angle beamsplitters

(BS) and a unidirectional device.

The new 10mm long Ti:Sapphire crystal has a figure of merit (FOM) (ratio of
absorbed green light to absorbed pump light) of ~250. This is a substantial

improvement on the much older Schwartz crystal (FOM-150) and gives an

increased overall argon-ion absorption for the new sample of -90%. The crystal is
cooled with tap water at -15-20 °C via a copper block upon which it is very firmly
adhered using silver-loaded epoxy. The Brewster faces of the crystal are easily
accessible for cleaning purposes. The design of the SRO cavity required the

purchase of a new set of beamsplitters having identical specifications to those

previously used with the exception that they have an operational angle of 5 degrees

(the previous ones having a 45-degree specification). Using these optics, a

separate SRO cavity may be constructed as shown in figure 15. The 5-degree

beamsplitters were purchased after attempts to implement the same cavity design
with the 45-degree beamsplitters placed SRO operation at the edge of the mirror
bandwidths. This is due to the shift in the beamsplitter signal coating bandwidth with
incidence angle. Common with all Ti:Sapphire ring resonators, a method of

maintaining unidirectional operation must be used to avoid competition between

travelling waves in opposing directions. The most widely used method involves the
use of an intracavity Faraday rotator shown as UD in figure 15. The basic mode of

operation takes advantage of the fact that a material with a finite Verdet constant,
when immersed in a DC magnetic field, will rotate the plane of polarisation of an
incident field. The important factor here is that the direction of this finite rotation

depends on the orientation of the magnetic field and not on the direction of the
incident field.

The unidirectional device comprises a Brewster-cut Faraday crystal placed in the
field of a permanent magnet and a waveplate polished to a thickness that will

compensate for the polarisation rotation induced in the Faraday crystal. This

compensation will occur for one direction only. Unlike the Faraday crystal, the
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waveplate will rotate the plane of polarisation in opposite directions for opposing
field directions. In this way, one field direction will have its plane of polarisation
rotated and then compensated whereas the opposite field direction will have its

plane of polarisation rotated twice in the same direction. The field travelling in this
direction will suffer consecutive losses at each Brewester surface of the laser cavity.

Thus, the field that experiences no net rotation will dominate and saturate the laser

gain at the expense of the opposing field.

A major advantage of this "home-built" laser system is that unlike the Schwartz

laser, there is a good deal more flexibility in the choice of the mirror separation of
M2 and M3. This opens up another degree of freedom in the design of the resonant

cavity mode characteristic. It also transforms the simple ABCD analysis utilised in
the standing wave cavity design into a far more involved process. We shall now
examine the stability the laser and SRO cavity designs shown in figure 15.

7.5-2 Cavity stability and mode waist analysis

D2

M6 M5

Figure 16. Laser cavity component spacing for ABCD analysis of stability
and waist sizes.
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For the analysis of the laser cavity stability and waist sizes the SRO and laser
cavities were modelled according the ABCD matrix method outlined in chapter 3. A

diagram illustrating the laser cavity spacing parameters used in this modelling is
shown in figure 16. We have neglected to include intracavity components other than
the laser and nonlinear crystals in order to simplify the analysis. The cavi spacing of
the SRO cavity is shown in figure 17. The physical lengths of the crystals have been
included in the relevant spacing of the cavity mirrors. The Brwester crystal fold

angle compensation given in chapter 3 and reference [17] must be increased to
11.2 degrees to take account of the increased Ti:Sapphire crystal length of 10 mm.

The Overall resonant cavity mode is slightly astigmatic due to the ~3 degree fold

angle of mirrors M5 and M6. This is accounted for in the following analysis. The

appropriate cavity spacing parameters are given in tables 5 and 6.

Figure 17. SRO cavity component spacing

Considering the laser cavity in the first instance, the stability was analysed for
various values of mirror separation D2 and D5 shown in figure 16. The behaviour of
the laser cavity stability for which the round trip ABCD matrix satisfies

1^3 <1 (7.4)
2

is shown in figure 18. The shaded contours indicate the magnitude of A + D where
darker areas indicate minimum values of |A + Z)|. The boundary solid line to the

stability zones indicates that beyond this point either the sagittal or tangential or
both round trip ABCD matrices do not satisfy (7.4).
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M5 & M6 mirror separation (m)

Figure 18. Stability plot of the laser cavity shown in figure 16. Darker

regions represent minimum values of |A+D|. Stability regions are bounded

by solid lines beyond which one or both of the principle planes are

unstable. The region indicated contains the optimum separation of both
mirror pairs.

Ti:Sapphire Ring Laser Cavity Parameters

Mirror ROC (mm) Angle (Deg) Separation Distance (mm)
M1 oo N/A D1 700.0
M2 100 11.2 D2 *108.0
M3 100 11.2 D3 700.0
M4 oo N/A D4 685.0
M5 200 3 D5 *214.0
M6 200 3 D6 685.0

Table 5. Ti:Sapphire ring laser cavity parameters of the layout illustrated in

figure 16. Variable parameter.
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As well as satisfying the stability criterion (7.4) the resonant laser cavity mode must

locate suitable waist sizes at the centres of the Ti:Sapphire and PPKTP crystals.
This requires a -17-20 pm Ti:Sapphire crystal waist and a -35-45 pm PPKTP

crystal waist (due to the dimensions of the two crystals used and the tight focussing
of the argon-ion laser into the Ti:Sapphire crystal). The most suitable region of

figure 18 that is able to accomodate waist sizes of this magnitude is highlighted by a

square. Plots of the Ti:Sapphire and PPKTP crystal waist sizes over this region are

shown in figures 19 and 20 for the sagittal plane only.

Figure 19. Sagittal waist size at the centre of the TiSapphire crystal for the

region highlighted in figure 18.

There is little difference in waist size or stability range for the sagittal and tangential

planes. To avoid clutter, plots of the sagittal waist are shown. The nature of the
curves is essentially the same and a "feel" of the relationship between mirror

separation and waist size may be gained from plots of either plane. It can be seen

that, unsurprisingly, the waist size in the Ti:Sapphire crystal is very sensitive to the

20
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mirror separation of M2 and M3. In contrast the separation of mirrors M5 and M6 do
not alter the Ti:Sapphire waist size appreciably. The waist size inside the PPKTP

crystal, also for the sagittal plane, is shown in figure 20.

Figure 20. Sagittal waist size at the centre of the PPKTP crystal for the

region highlighted in figure 18.

The final stage in the stability analysis is to examine the signal cavity stability. The

analysis of the SRO cavity shown in figure 17 is somewhat simpler than that for the

ring laser as it contains only one tight beam waist. A plot of the signal waist size
inside the PPKTP crystal over an identical separation range of M5 and M6 as

shown in figures 19 and 20, is given in figure 21. It can be seen that for the smaller

separation range of M5 and M6 the signal cavity is unstable. Beyond -209.2mm the

signal waist sizes rapidly increases with mirror separation to achieve a spot size of

56x55firn at an optimum separation of ~214mm. The pump laser waists at this

optimum separation are \9fim in the Ti:Sapphire crystal and 43x44/im in the
PPKTP crystal. Pump and signal wavelengths were set at 800nm and 1200nm
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respectively. It should be noted that increasing the overall length of the signal cavity
will reduce the signal waist inside the PPKTP crystal. This is a very weak effect and

requires cavity length changes of the order of 0.5m to see an appreciable change in

spot size. Limited cavity space makes this an impractical adjustment to utilise.

Sagittal
Tangential

Figure 21. Signal mode waist size in the PPKTP crystal for the cavity of

figure 17.

207 209 211 213

M5 & M6 mirror separation (mm)

SRO Ring cavity Parameters

Mirror ROC (mm) Angle (Deg) Separation Distance (mm)
M5 200 3 D1 *214.0
M6 200 3 D2 280.0
BS 00 3 D3 343.0
BS 00 3 D4 280.0

Table 6. SRO ring cavity parameters for the layout illustrated in figure 17.

*adjustable parameter.

In the laboratory, figures 19, 20 and 21 serve as useful guides to the implications of
a particular mirror adjustment. We shall now look at how to tackle the problem of

cavity alignment for both ring cavities.
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7.5-3 Cavity alignment

Alignment of ring cavities presents a greater number of difficulties than for the

standing wave geometry. This arises from the fact that, rather than a simple
retroreflection back along a common path, the ring laser mode must be made to
return to exactly the same point via a separate path. The primary aids to alignment
are a pair of pinholes, a good viewing scope with high response at ~800nm and

patience. The starting point for laser alignment is to place all the cavity components
in roughly their correct positions and to configure the laser as a standing wave bow-
tie cavity. All this optimisation will be performed with M1 replaced with a laser output

coupler. This initial configuration is shown in figure 22.

Figure 22. Standing wave configuration for initial ring alignment.

The best course of action is to align the standing wave cavity without the
unidirectional device (UD) or pinholes. One working and optimised for power, insert
the UD and re-optimise. The laser has more than sufficient gain to tolerate the loss

presented by the UD in this configuration. Here, small angular "tweaks" on the

position of the UD often bring the power output up a little. Once satisfied that the

cavity is power optimised, the pinholes should be put in place and firmly clamped in

place (a nudge of these at a later stage could undo a morning's work). The next

task is to slowly rotate mirrors M4 and M1 towards each other using the viewing

M2 M3

M6 M5
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scope to monitor the fluorescence from the laser crystal. A rough guide to the

alignment of these mirrors is to look for the residual argon-ion light which is roughly
collinear with the laser mode. Rotate mirror M4 and guide the argon light onto the
centre of mirror M1. Then rotate M1 and guide the argon light (or fluorescence if it is
easier to see) onto the centre of M4. Viewing the face of the pinholes closest to
each of these mirrors should show a spot of fluorescence reflected from the mirror.
The task is now to guide this spot through the pinhole using the furthest mirror.
Mirror M1 guides the spot through the pinhole near M4 and vice-versa. This is

important, as each subsequent movement of the mirrors will slightly misalign the

previous adjustment. The method involves repeating this procedure until the laser
starts to operate. The resultant cavity is shown in figure 23.

M2 M3

Figure 23. Second stage of the laser alignment procedure.

Once the laser operates in the configuration shown in figure 23 the pinholes should
be removed. This allows the resonant cavity mode more room to move during

optimisation. The power optimisation should involve more minor "tweaks" of the UD
as this often yields a noticeable amount of power gain. Once optimisation of the

power is complete the pinholes should be replaced and firmly clamped in position
once more.
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The next stage of the process is to introduce the secondary intracavity focus to the

ring laser cavity. Initial positioning of mirrors M5 and M6 is important and they
should be placed as close to the optimum separation (~206-207mm without the

PPKTP) as possible before commencing alignment. Checking that the pinholes are

in place, rotate mirror M1 to guide the intracavity fluorescence onto the edge of
mirror M6. Make sure that the spot is at least 2mm from the edge to avoid the

"thinning" of the coating near the mirror edges. Next, rotate mirror M4 to guide the
fluorescence onto mirror M5 in the same manner. Now rotate M6 such that the

fluorescence guided from M1 overlaps the spot on M5 that is guided from M4.

Repeat this procedure for M5, overlapping the fluorescence guided from M4 onto

the spot on M6. If all is well, viewing the faces of the pinholes should show the two

fluorescence spots.

Figure 24. Inclusion of the secondary intracavity focus.

Lasing should be achieved by steering the spot through the pinhole nearest M1

using M6 and repeating for M5 and the pinhole nearest M4. Again, once laser

operation is achieved, the pinholes should be removed during power optimising.
The pinholes should be replaced once more upon completion of power optimisation.
The last stage in the process is to include the PPKTP crystal and beamsplitters.

M2 M3

M6 M5
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Inserting the PPKTP crystal is a matter of increasing the separation of M5 and M6
to accommodate the increased optical path length and then placing the crystal at
the centre of the focus, observing the focused fluorescence on each face of the

crystal. Using M5 and M6 to return the fluorescence back through the pinholes
should be enough to achieve lasing. Once more, remove the pinholes and power-

optimise the cavity. Insertion of the beamsplitters is straightforward as the cavity
can tolerate a little misalignment, inserting them on-axis and slowly tilting them to

the correct angle whilst optimising the power is the standard procedure. The final
laser cavity is shown in figure 25.

Figure 25. Final laser cavity configuration.

We now consider the alignment of the SRO cavity itself. This should only be

attempted once the laser itself has been optimised for power output and mirror M1

replaced with a high reflector at the pump wavelength. To monitor the intracavity
field of the laser a photodiode (PD) is used to measure the leakage field from mirror
M5 as shown in figure 26. A very useful aid to the alignment of the signal cavity is
the fact the PPKTP will cause a small amount of SHG of the pump field due to high-
order QPM effects. This visible blue light will be collinear with the pump and a

significant amount is reflected off the beamsplitters (BS). The most productive

M2 M3
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alignment technique involves the use of an optical chopper placed in the beam path
of the signal cavity as shown in figure 26.

Figure 26. Method of aligning the SRO cavity with an optical chopper.

The key to the SRO cavity alignment method is the provision of a visual key to the

degree of enhancement inside the laser cavity. This enhancement is a direct result
of the residual pump field reflecting off the beamsplitters (BS) and being returned to
the laser cavity. The enhancement effect is much weaker than that seen for the

standing wave SRO cavities in previous chapters, as the residual pump light must
now be reflected twice off a 99.7% transmitting optic. Nonetheless, a small amount
of residual pump light will be returned to the laser cavity via a round-trip of the

correctly aligned SRO cavity.

The SRO alignment method requires the use of an optical chopper (shown in figure

26) which is used to trigger an oscilloscope trace driven by the signal from a

monitor photodiode (PD in figure 26). As the SRO cavity comes into alignment, a

small step function is visible superimposed on the monitor PD signal. This step
function is the periodic chopping of the enhancement. Alignment involves

maximising the modulation depth of this step function thereby maximising the
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feedback enhancement of the SRO cavity. SRO operation is confirmed by the
sudden drop of the "troughs" of the step modulation corresponding to a clamped
laser field. A visual aid to SRO operation is, of course, the observation of a small

amount of orange light corresponding to SHG of the signal field at high orders of the

QPM period. This concludes the rather lengthy discussion on the alignment of the
laser and SRO cavities.

7.5-4 PPKTP RICSRO operation

A rigorous characterisation of the RICSRO is not presented. This is due partly to

time constraints and mostly to the unresolved issue of bi-directional lasing caused

by the nonlinear loss of the SRO. It was found that under SRO operation the pump

laser would lase in both directions. This was attributed to the fact that the intracavity
loss presented to the laser field by the parametric process exceeded the differential
loss presented by the unidirectional device. Measurements of the polarisation plane
rotation of the unidirectional device showed a ~3 degree rotation of the suppressed-
direction polarisation plane. This amounts to a total differential loss of only ~0.3%
for the twelve Brewster surfaces of the laser cavity. Despite the problem of bi¬

directional operation, a rudimentary attempt at achieving single longitudinal mode

(SLM) operation was made. Using two uncoated glass etalons of 1mm thickness
shown as E1 and E2 in figure 15, simultaneous pump and signal SLM operation
was observed. This was achieved by adjusting the angles of E1 and E2 slightly. The

pump and signal fields were observed on two separate 2GHz scanning confocal
interferometers driven by the same high-voltage ramp generator. This ensured that
the traces showed a simultaneous pump and signal field scan.

The output frequency spectrum of the pump and signal fields is shown in figure 27.
These traces correspond to pump signal and idler wavelengths of 0.809, 1.23 and
2.35 pm respectively. The idler field could not be directly measured as a suitable
interferometer was not available at the time. The SLM operation of the idler field

may be inferred from the SLM nature of the pump and signal fields. SLM mode hop
free operation of the passive RICSRO was maintained under free-running
conditions for periods of up to -10 seconds. Both laser and SRO outputs suffered
from mode hops to adjacent longitudinal modes of their respective cavities over
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longer timscales. The argon-ion input pump power at the time of measurement was
10 W. This corresponded to a maximum measured idler output of 115 mW. The
device was operating 3 times above its 2.5 W input power threshold, with a

measured laser threshold of 1.4 W.
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Figure 27. Pump and signal simultaneous output spectrums confirming
SLM operation of the 115 mW idler field.

The output spectrums show that ring cavity geometry of the RICSRO has achieved
SLM pump operation at a linewidth (FWHM) of <20MHz. Together with the
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measured simultaneous SLM operation of the signal field (FWHM <15MHz), it may
be deduced that, unlike the standing wave geometry of pervious chapters, single

frequency idler has been generated. The observation of SLM idler operation with

good passive stability concludes the viability study of the RICSRO. Further
characterisation of this device awaits the resolution of the bi-directional operation
issue presented by the parametric loss of the SRO above threshold.

The potential of the RICSRO geometry has been examined and shows promise as

an all-single-frequency source. The excessive amount of further analysis and

design that this device requires, as previously mentioned, is a experimental thesis
in its own right. Some manner of active frequency control must be devised to

provide continuous, mode hop free tuning. This will require servo scanned etalons
and cavities and sophisticated control electronics. Some method of increasing the
differential loss of the unidirectional device must be found. There is a trade off here

between increasing total insertion loss and differential loss. Materials with high
Verdet constants providing greater net rotation become increasingly lossy. There
are many design issues to consider, their resolution is not the subject of this
section. This section serves to record the progress towards the development of the

Ti:Sapphire RICSRO. This progress, albeit brief, provokes useful discussion and
serves to provide a basis for the concentrated development of this device.
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7.6 Chapter 7 summary

A PPKTP ICSRO has been implemented in both standing wave and ring cavity

geometries. In the standing wave geometry, the power performance and tuning
characteristic of the device have been studied. The study shows that the utilisation
of PPKTP as a nonlinear material in the SRO configuration offers significantly lower
thresholds than for birefringently phase-matched materials. There is further

potential to increase the output power of this device through the use of a signal

output coupler, raising the SRO threshold to 3.7 W of input pump power.

Rapid pump tuning of the material is demonstrated giving nearly 100nm of idler

tuning for every 1nm of pump tuning. Temperature tuning of the material has been

investigated and significant tuning has been achieved through this method. This
characteristic is unique to the QPM regime and is not observed in the birefringently

phase-matched material. The tuning data presented is a valuable contribution to the

published tuning data of KTP and PPKTP in the near to mid-infrared. It has been
shown that there is a good deal of uncertainty in the sellmeier data of KTP in this

spectral region. The design stage of the QPM manufacturing process relies heavily

upon the accuracy of the sellmeier data and the possibility of mistakes occurring

through the wrong choice of such data is apparent. It is unclear as to how much of
the wide range of conflicting predictions may be attributed to the spectral bias of the
fitted data or the general material inconsistency of KTP. Caution is therefore
advisable when choosing a QPM period for a fixed frequency source. The flexibility
of the pump tuned ICSRO approach is underlined in the context of this discussion.

The high parametric gain offered by the PPKTP would allow the signal cavity to
tolerate the inclusion of an intracavity SHG crystal for the signal field, opening up

the possibility of the generation of tunable output at around 600nm. This will be
discussed in the concluding chapter.

Finally, progress has been made towards the implementation of a ring cavity

geometry for the ICSRO. Initial cavity stability studies are presented together with a

discussion of some of the design issues arising from the subsequent operation of
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the ring ICSRO (RICSRO). On a more practical level, detailed instructions as to the

alignment procedure for both the laser and SRO ring cavities are presented. The

design issues covered in the RICSRO section of this chapter provide a basis for the

greater body of work that is yet to be done with this device.

Observation of simultaneous single longitudinal mode (SLM) operation for the pump

and signal fields has allowed the inference of SLM operation of the idler field at
2.35 pm at powers exceeding 100 mW. It is envisaged that the excessive amount of

optimisation yet to be performed should see a significant increase in this output

power. The passive stability of the device is promising in the context of active

frequency control of the resonant fields.
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8. Conclusion

8.1 Concluding summary of results

The experimental research presented in this thesis has brought to light the

operational versatility and broad potential of an emergent singly-resonant OPO

configuration. Centred upon the characterisation of four separate SRO devices, the
thesis delivers a scientific contribution that is essentially "proof of principle" in
nature. As such, this initial work may be viewed as a step towards the final
embodiment of a practical coherent light source for the near to mid-infrared. How

many further steps are required, and the research investment that is necessary to

complete them should be considered. Recapitulating the preceding chapters is a

reasonable place to start.

Importantly, chapter 4 demonstrates practical, amplitude-stable and Watt-level
tunable SRO operation using a conventional birefringently phase-matched nonlinear
material. The intracavity pumping approach is able to address the multi-Watt SRO
threshold and drive the interaction over three times above threshold. Coupled with
the -90% downconversion efficiency of this device and its wide tunability this work
delivers a firm endorsement of the ICSRO's potential. The intrinsic tunability of the

Ti:sapphire laser may be harnessed to deliver wide tunability of the ICSRO.

Chapter 5 sought to investigate the further power enhancement of this device

through the use of PPLN. Although the enhanced effective nonlinearity of this
material brought a marked decrease in device threshold, thermal lensing effects in
the nonlinear crystal become a limiting factor to stable, high power operation.

Engineering considerations arising from the use of an intracavity oven first became
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apparent in this device configuration. The perturbations caused by convection
currents around the intracavity oven contribute to the overall power instability of the
PPLN ICSRO. The combination of pump, grating and temperature tuning
assessable through this device configuration lead to attractive possibilities for the

generation of integer ratio frequency outputs. The device offers an unparalleled

degree of tuning flexibility.

Chapter 6 illustrates a unique advantage of the ICSRO configuration: its ability to

accommodate new nonlinear materials at the very earliest stage of their

development. SRO operation was observed for the first time in a cw device using
the nonlinear material PPRTA. Despite possessing an interaction length of only
4.5mm the PPRTA crystal was configured as an SRO operating at pump powers

well over twice the device threshold. Erratic tuning behaviour was observed,

possibly arising from irregularities in the PPRTA sample although this remains to
be confirmed experimentally. Importantly, discrepancies in the theoretical tuning
behaviour and the observed tuning range may be compensated by tuning the

Ti:sapphire laser to the correct pump wavelength. This is possible through

temperature tuning only in a fixed-frequency laser configuration.

Chapter 7 describes the characterisation of an ICSRO based on the nonlinear
material PPKTP. Again, the ICSRO configuration is able to comfortably exceed the
device threshold. The device was observed to operate beyond the condition for
maximum downconversion efficiency described in chapter 3. This presents the

possibility of extracting further power from the SRO via signal output-coupling

(successfully achieved for the KTA SRO of chapter 4). Initial design work towards,
and experimental configuration of a ring-based PPKTP ICSRO was presented.

Utilising the ring configuration resulted in generation of single frequency idler output
and the potential for further device optimisation was discussed.

The tuning ranges and output powers of the ICSRO devices presented in this thesis
are summarised in table 1. It should be noted that a common set of laser and SRO

optics were used for all these experiments and that the tuning ranges of these
devices reflect this. It can be seen that the resonant signal field is always centred

upon ~1.2pm corresponding to the centre of the signal mirror bandwidth on the
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optics. A choice of suitable mirror bandwidths for the signal would allow the phase-

matching of any of the ranges shown within the transparency range of the nonlinear
materials used.

, Nonlinear e. , ,, ,, . OutputChapter . . , Signal and Idler tuning range rr material a » » power

500 mW

800 mW

50 mW

240 mW

N/A

206 mW

N/A

450 mW

I 1 1 1 1

[3 s'9nal 1|im 2|im 3pm 4pm 5pm11 Idler
□ Transparency range Wavelength

Table 1. Summary of the devices implemented in the experimental studies
of this thesis.

The potential of the Ti:sapphire-pumped ICSRO has been highlighted by the work

presented here. It's ability to accommodate the high thresholds and grating-design
errors of emergent poled nonlinear materials is perhaps its strongest asset as a

research tool. Manoeuvring the device towards more commercial applications is
somewhat hindered by the unwieldy Argon-ion primary pump laser source. In the
course of this work, efficient cw frequency-doubled green pump lasers with output

powers of up to 10W have become commercially available and may help to drive
device development towards the commercial sector. The success and prevalence of
the Ti:sapphire laser itself is a good yardstick as to the potential spectrum of

applications to which the Ti:sapphire-pumped ICSRO may begin to contribute. To
realise the full potential of this SRO pumping approach, the are still a number of
research and developmental stages to address. A brief summary of these follows.
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8.2 Further research and development

A subject that arises in the characterisation of all the devices presented here is that
of maintaining simultaneous cavity stability for both the laser and SRO cavities. The

optics used all have typical "off-the-shelf radii of curvature and thus limit the range

of cavity configurations that are available. An area that requires more design input
is that of resonant cavity configuration. Future devices should try to avoid the
situation where, though both laser and SRO cavities are stable under initial

conditions, a small amount of thermal lensing within the nonlinear or laser crystal

pushes one of the resonant cavities towards the limit of stability. At the limit of

stability, spot sizes at both intracavity foci rapidly change and this in turn begins to

limit the power-scaling of the ICSRO. A knowledge of the thermal lensing properties
of the nonlinear material will play a significant part in the design optimisation of
ICSRO cavity design. The starting point for this design process must be a

consideration of alternative cavity designs that de-sensitise the two intracavity foci
from any lensing that may scale with input power. This has been successfully
achieved through the use of an intracavity lens in a Nd-based laser ICSRO [1], This
is a non-trivial engineering problem for ICSRO designs based on laser materials
which possess strong thermal lensing properties. For these ICSRO devices the
thermal lens itself may well be incorporated into an optimised design that remains
stable only for the maximum input primary pump power. A suggestion of this effect
is given by the observation of the "thermal latching" experienced with the PPLN
ICSRO of chapter 5. Addressing this problem for the case of PPLN may allow for
the extraction of higher output powers, although the current lack of high-power
commercial PPLN devices points to (among other factors) the thermal-lensing
limitations presented by this otherwise excellent nonlinear material.

For poled nonlinear materials, the observation of parasitic nonlinear processes

involving the phase-matched parametric fields of the OPO process provides a visual

suggestion for a further area of research. By phase-matching one or more of these

mixing processes (SHG or SFM), tunable visible output may be achieved. With this
in mind, two separate PPKTP crystals have been designed and acquired. The first
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is used to phase-match the SHG process for the signal field in an intracavity design
shown in figures 1 and 2.

M2 M3

Figure 1. Cavity design for the phase-matched SHG of the signal Field.

M2 M3

Figure 2. Alternative cavity design for SHG of the signal field.
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Figures 1 and 2 show two possible designs for the implementation of the SHG

experiment. A second intracavity focus must be introduced in the resonant signal

cavity. A PPKTP crystal with a 12.77pm grating period located within a servo

controlled oven located at this focus is calculated to phase match the signal SHG

process as shown in figure 3.

Temperature (°C)

Figure 3. Calculated tuning of the signal SHG process for a PPKTP crystal
with a 12.77pm grating period.

The temperature tunability of PPKTP allows for a small degree of tunability of the
SHG process. Increased tuning ranges could be achieved by utilising a multi-grating

crystal. It should be emphasised that the introduction of a secondary nonlinear

process together with the increased round-trip losses associated with the extra

signal cavity optics will increase the ICSRO threshold. Fortunately, the ICSRO

pumping approach is uniquely placed to address the high threshold conditions
incurred by this cavity design. An alternative approach to the design of this

experiment would be to include the SHG and OPO grating on one crystal, a method

successfully employed for the SFM process in an external cavity SRO [2]. With this
method however, it is not possible to independently temperature-tune the second
nonlinear mixing process and the OPO process. With this in mind, alternative

implementations of the SFM process of pump and signal mixing is illustrated in

figures 4 and 5.
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M2 M3

Figure 4. Possible cavity configuration ofSFM pump and signal process

M2 M3
TIS Crystal CI

Figure 5. Alternative SFM cavity configuration

The consequence of such a experimental configuration for the li:sapphire laser is
the generation of tunable blue-green output at about 480nm. The PPKTP crystal

required to phase-match this interaction has a grating period of 6.86pm and is
calculated to generate tunable blue output as shown in figure 6.
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Figure 6. Calculated phase-matched output of the pump and signal SHG

processes. The solid line shows the theoretical tuning as calculated from
the OPO process. The dashed lines show the calculated phase-matching
curves of the SHG crystal at different temperatures.

This brief overview is intended to illustrate the possible manifestation of a second
nonlinear process within the SRO cavity. Further investigations will have to address
the optimum strengths of the respective parametric processes. This is especially

important in the case of pump and signal SFM where pump photons are required to

drive both processes and thus an optimum balance must be obtained between the
OPO and SFM processes in order to maintain both.

Regarding overall improvements to design, another engineering factor is that the
use of intracavity ovens must be revised and appropriate engineering steps made to

limit the effect of convection currents within the beam path. For a laser cavity with
an overall length approaching 2m, effects of dynamic refractive index changes in
the air around an oven are patently obvious in the output instability of both the laser
and SRO output power. Common with many laboratory based devices, the ICSROs
described in this thesis were by no means optimised as far as mechanical design is
concerned. To reduce overall output instabilities, care must be taken to improve the

mounting of optical components of the laser and SRO cavities.
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In order to generate tunable single-frequency idler output the ICSRO must be

configured with a laser ring cavity. Work towards this aim is outlined in chapter 7.
One factor that emerges from initial investigations of this configuration is that the

nonlinear process itself generates a unidirectional loss that drives the Ti:sapphire
laser into bi-directional laser action. The simple unidirectional devices found in

many ring Ti:sapphire lasers do not provide enough differential loss to compete with
the parametric loss of the OPO process. Until this problem is addressed, possibly
with a hybrid between an optical isolator and a unidirectional device, the further

characterisation of this promising device is left in stasis.

To conclude the discussion on future research directions it is helpful to shift the

perspective a little with regard to the Ti:sapphire ICSRO device as a whole. The
natural commercial development process of this device seems to lie with Nd-laser
based configurations. This is entirely appropriate it introduces the many advantages
of diode-pumped solid state laser technology. The major drawback of this is the loss
of pump tunability and subsequent reliance on the nonlinear material for device

tunability. Coupled with the added complexity of the thermal characteristics for

many Nd-laser host materials and this places a distinct advantage in trying
circumvent the perceived (and real) cost of Ti:sapphire based technology for which
the primary pump source alone is considered a considerable investment. Rather
than considering the Ti:sapphire ICSRO as a unit device, it could be considered as

a simple "add-on" to an existing Ti:sapphire laser. Consider figure 7.

M2 M3

Figure 7. Simplified ICSRO design.
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The layout in figure 7 shows a greatly simplified ICSRO design in which the SRO

cavity is defined by the rear surface of a meniscus lens and one plane side of the
nonlinear material itself. The focussing of the pump field is performed by the
meniscus lens and as far as the Ti:sapphire laser is concerned the whole optical
section is equivalent to a plane laser output coupler. Indeed, the Ti:sapphire ICSRO
could be engineered and supplied as a simple module which replaces the output

coupler already present in the laser, the laser device engineering needing no further
modification. In this way, the ICSRO could reach a great number of existing

Ti:sapphire laser users.

The research outlined in this thesis commenced with the aims and good intentions
of realising a practical and efficient method of generating widely tunable near to
mid-infrared cw coherent light. In this respect it mirrors the aims and aspirations of
all scientific research in this area. It seems quite acceptable to ask what windows of

opportunity have arisen and what contributions have been made by all this infrared

generation and all these diagrams? This is a research field in which the arrival of a
new nonlinear material can have a huge impact. That cw SROs have such large
oscillation thresholds will always come down to the effective nonlinearity of the
chosen material and this in turn will depend on the available interaction lengths.

Beyond this, transparency range and ease of poling are other significant factors.
The cw SRO above all OPO devices, relies upon accessing as high an effective

nonlinearity as possible and this drastically reduces the choice of nonlinear
material. In many ways, the ICSRO has proven itself unique in that it is greatly
liberated from the constraints of high SRO oscillation threshold. This allows the
device to accommodate an unparalleled variety of nonlinear materials whilst

operating at high efficiency. This attractive characteristic is complemented by a

wide variety of attractive features such as broad tunability, high efficiency and high

output powers.

The research work presented highlights the ICSRO as a practical candidate for
future development into a flexible spectroscopic source. The opportunities for this

development span frequency spectrums from the visible to the mid-infrared and
once explored, should cast new light on the pragmatic application of ICSRO

technology.
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