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Abstract

This thesis describes a system which overcomes one of the limitations faced by
traditional continuous-wave optical parametric oscillators (cw OPOs). In this approach
the high circulating field found within a laser cavity is exploited to reach the high
threshold powers required by a singly-resonant oscillator (SRO) by placing the nonlinear

crystal inside the cavity, creating an intracavity singly-resonant oscillator (ICSRO).
These ICSROs are based upon cw diode-pumped solid-state lasers which, in

themselves, are not necessarily widely tunable. However, by placing the OPO internal
to the laser cavity means that it now includes a frequency converter and the two outputs

produced, called the signal and idler, can be tuned over broad ranges in the mid and far
infrared.

The inclusion of an OPO internal to the cavity of a laser has a significant impact

upon the transient dynamics of the pumping field. Experimental evidence of these
effects are presented and an approach by which they can be damped is outlined.

SRO systems based upon periodically-poled LiNbOj (PPLN) and periodically-

poled RbTiOAs04 (PPRTA) pumped internal to diode-pumped Nd:YV04 lasers have
been demonstrated in both high (15 W) and low (3 W) power regimes and limits to the

practical pumping power have been investigated. Extractable idler output powers of
440 mW and 66 mW have been observed for diode pump powers of ~12 W and 3 W

respectively. This idler power was shown to be capable of tuning over the ranges 3158
to 4024 nm for PPLN and 3538 to 3404 nm for PPRTA.

The spectral quality of the down-converted radiation generated has been
studied. The signal (resonated wave) is found to be single frequency and under such
conditions the idler wave acquires the linewidth/frequency spectrum of the pump laser.

Most applications for such devices require a single frequency output, and

techniques to achieve this are discussed along with other refinements that could

improve the overall performance of these systems. This should result in devices that
are capable of delivering 10s to 100s of mW of continuous wave tunable output from

compact geometries.

Diode-pumped solid-state laser technology developments, quasi-phase-matched
materials and the implementation of the intracavity technique, along with simple,

inexpensive components could result in the realisation of straightforward and cost-

effective devices.
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Chapter 1 Introduction

Chapter 1: Introduction

1.1 Background

Frequency-tunable lasers are used extensively in spectroscopy and related fields and since
the development of lasers in the early 1960s their applications have been closely linked to

both their spatial and temporal properties. Continuous-wave (cw) lasers in particular can
offer excellent narrow linewidth sources for high-resolution techniques. There are many

well-established tunable laser systems operating in the visible and near-infrared regions of
the spectrum, such as dye, colour-centre, titanium-sapphire, semiconductor and transition
metal solid-state lasers. Flowever at longer wavelengths in the mid-infrared, particularly in
the 2 to 5 |tm range, tunable lasers are less well developed, even though there is an ever-

increasing demand for sources in this region due to growing interest in spectroscopic

applications. In particular there is a need for cw sources for atmospheric and metrological

sensing and trace gas detection. To some extent semiconductor devices such as lead salt
and quantum well laser diodes have addressed this gap in wavelength coverage in recent

years, but these devices typically have very low output powers (in the pW range), are not

broadly tunable and can be difficult to implement.

While new laser sources may be developed in the future to cover this wavelength range,

alternative methods can currently provide tunable coherent cw light in the 2 to 5 pm

region. This thesis shall study one of these devices: a continuous wave, singly-resonant intracavity

optical parametric oscillator (from herein referred to as the ICSRO) operated internal to a

diode-pumped solid state Nd:YV04 laser.
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Chapter 1 Introduction

1.2 The continuous-wave optical parametric oscillator

The intracavity optical parametric oscillator (ICOPO), depicted in Figure 1.1 is based on a

cw laser, which is not necessarily widely tunable itself, but it now includes a frequency

converter, the OPO, internal to the laser cavity.

Pumn
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Laser Gain
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►
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Output
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n
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b) Intracavity OPOY

Laser Gain .Parametric
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'Output@A,j

•Output@A,2

Figure 1.1: Schematic diagram of (a) a basic laser and (b) an ICOPO

The basic laser consists of a solid-state gain medium within an optical feedback cavity,
which supports a resonant optical field. Under normal operation, Figure 1.1 (a), one of the

cavity mirrors would be partially transmitting in order to couple out some of the light.
However, in the case of the ICOPO, Figure 1.1 (b), none of the basic laser light is output-

coupled. Instead, the laser field within the cavity drives a parametric process, which splits
the high-energy pump photon into two lower energy signal and idler photons, which form
the output of the device. This is a particularly appropriate approach for tunable mid-
infrared generation using a fixed-frequency laser operating in the near-infrared.

Central to the operation of such a device is the utilisation of a nonlinear material possessing
(2)

a U nonlinear susceptibility. The first observation of frequency conversion using such a

material was achieved by Franken et al [1] in 1961, and in the time since a broad range of
efficient, practical devices have been demonstrated that harness the second order nonlinear

process, as described in chapters 3 and 4.
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Chapter 1 Introduction

The operational principles of the OPO are well documented [2-8]. There are five main

configurations of the cw OPO, as shown in figure 1.2: The doubly resonant OPO where
both signal and idler waves are resonated; The pump enhanced OPO with resonant signal
field and resonant pump enhancement; The externally-pumped singly resonant OPO where
nonlinear cavity is outside the laser cavity and the signal field is resonated; The internally-

pumped singly resonant OPO where the nonlinear crystal is inside the laser cavity and the

signal field is resonated; The internally-pumped doubly resonant OPO where the nonlinear

crystal is inside the laser cavity and both the signal and idler waves are resonated. The

configuration that we are interested in is shown in figure 1.2(d), the ICSRO.
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(d)

Laser Gain
Medium

ttt
Primary pump

U

Signal

±3

OPO

crystal

,(21.

o/c

VI

LA

-► Idler

(e) 17
•4

LA

Laser Gain
Medium

ttt
Primary pump

OPO

crystal \

-x<2>-

n
-►Idler

""^Signal

Figure 1.2: Common configurations of the cw OPO (allpumped 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 signalfield, (e) Internally-pumped, doubly resonant OPO with both signal and idler
waves resonated.

The externally-pumped singly resonant OPO shown in figure 1.2(c) is the most practically
robust and simple OPO configuration. Unfortunately, even using state-of-the-art poled
nonlinear materials, typical device thresholds for this configuration are of the order of a few
watts of laser pump power [9]. The high threshold powers place stringent power

requirements on the pump laser source for these devices, which often negates low-scale

engineering aims of pursuing such a simple OPO configuration.

A significant reduction in threshold (typically down to a few tens ofmWs) may be observed

by employing either of the doubly resonant (DRO) or pump-enhanced configurations,
shown in figure 1.2 (a)&(b). In fact the very first cw OPO was a doubly resonant device,
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Chapter 1 Introduction

pumped by a frequency-doubled Nd:YAG laser, developed by Smith et al in 1968 [10].

However, the spectral and amplitude stability of this device was so poor that it was largely
abandoned in the early 1970s as a spectroscopic source after the initial observation of cw

operation and further experimental work, due to the emergence of the dye laser [11], The
observed instabilities of the DRO were a consequence of the resonance requirements of
this configuration. The engineering complexity of this device is further added to due to the
need for the cavity mirrors of the DRO to be servo-controlled to within ~1 nm [6, 12] to

keep both the signal and idler fields on resonance. Maintaining this simultaneous signal and
idler resonance whilst frequency tuning the DRO is also a non-trivial task, though these

problems have begun to be addressed through recent advances in single-frequency pump
sources and electronic locking schemes [13-15],

The singly-resonant pump enhanced OPO has recently emerged as a practical source for
tunable, narrow-linewidth, coherent radiation [16-20], despite still needing to use active

frequency locking schemes. The fact that the resonated pump field remains on in the
absence of SRO operation is the key to this device's success. (With a DRO there is a finite

parametric build-up "lock time" over which the device must be brought on resonance and
held [21]). The implications of this are that the SRO cavity may be servo-controlled in a

constant manner and need only react rapidly to frequency transients of the parametric
resonant field if a suitably stable, single-frequency pump source is used.

The constraints placed by the double-resonance condition of the DRO and the pump

enhanced SRO can be removed by implementing the configuration of the passively-stable
SRO. Operation of the SRO in the cw time domain has been limited in the past by the

prohibitively high thresholds of these devices. There has, however, been renewed interest
in these devices as the operational thresholds are brought within the range of modest cw
lasers, brought about by the advent of quasi-phase matched (QPM) materials [9, 22], These

QPM materials are discussed in greater depth in chapter 4.

Within the field of research into cw SROs, a further SRO configuration has been
demonstrated: The intracavity, singly-resonant OPO (ICSRO) [23, 24]. The aim of the
ICSRO is to access the high circulating fields within a laser resonator and hence overcome

5



Chapter 1 Introduction

the high SRO operational thresholds. This thesis aims to present the operational
characteristics of this SRO pumping configuration and details an experimental investigation
of ICSRO devices pumped within the cavity of a diode-pumped Nd:YV04 laser.

1.3 Diode-pumped solid-state lasers

Diode-pumped solid-state lasers (DPSSLs) have revolutionised laser devices in terms of

simplicity, efficiency and reliability over the last decade. Coupling efficiency between the

pump source and the gain media is improved by many orders ofmagnitude over that of gas
filled arc lamps. This is due to the spectral output of the diode laser being tuned to match
that of the absorption band in the laser gain media. This ability to be tuned, together with
the very high electrical-to-optical efficiency and brightness of laser diodes, has led to

extremely compact high power laser systems which surpass their flash lamp pumped

counterparts in every category. The only area in which DPSSLs may be lacking is where

very high output powers are required.

1.4 Thesis overview

In chapter 2 we shall look at our chosen form of pump laser, i.e. the diode-pumped solid-
state laser. The topic of the diode lasers used to pump the solid-state media shall firstly be

discussed, including its development over the past 45 years, operational lifetime and

spectral output. We shall then take a look at the history of diode-pumping of solid-state
laser gain media. The gain medium that is used throughout the research contained in this
thesis, Nd:YV04 is discussed, and also some of the pumping schemes that are used to

couple the light emitted from the diode into the laser crystal.

In chapter 3 the theory of nonlinear optics, phase-matching and nonlinear materials shall be
discussed, concentrating in particular on the periodically-poled materials PPLN and
PPRTA that are used in the optical parametric oscillators discussed in this thesis.

6



Chapter 1 Introduction

Chapter 4 concentrates on the theory of the ICSRO and analysis into the thresholds and

output powers is outlined. This chapter starts by looking at the optical parametric

generation process, the basis of any optical parametric oscillator. Some of the various types

of OPOs that have been demonstrated shall be visited, focussing in particular on the
continuous-wave intracavity singly-resonant oscillator (cw ICSRO). Consideration of the
threshold and power characteristics of ICSROs shall conclude the chapter.

In chapter 5 the coupled rate equations which describe the parameters governing the
transient dynamics of the ICSRO, i.e. the population in the upper state of the laser gain
medium and the power in the pump and signal fields, shall be derived. These equations are

then numerically solved with a feedback option which points towards a strategy for

eliminating the relaxation oscillations present in neodymium based ICSROs, and hence

removing a serious restriction on the practical applications of these systems.

Chapter 6 is the first experimental chapter, looking at a high power cw ICSRO system in
which two different nonlinear crystals have been employed. A previously demonstrated
low threshold system shall be scaled-up to higher powers, and a device capable of

delivering over 440 mW of tunable idler power realised [25]. The ICSRO employs both

periodically-poled LiNbOj (PPLN) and a recent addition to the family of nonlinear poled

crystals, periodically-poled RbTiOAs04 (PPRTA). We shall see that this newcomer

exhibits many favourable properties, most notably its higher resistance to thermal lensing
effects.

In chapter 7 we shall look at a low power cw ICSRO system in which the nonlinear crystal
used was PPRTA. This system is a power down-scaled version of the ICSRO visited in

chapter 6 and was capable of delivering over 65 mW of tunable idler power [26]. We shall
see that in this system the problem of relaxation oscillations was addressed and a solution
was found which damped these successfully.

In the final chapter, chapter 8, the observations and results attained during the course of
this research are concluded. Suggestions of possible further research are also noted.
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Chapter 2 Diode-pumped solid-state lasers

Chapter 2: Diode-pumped solid-state
lasers

In the past couple of decades there has been an increased interest in diode-pumped solid-
state lasers (DPSSLs), predominantly due to the development of the laser diodes used as

their pump sources. Lasers based upon solid-state materials have a distinct advantage over

those based on liquids or gases due to their compactness and the fact that they generally
allow for simpler cavity design and operation.

Traditionally water-cooled flash or arc lamps were used to pump these devices and, due to

the increased complexity that accompanies forced water cooling and the extremely low

efficiency of the method of flash lamp pumping, it was difficult to take advantage of many
of the merits of the solid-state gain media. Many of the significant developments in the
field of compact, high efficiency diode-pumped solid-state lasers have come about due to

advances in diode lasers, along with paralleled advances in the development of new solid-
state laser gain materials.

In the first section of this chapter we shall look at the background of the laser diode: Their
development over the past 45 years, operational lifetime and spectral properties. Then we

shall move on to discuss the pumping of solid-state lasers using these diodes, our gain
media of choice (Nd:YV04) and some of the pumping schemes that are employed in
DPSSLs.

2.1 Laser diodes

2.1.1 Homojunction structures

In 1957 Wantanabe and Nishizawa [1] noted the possibility of generating coherent light by
stimulated emission from the recombination of electron-hole pairs at a semiconductor p-n

junction. This, however, was not demonstrated until five years later due to difficulties
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preparing a semiconductor junction of a sufficient quality. The diode that was

demonstrated was a p-n homojunction of GaAs cooled with liquid nitrogen to a

temperature of 77 K [2] and a diagram of this type of diode is shown below in figure 2.1.

Figure 2.1: Simplep-n homojunction GaAs laser diode.

Operation of these homojunction lasers is limited in two ways: (i) In order to achieve
stimulated rather than spontaneous emission due to the recombination of charge carriers
over the entire area of the junction, very high operating currents are required; (ii) Since the
difference in refractive indices between the central waveguiding layer and the neighbouring

regions is very small (only about 0.02), the light is not very efficiently confined and the

generated light extends some way beyond the active region, therefore creating a larger
mode volume, and a portion of this radiation is absorbed by the surrounding layers.

Both of these actions increase the laser threshold to unacceptably high levels. The current

densities required to achieve laser operation are of the order of 400 A/mm2. These levels
are such that the temperature of the device increases rapidly due to ohmic heating and
causes catastrophic damage, therefore usually restricting the operation of these devices to

the pulsed regime [3].
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The onset of laser action is detected by a sharp increase in the radiation emitted from the
active region, as is shown in figure 2.2.

Figure 2.2:Ught output vs. current input characteristic ofan ideal diode laser.

The onset of lasing is also accompanied by a dramatic narrowing of the spectral bandwidth
from ~ 20 nm to — 5 nm, as shown in figure 2.3 [4].

13
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Figure 2.3: Emission spectra ofaAlGaAs diode (a)just below threshold, and (b)just above
threshold (after [4]).

2.1.2 Heterojunction structures

Kroemer proposed the idea of a heterojunction structure in 1963 [5], with the intention of

amending the problem of leakage of the generated light into the p- and n- regions.
Limitations in the available technology and fabrication techniques again meant another

delay, this time of 6 years, until Hayashi and Panish demonstrated such a device in 1970 [6].

The double heterostructure design, formed by a layer of p- and n-GaAs, the active region,
sandwiched between p- and n-AlGaAs layers [7] was realised after further development of
the heterojunction idea. See figure 2.4.

Such a design had 3 main advantages over the simple homojunction devices:

i) The light produced in the active region is better confined in an optical waveguide
formed due to the refractive index of the GaAs being slightly higher than that of
the surrounding AlGaAs.
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ii) There is a significant difference in the band gap energies of the two materials (GaAs
~ 1.3 eV and AlGaAs ~ 1.3 to 2.2 eV), which results in the injected electrons and
holes being confined to the active region. This increases the carrier density giving a

correspondingly higher gain in the active region, therefore reducing the current

threshold required for lasing action to occur.

iii) The difference in the band gap energies also improves performance by reducing the
amount of the generated laser light that is absorbed by the AlGaAs layers.

1 2 3 4

Figure 2.4: Diagram illustrating the action ofa heterojunction structure in confining the
carriers and radiation to thegain region [4],

2.1.3 Stripe geometry structures

Further reductions can be made to the threshold current by restricting the current along the

junction plane in a narrow 'stripe', which may only be a few micrometers wide. Such stripe

geometries can be prepared in a variety of ways; for example, the stripe can be defined by

proton bombardment of the surrounding region to form a highly resistive material or by
creating a mesa structure by etching and then metallisation of the contacts. With stripe
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geometry structures, operating currents of less than 50 mA can produce output powers of
-10 mW.

Stripe geometry devices have further advantages including the facts that the radiation is
emitted from a small area, which simplifies the coupling of the emitted light, and that the

output is more stable than other devices. If the output/input characteristics are examined
the presence of 'kinks' are observed, as shown in figure 2.5. These 'kinks' are associated
with a sideways displacement of the radiating filament within the active region: The
radiation is usually produced from narrow filaments within the active region rather than

uniformly over the whole active region. This instability is caused by interaction between
the optical and carrier distributions, which arises because the refractive index profile, and
hence the waveguiding characteristic, is determined, to a certain extent, by the carrier
distribution in the active region. The use of very narrow stripes limits the movement

possible by the radiating filament, and eliminates the 'kinks' in the output characteristics
(see figure 2.5(b))

Drive current (mA) Drive current (mA)
(a) (b)

Figure 2.5: Drive current vs. light output characteristicsfor (a) a laser showing lateral
instability of 'kink' and (b) stripe laser, in which the 'kinks have disappeared (after[4]).

One of the major limitations of the homo junction structures was that the charge carriers
were allowed to recombine throughout the active region, resulting in high current density
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thresholds. This issue was addressed by further development of the double heterostructure

design in the 1980's, which gave rise to the concept of the quantum well. Quantum wells

provide a means of energy confinement into two dimensional potential energy wells,

leading to very high carrier densities and hence reducing the threshold current required for

lasing action.

2.1.4 Quantum well structures

In very narrow semiconductor layers (i.e. a quantum well) there is a very significant increase
in the density of states near the bottom of the conduction band and at the top of the
valance band. These increased density of states enables a population inversion to be
achieved more easily and, as a consequence of this and the very small active region, the
threshold currents in a quantum well laser is about a factor of 10 less than those of a double
heterostructure counterpart. In addition, quantum well lasers have low temperature

sensitivity and their output characteristics are free from 'kinks'. These lasers are therefore

replacing other forms of diode lasers as material growth technology improves, enabling the
controlled fabrication of very thin structures in an increasing range of semiconductor
materials [8, 9],

One of the problems with the single quantum well (SQW) structure as described above is

poor optical confinement due to the extremely narrow active region. This results in higher
losses and so negates the potential advantages of low threshold currents. This structure is
therefore not normally used in the fabrication of laser diodes. There are, however, two
main forms in which quantum wells are employed in modern laser diodes: the multiple

quantum well (MQW) structure and the single quantum well, separate confinement
heterostructure (SCH) structure.

The single quantum well can be extended to coupled quantum wells, to form a multiple
quantum well structure. In such devices very thin intervening AlGaAs barrier layers, for
example, may couple several GaAs quantum wells. The overall active region is now larger,
so that the carriers, which are not captured and therefore able to recombine in the first well,
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may be captured by a subsequent well. Although MQWs have a higher threshold current

than the SQWs, where the threshold current may be as low as 1 mA or less, they can emit
more power and their structure results in better optical confinement.

Figure 2.6 shows a typical modern array MQW, high brightness AlGaAs laser diode. Its

spatial profile is also shown. These devices have a threshold current density of ~1 Amm"2
and an electrical-to-optical efficiency of around 40% [10]. The size of the emission facet

depends upon the maximum output power of the device and can vary from 50 to 500 (im.

Up to 4 W of cw output powers are available from such devices with a multimode output,

polarised 20:1 in the plane perpendicular to the junction. Typical spectral linewidths are

around 2.5 nm, which is well within the peak absorption band of commonly used Nd3+
doped hosts.
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Figure 2.6: Typical modern arrayMQW, high brightnessAlGaAs laser diode (left) and its
spatialprofile (right) [10].

Further improvement in both optical and carrier confinement can be obtained by adding
cladding layers and separate confinements heterostructure (SCH) layers, as illustrated in the
energy level diagram in figure 2.7. The refractive index of the SCH layers is chosen so that
it is greater than that of the cladding layers, so that total internal reflection occurs at the
boundary.

f
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Figure 2.7: The energy bandgap diagramfor a typicalMQW laser with SCH layers.

The SCH layers also, like the barrier layers, have an energy gap between that of the cladding

layers and quantum wells, so that the charge carriers are confined between the cladding

regions. Hence the name of separate confinement heterostructure, due to the carriers and
the photons being separately confined.

The lasing region of the active layer can be restricted to a very narrow stripe, in effect
confining the carriers in two dimensions. Devices such as this are referred to as quantum

wire microcavities. Further restriction, i.e. into three dimensions, gives rise to quantum dot
lasers. Unfortunately not all the manufacturing problems have been overcome yet for

producing these structures. They are, however, potentially important because, in addition
to their very low threshold currents, they exhibit very high modulation bandwidths, narrow

spectral linewidths and low temperature sensitivity.

2.1.5 Diode arrays

Diodes such as those which have just been described can be placed side-by-side on a single
substrate to form a monolithic bar structure to produce much higher powers than would be
available from a single emitter. The length of these structures is limited to ~ 10 mm due to

practicality. A 10 mm device would comprise about 20 ten-stripe sub arrays spaced at

centre intervals of 500 pm, producing an output of ~ 10 W cw power. An example of such
a device is shown in figure 2.8.

undoped

InP cladding layer

InGaAsP SCH layer

InGaAs quantum well

InGaAsP barrier layer

p-type
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Figure 2.8: Example ofa diode array.

To obtain even higher powers the emitters are arranged in a two dimensional matrix,

resulting in potential cw output powers in the order of hundreds of watts. However, there
are two principle drawbacks of employing such integrated diode arrays: The potential for a

wide linewidth and the very poor quality of the resulting spatial mode. A stop is put to the
first of these problems by modern fabrication techniques that allow the individual emitters
to be grown with greater repeatability, and using a solid-state laser gain media that has a

short absorption depth and a long interaction length, even if the pump wavelength is not

exactly matched to the material absorption feature, ensures efficient absorption of the

pump light. The spatial properties of the light emitted from a diode bar array can be "re¬
organised" in a very effective way by coupling the output into a multimode optical fibre,

typically of ~ 500 pm diameter. Although there are unavoidable losses, for example
coupling losses at the diode end and Fresnel loss at both ends of the fibre, an efficiency of
~ 80% can be achieved, with the loss being offset by the excellent circularity of the

resulting output mode. A system such as this is used in the high power Nd:YV04 system,

which is discussed in chapter 6 of this thesis.

2.1.6 Lifetime of laser diodes

The operational lifetime of a laser diode is inversely related to both the current and the
temperature at which it is operated. A diode can be utilised at power levels which are
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significantly higher than their rated value without the occurrence of catastrophic damage,
but degradation of the diode will begin in a much shorter timescale than would normally be

expected. The effect of over-driving a diode is very significant, with observations pointing
to the lifetime of the device falling off with the square of the number of times above the
maximum rated value that the diode is operated at [11]. High power laser diodes achieve
the longest lifetimes if they are run uninterrupted for long periods of time, and in doing so

reducing the stresses induced in the diode structure by thermal effects. It is not unusual for
a typical 1 W diode operated under proper conditions to demonstrate a lifetime of ~ 105
hours, but as a rule of thumb this value is reduced by factor of two for every ten degree
increase in the operating temperature of the diode. When operated under the correct

conditions however, laser diodes degrade in a reasonably predictable fashion. This

degradation shows itself as a gradual decrease in output power over time.

AlGaAs diode degradation is usually linked to oxidisation and migration of aluminium
which occurs under high power operation, causing structural defects which spread

throughout the diode forming light absorbing clusters. These clusters manifest themselves
as dark lines or spots in the emitted beam. Manufacturers have started to address this

problem by developing aluminium free laser diodes.

Like all semiconductors, laser diodes are extremely susceptible to electrostatic charges and

voltage transients and if adequate precautionary measures are not taken this can lead to

premature device failure or even immediate destruction of the active region. Even when
the diode is connected up some precautionary measures need to be taken to protect it from
transients induced into power leads by nearby discharges, for example the operation of a
fluorescent strip light. These measures could be as simple as connecting four rectifying
diodes in parallel with the laser (three forward and one reverse biased), which act as a short
circuit in the presence of voltage transients but do not affect the normal running conditions
of the laser diode. The diode driver also needs the inclusion of some precautionary
measures: It needs to be operated in a constant current rather than constant voltage mode
so as to prevent excessive current densities occurring in the active region of the diode,
which would lead to catastrophic damage of the diode facets. If this was coupled together
with ineffective cooling of the diode the wires within the diode structure could be melted
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or even vaporised. Thermal shock to the diode is minimised by slowly ramping-up the
current when the diode is switched on and the inclusion of a protective relay to short circuit
the diode when it is not in use. All in all, some time taken over the driver electronics will

hopefully result in a long and happy life for your diode.

2.1.7 Spectral properties of laser diodes

The spectral properties of laser diode arrays which are most critical for efficient pumping
solid-state lasers are the centre wavelength and the spectral width of the diode emission
because the backbone of the pumping efficiency shown by DPSSLs is the excellent spectral

overlap between the peak absorption line in the laser gain media and the emission of the
laser diode pump. Since the centre wavelength emitted by the diode depends upon the
semiconductor band gap, and the band gap is a function of temperature, the emitted

wavelength is also a function of temperature. This means that the diode has to be

temperature controlled to maintain the centre wavelength at the peak absorption of the gain
medium, which is achieved by means of servo-controlled temperature control loops. In
AlGaAs diodes the central wavelength scans at a rate of ~ 0.3 nm/°C. This means that the
material of the gain media is chosen so that the operating wavelength sought is attainable at

a temperature that is convenient to maintain.

The necessity to stabilise the temperature of the diode over a relatively narrow range

requires the use of a cooling system comparable to what might be used in a flash-lamp
pumped system, although the main objective there is the rapid removal of heat. To stabilise
the temperature of lower power diodes, under ~ 4 W, a servo-locked thermo-electric cooler
is usually employed. The amount of thermal power that needs to be removed from the
diode and its mount in higher power systems is typically equal to the operating power of
even a large Peltier cooler. This leads to ineffective and inefficient temperature control,
and so in these cases a liquid coolant, such as water, is pumped through a manifold to

remove the heat. The liquid coolant then passes through a servo-controlled heat exchange
unit which disperses the unwanted into heat into the surrounding environment. Systems
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such as these have a relatively slow response time, but they are capable of removing
hundreds ofwatts of thermal power, which is more than enough for most systems.

The typical spectral width of a single bar or a small stack diode array is of the order of 4 to

5 nm (see figures 2.3(b) and 6.2), although some state-of-the-art devices can exhibit
bandwidths of ~ 2.5 nm. The bandwidth of the Nd:YAG absorption line for an absorption
coefficient greater than 3.8 cm'1 is 2 nm. Nd:YLF, which has a weaker absorption, has the
same bandwidth for an absorption coefficient of more than 2 cm'1. It is important to have
a spectrally narrow emission from a diode array so that most of the pump radiation is

efficiently absorbed in systems that use a short gain medium, i.e. short absorption path. In

systems which use a larger gain medium, for example large diode pumped lasers which use

a rod or slab of gain media with dimensions of the order of 10 to 15 mm, the spectral width
of the diode emission becomes less important since all of the emitted pump is eventually
absorbed. Materials with higher absorption coefficients than those of Nd:YLF and

Nd:YAG, e.g. Nd:YV04, further relax the constraints on the bandwidth.

2.2 Diode-pumped solid-state lasers

Replacing the flash or arc pump source of a conventional solid-state laser with a diode laser
pump source has many advantages. The primary benefits to the user are increased
efficiency coupled with ease of use. The broad band emission from a gas discharge pump

source has poor overlap with discrete absorption lines of the dopant ion in the crystal. As a

result approximately 90% of the pump lamp energy does not contribute to laser operation.
Diode lasers however have a narrow band output that can be optimised by temperature

tuning to the absorption peaks in the gain media. This leads to an increase in efficiency,
which ultimately eliminates the need for forced water-cooling, large interaction lengths and

heavy duty power supplies. The overall reduction on pump power (from kilowatts for flash
lamps to a few watts for diode lasers) significantly reduces the thermal loading on the lasing
medium. This leads to longer operating lifetimes and more importantly, from a cavity

design point-of-view, more predictable thermally induced lensing.
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2.2.1 Historical overview and early work

Newman first mentioned the use of semiconductor emitters to pump a solid-state laser in
1963 [12]. He found that the 860 to 890 nm emission from a bank of GaAs diodes excited

a fluorescence near 1.064 pm in a Nd:CaW04 crystal. It was soon realised that the small
size and simple structure of diodes could make direct coupling of the pump field into the
laser gain media, without the use of complex coupling optics, a possibility. He also
concluded that significant improvements could be made in the electrical-to-optical

efficiency due to the relatively narrow linewidth and small solid angle of the diodes in

comparison to their lamp pump counterparts.

In 1964, shortly after the development of the first GaAs diode lasers, Keyes and Quist
demonstrated the first solid-state laser pumped by a diode laser [13]. The laser gain media

used was CaF2:U3+ the principal transition of which occurs at 2.163 pm. A diagram of the
device is shown below in figure 2.9.

Five diode lasers were arranged so that their emitted radiation was incident on the gain
medium in a direction perpendicular to the resonating axis of the laser. This is known as a

side-pumping or transverse geometry. To maximise the absorption of the pump a gold

POWER LEADS
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Figure 2.9: Schematic of thefirst diode-pumped solid-state laser [13].
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plated integrated cavity was placed around the gain medium. As these early diodes required
to be cooled to operate, the entire system was placed in a dewar of liquid helium. This
reduction in temperature also reduced the threshold operation of the device by decreasing
the thermal population of the lower laser level in the CaF,:U3+ crystal. Quasi-cw operation
was obtained with pulse widths of ~ 500 ps and pump thresholds of ~ 3 W. Interestingly

they noted that an ideal candidate for diode pumping would be a gain medium doped with
the Nd3+ ion.

The Nd3+ ion is an excellent dopant for the gain media of diode-pumped solid-state lasers
since it has strong absorption that coincides with the emission bands of GaAs, AlGaAs and

GaAsP, three of the major semiconductors used for producing diodes. Yttrium aluminium

garnet (YAG) had become the host of choice for Nd,+ doping by the 1970's, for lamp

pumping due to its superior combination of spectroscopic, thermo-mechanical and growth

properties [14]. Ross [15] demonstrated the first diode-pumped Nd:YAG laser, using a

single mode GaAs laser in a transverse pump geometry. Although the YAG rod was

pumped at room temperature, the diode was chilled to 170 K in order to tune its output to
the absorption band of the Nd:YAG rod. It was noted that the output of solid-state lasers
could have a much narrower solid angle, so brightness can be enhanced and that the

spectral bandwidth of the solid-state laser is narrower than that of the diode laser. In
recent years significant progress has been made in the development of the diode laser as a

pump source, leading to improvements in diode-pumped solid-state devices. Purchasing
'off the shelf multi-watt cw single stripe emitting diodes with a high brightness emission
facet area, typically 1x100 pm, is common nowadays. Of course much higher power diode

arrays exist for solid-state laser pumping: Up to 30 W cw is now available from a 1 cm bar

array, although the large emission area mandates the use of more complex imaging optics
such as graded-index lens arrays or fibre coupling the pump light into the gain media.

Yttrium orthovanadate (YV04) had also shown potential as a candidate to host Nd3+ [16].

Unfortunately it could not be grown in sufficient quantities without defects, however, and
the unavailability of crystals of a required size and quality for flash lamp pumping proved to

be the major stumbling block for further development. Fortunately the merits ofNd:YV04
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were realised, albeit twenty years later, once the field of diode laser pumping had moved
forward sufficiently.

The interest in semiconductor diode lasers to pump Nd3+ doped crystals increased in the

early 1980's in parallel with improvements in diode laser technology which brought higher

powers and longer operational lifetimes. These advances allowed previously unsuitable

crystals such as Nd:YV04 to become a viable alternative for laser gain media. The high

gain achievable in Nd:YV04 and the strong absorption within the wavelength region of
diode laser emissions required gain crystals of only a few millimetres long. This removed
the constraint on large crystal size, and advances in the technology for growing the crystals
meant that high quality material became available.

2.2,2 Neodymium-doped yttrium orthovanadate

Nd:YV04 is specifically applicable for diode pumping due to several of its spectroscopic

properties. The two main factors that account for this are a large stimulated emission cross

section, which is five times that of Nd:YAG, resulting in a reduced threshold and higher

slope efficiency [17] (see figure 2.11). It also has an extremely strong absorption feature at

809 nm [18].

Another advantage of using Nd:YV04 is that it is naturally birefringent and so the laser

output is linearly polarised, parallel to the extraordinary 7i-direction. This polarised output

has the advantage of avoiding adverse thermally induced birefringence and means that an
intracavity Brewster plate is unnecessary. The pump absorption in a Nd:YV04 crystal is
also polarisation dependent: The strongest absorption occurs for the pump light polarised
in the direction parallel to the laser radiation.

The outputs from Nd:YV04 and Nd:YAG lasers as a function of diode temperature can be
seen in figure 2.10. This shows that Nd:YV04 has a much broader and smoother

absorption profile than Nd:YAG. It follows from this that a laser based upon Nd:YV04 is
more tolerant to variations in the temperature of the pump diode and bandwidth than a
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similar system based upon Nd:YAG. If the absorption bandwidth is defined as the

wavelength range over which 75% or more of the emitted pump radiation is absorbed in a

5mm thick crystal, values of 15.7 nm and 2.5 nm are obtained for Nd:YV04 and Nd:YAG

respectively [18].
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Figure 2.10: Outputsfrom Nd:YV04 andNdlYAG lasers as afunction ofdiode

temperature [19]

The important material properties of Nd:YV04 are summarised below in table 2.1.

Stimulated emission cross section 15.6xl0"19 cm2

Laser wavelength 1064.3 nm

Linewidth 0.8 nm

Fluorescence lifetime 100 ps

Peak pump wavelength 808.5 nm

Peak absorption coefficient at 808nm 37 cm"1 (Tt-polarisation)
10 cm1 (a-polarisation)

Nd doping 1% (atomic Nd)

Table 2.1:Materialproperties ofNd:YV04 [18, 20].
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Figure 2.11 shows the output power from a Nd:YV04 and a Nd:YAG laser, the cavities of
both lasers being output coupled at 97% [16]. It can be seen that a considerably higher

ouput is obtained from the vanadate system, and also a higher slope efficiency. Nd:YV04
does have some drawbacks however, the major one being the shorter excited state lifetime
than Nd:YAG.
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Figure 2.11: Graph showing the typical slope efficiencies o/Nd:YAG andNd:YV04 using
97% output coupler (after [21]).

An end-pumped geometry is the best to exploit the properties of Nd:YV04 (see next

section) and a number of commercial laser systems are based upon vanadate pumped by
fibre or lens coupled diodes. In end-pumped systems the pump beam is highly focussed
and it is difficult to maintain a small beam waist over a distance of more than a few

millimetres, and so a material such as Nd:YV04 which has an high gain and absorption is

extremely favourable. Nd:YV04 has in fact become the material of choice for cw end-

pumped lasers in the <5 W output power region.
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2.2.3 Pumping geometries

One of the major tasks when designing a diode-pumped solid-state laser is to get the light
emitted from the diode laser coupled into the gain medium as efficiently as possible, and to

maximise the spatial overlap between the laser resonator mode and the pumped volume.

Two principle methods have been adopted to achieve this: side-pumping (or transverse)
and end-pumping (or longitudinal) geometries. In side-pumping the emitted radiation
enters the gain medium perpendicular to the axis of the resonator mode (see figure 2.12), in
a fashion similar to flash lamp pumping. This configuration offers almost unlimited power

scaling and a very simple coupling mechanism, so much so in fact, that systems have been
demonstrated where the diode facet was placed in close proximity to the gain media, and
no focussing optics were used. However, the transverse geometry, which all the initial
work on DPSSLs used, exhibits very poor efficiency (typically ~ 10%) due to the poor

spatial overlap of the lasing mode and the pump volume. Pumping a laser rod in this way

can also set up complex thermal gradients, which result in a poor quality intracavity mode
being produced.

O/P Coupler

Figure 2.12: Schematic showing the basic elements ofdiode-pumped solid-state laser in a side-

pumpedgeometry.

The alternative to the side-pumping geometry, which is longitudinal or end-pumping, was
first demonstrated in a NdrYAG laser by Draegert [22] and Rosenkrantz [23] in 1973. This

system of pumping gave much improved efficiency, but unfortunately not as much scope

for power scaling as the transverse geometry. End-pumping, however, became a more

attractive option because of the much improved spatial overlap of lasing mode and pump
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volume and the ability to favour operation in the TEM00 laser mode, as the brightness of
available diodes increased.

In an end-pumping geometry the emitted pump radiation enters the gain medium

longitudinally, in the direction of, and co-axial with, the laser resonator mode (see figure

2.13). This leads to excellent mode matching between the pumped volume and a low-order
resonator mode, hence producing a very good coupling efficiency (~ 40%) and diffraction
limited output. All the systems discussed in the course of this thesis are in end-pumped
configurations.

Coupling Optics O/P Coupler

Coating:
HT @ diode pump
HR @ laser

Figure 2.13: Schematic showing the basic elements ofa diode-pumped solid-state laser in an

end-pumpedgeometry

A drawback of the end-pumped geometry is that matching the very high aspect ratio of the
diode emission facet into the resonator mode can be an optically difficult task. There are,

however, a number of design solutions to this problem. In low power systems in which the
diode facet dimensions are typically 1x100 pm, the radiation from the laser diode is coupled
into the gain media using one or more lenses. Systems such as these can give correction for
astigmatism and spherical aberration, though due to the number of surfaces intrinsic to a

multiple lens design, anti-reflection coatings are a necessity so that power losses are

minimised. A graded index (GRIN) rod or lens can also be used. These use a material in
which the refractive index varies in some controlled way so that, by combining the
refraction which occurs at the surfaces of the lens with that which occurs continuously as a

function of the varying refractive index, a beam suitable for coupling into the gain medium
or an optical fibre can be produced.
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The output from a high power, diode array is highly astigmatic and necessitates the use of a
more complex coupling scheme. One option is to use cylindrical lenses to shape and focus
the diode output. Another method is to use fibre-coupling, where the poor quality mode
from the diode array is coupled into a large diameter core fibre, of about 500pm in size,
and although the light coming out of the end of other end of the fibre has been randomly

polarised, the emission is of high circularity quality. Even though there are significant
losses involved with the coupling at each end of the fibre, these are normally not realised by
the user since the specifications of this type of diode system are made in terms of the useful

output actually available. The output from the fibre end can then be collimated and
focussed down into the gain medium by using a pair of lenses. This is the kind of

configuration that was used in the system discussed in chapter 6 of this thesis.

The advent of diode-pump technology has presented many new challenges to the laser

engineer. Careful design is required in order to obtain a system that is as reliable as the

components in the system while maximising the short and long term stability and the
efficiency of the device. Due to electrostatic sensitive nature of diode lasers, specific
electronic design is required to protect them from the effects of static discharge, anode
spiking and excessive rise times of the anode current. In order to achieve high electrical to
optical efficiency and device durability, the optical coatings used must be robust and
effective. All in all a combination of high quality optical, mechanical and electrical

engineering is required.

2.3 Conclusions

From what has been discussed in this chapter it is clear to see, however, that laser diodes
are an excellent choice for the pump mechanism in all but the most high power solid-state

systems. Perhaps the main impact of diode lasers in terms of performance is the overall
system efficiency. This is rooted in the excellent spectral overlap that is achievable between
the diode emission and the absorption bands in the laser gain media, in our case the Nd

absorption bands at 809 nm. Flash tubes have, in fact, a higher electrical to optical
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conversion efficiency, but only a small fraction of this light is absorbed by the laser gain
media.

System lifetime and reliability is higher in diode-pumped solid-state lasers when compared
to flashlamp pumped systems. Whereas a flashlamp has a lifetime in the order of 108 shots,
of about 500 hours for continuous-wave operation, laser diode arrays exhibit lifetimes in
the order of 109 shots in a pulsed system and 105 hours when used in continuous wave

mode.

The directionality of the emitted light from a laser diode allows designs with good spatial

overlap between pump radiation and low order modes in the laser resonator, which in turn

leads to a high-brightness laser output. This directionality of the diode output and also the
small emitting area, compared to flashlamp pump sources, have made it possible for whole
new classes of solid-state lasers to be designed, such as end-pumped systems, microchip
lasers and fibre-coupled lasers. The flexibility of shaping and transferring the output beam
from the pump source to the laser gain media provides great opportunities for the
invention of new pump configurations.
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Chapter 3: Nonlinear optics

In this chapter nonlinear optics and the nonlinear materials used in optical parametric
oscillators shall be discussed. Beginning with the origins of nonlinear optics and the

frequency mixing process that results from the y/2' interaction, the chapter will then move

onto the concept of phase matching, in particular, quasi phase matching and its associated

requirements in terms of acceptance bandwidths and material tolerances. Finally the
fabrication of quasi phase matched materials shall be discussed and some of the properties
of the nonlinear materials, particularly periodically poled lithium niobate (PPLN) and

periodically poled rubidium titanium arsenate (PPRTA), used during the course of this
research will be described.

A dielectric material will attain a macroscopic polarisation when a classical optical field

propagates through it. The resulting polarisation depends on the dielectric susceptibility of
the material and the strength of the field. Under circumstances where the interacting field
is weak, the relationship between the polarisation and the incident field is linear and may be

expressed as

where £0 is the permittivity of free space and %•1} is the linear (or first order) optical

susceptibility of the dielectric material concerned. Equation (3.1) is a sufficient

approximation to the full relation between the incident field, E, and the resultant

polarisation, P, when the amplitude of the field is small compared to that of the inter¬
atomic fields acting on the electrons within the material.

For more intense fields, for example a field obtained with a focussed laser beam, the
incident field is comparable to the inter-atomic force, and the polarisation relationship of

3.1 The x(2) interaction

p = £0Z(1)E (3.1)
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the material is no longer linear. Equation (3.1) needs to be expanded to include higher
order terms, and may be expressed as

P = s0(z(l)E + x(2)E2 + Z(3)E3 +....) (3.2)

where % \ )£2) and zf3> represent the first, second and third order nonlinear optical

susceptibilities, respectively. It is these higher order susceptibilities that are responsible for
nonlinear optical effects. The second order susceptibility, is responsible for nonlinear
interactions such as second harmonic generation (SHG), the linear electro-optic effect,
sum- and difference-frequency generation, (SFG and DFG, respectively) and optical

parametric generation (OPG), central to the operation of optical parametric oscillators.
There are many other interesting phenomena that arise from interactions coupled through

the zf3> susceptibility, such as the Kerr effect [1], two photon absorption [2], and Brillouin
and Raman scattering [3-5], However, in this chapter the discussion shall be limited to the

processes coupled through the %2> nonlinear susceptibility. It is this interaction that is the
basis on which the operating principles ofOPOs are founded.

3.1.1 Frequency mixing through the susceptibility

We shall consider the second order polarisation term of equation (3.2), that is

P = s0z(2)E2 (3.3)

To gain an insight into the physical processes that arise from the nonlinear polarisation
described above in equation (3.3) we shall now consider a superposition of two optical
fields propagating through a nonlinear material in the % direction at two different

frequencies, co{ and (02. The resultant field is

E = [fi] cos(kxz - co\t)+ E2 cos(k2z - a>2t)] (3-4)

where kx, op, and k2, cch are the wave-vectors and angular frequencies of E, and E2,

respectively. Substitution of equation (3.4) into equation (3.3) gives
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P = Z'2/> Ex {cos{2kxz - 2a>xt)) + E2(cos(2k2z - 2co2t))

+ 2EXE2(cos^kx + k2)z- (a>x + co2 )t})
+ 2EX E2 (cos{(&i -k2)z- {cox - a>2)i})

+ 2E}El\ (3.5)

This expression contains all the terms relating to the fundamental processes of g1' coupled
interactions. Examination of these terms shows that the second order nonlinear

polarisation simultaneously gives rise to frequency components at twice the frequency of
the interacting fields (SHG), the sum-frequency (SFG), the difference-frequency (DFG)
and optical parametric amplification (OPA), and optical rectification.

While it is usually adequate to consider the fields as classical electromagnetic waves, a

quantum picture can be insightful. In SHG and SFG, the nonlinear crystal combines two

photons of low energy to create a new photon with the sum of the energies. In DFG, a

high energy pump photon is divided, in the presence of a low energy photon, to create two

further photons which add in energy to that of the pump. OPA is a special case of DFG,
where a low intensity signal field is amplified by mixing with a high intensitypump field. The

process additionally generates an idler field at the difference-frequency. OPA is usually a

weak single-pass process, and hence is often used instead as the basis for an optical

parametric oscillator (OPO). In an OPO, the signal is generated from parametric

fluorescence, and then amplified within an optical resonator. The resonant, multiple-pass

amplification then yields significant conversion to the signal and idler.

The one remaining frequency independent term in (3.5) describes optical dc rectification
across the dielectric medium. The frequency dependent components of equation (3.5) that
fall within the transparency bandwidth of the material concerned represent the fundamental

processes of^ 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. This selection process, known as phase-matching, shall now be
discussed.
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3.2 Phase-matching

In order to maintain the energy flow of a particular ^-coupled process, a correctly phase
matched relationship between the interacting fields must be followed such that the

appropriate relative phase between the three waves is maintained throughout the nonlinear
medium.

All anisotropic materials have a refractive index dependence upon the polarisation state of
the light and direction of propagation. This is called birefringence. The most common

method of satisfying the phase matching condition is to make use of birefringence to

compensate for material dispersion. Within the transparency range of a nonlinear material,

dispersion leads to an increase in refractive index with an increase in frequency. This sets a

constraint on the length of the crystal that can be used, since the relative phase of the

pump, signal and idler fields changes with propagation through the material, and the phase
matched condition becomes more difficult to maintain the longer the crystal becomes. The
effect of phase mismatch on the efficiency, r|, of the nonlinear process is given by

r| oc sin c~
rAkl^

(3.6)
v ^ /

where Ak = kp - ks — ki (3.7)

The sine2 nature of the efficiency as a function of Ak is shown in figure 3.1.

This shows that useful parametric gain occurs for | Ak \ < n//, where / is the length of the

nonlinear material [6], and that maximum output is obtained when Ak — 0, which is termed
the phase-matched condition.

In order to maintain the maximum efficiency for any quadratic nonlinear process, care

needs to be taken to satisfy this condition throughout the interaction length of the
nonlinear medium concerned. For the case of parametric amplification, the phase-matched
condition is given by
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kp ~ks + kt (3.8)

This may be more usefully expressed as

npMp = nscos+ni(°i (3.9)

where np ns and ni are the refractive indices of the pump, signal and idler fields, respectively.
Equation (3.9) is the key to one of the most attractive technical aspects of the nonlinear

process: its tunability.

-8ji// -6n/l -Anil -2nll 0 nil lull AnII 6n/l Sn/l

Phase mismatch, Ak

Figure 3.1: Plot ofsine2(Ah!/2) describing the efficiency of theparametric down-conversion process.

In a birefringently phase-matched material, alteration of the orientation or temperature of
the nonlinear crystal is often used to satisfy the phase-matched condition. However, all of
the systems discussed in this thesis employ quasi-phase-matched (QPM) materials (which
will be discussed in the following sections), so these processes will not be described here.
For an in-depth discussion of phase-matched tuning mechanisms in birefringent nonlinear
materials see [7]. One such method that offers a far greater degree of flexibility than
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birefringent-phase-matching (BPM), whilst avoiding the associated penalties, is quasi-phase-

matching.

While efficient operation of intracavity devices can be achieved using traditional

birefringent materials, QPM (or periodically-poled) materials are able to access higher
nonlinearities, thereby further relaxing the requirements on high pump power. Efficient,
low power singly-resonant oscillators (SROs) therefore become more feasible [8].

While chapters 6 and 7 present experimental investigations of two of these materials

(periodically-poled LiNb03 (PPLN) and periodically-poled RbTiOAsO., (PPRTA)), the
following sections of this chapter provide a background to quasi-phase-matching (QPM).
It introduces the theory of QPM and the important fabrication process of electric-field
domain inversion. It then summarises some of the properties of two of the most

promising ferroelectric crystals for applications in cw intracavity singly-resonant oscillators
(ICSROs), PPLN and PPRTA, which have been used in this project.

3.3 Quasi-phase-matching

The notion of phase-matching the pump, signal and idler waves to maximise the down-
conversion process was introduced in section 3.2. By maintaining a fixed phase
relationship, as the three fields propagate through the nonlinear medium, power is
continually driven from the pump to the generated signal and idler fields.

This has traditionally been achieved by using BPM. An alternative to this is to use a

nonlinear crystal where the relative phase mismatch between the interacting fields is
corrected at regular intervals, using a structural periodicity which is built into the nonlinear

crystal [9-11], as illustrated in figure 3.2.
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Pump

t I t I t
Frequency-converted

light out

Figure 3.2: Diagram ofaperiodically-poled material, showing the sign ofthe nonlinear coefficient

being modulated everyperiod to correctforphase mismatch.

The pump, signal and idler waves propagate at different phase velocities due to normal

dispersion within the material. If power is to flow in the desired direction, i.e. from pump

to signal and idler, it is crucial that the correct phase relationship is maintained between the
three interacting fields. This continuously changing phase relationship between non-phase-
matched pump, signal and idler leads to an oscillation in the direction of the power flow as

can be seen in figure 3.3. The distance over which there is a change of 7t in the relative

phase of the waves is called the coherence length, lc. This is typically a few micrometers.

Figure 3.3: Growth ofsecond harmonic intensity under differentphase-matched conditions, where lc — coherence
length, (a) Perfectphase-matched conditions, (b) Non-phase-matchedprocess, (c) QPMgrowth ofgenerated intensity
underperiodic domain inversion, (d) Approximation to ffPMgrowth assuming a 2/n reduction ofperfectphase-

matched condition (a).
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Quasi-phase-matched materials have four distinct advantages over birefringently-

phase-matched crystals:

i) They can be (and generally are) designed such that advantage is taken of the highest d

coefficient, which is equal to 12, (subject to a 2/71 scaling factor, due to an average

phase mismatch in each domain) of the nonlinear material; In a BPM crystal,

operation is restricted to the d coefficient which happens to coincide with the phase-
matched angle.

ii) The phase-matching scheme is a flexible engineered variable and is not dictated by the

dispersion properties of the material. This allows for interactions which fall outwith
the BPM possibilities of a material to be investigated.

iii) The interacting waves (in general) propagate along a principal optical axis of the
nonlinear material and so spatial walk-off is no longer a prohibitive factor in the

implementation of a particular phase-matched interaction, allowing for longer crystals
and tighter focussing inside the crystal. Quasi-phase-matching allows for the use of

longer nonlinear crystals than the traditional birefringent phase-matching techniques.

iv) The common polarisation of the interacting waves allows for temperature tuning
schemes that are inaccessible to BPM materials: Although the birefringence of a

material may change little with temperature, the individual indices of refraction may

show significant dispersion with temperature.

3.3.1 QPM theory

The theory of QPM is discussed in detail in [11-15]. A summary of the relevant

expressions is as follows:

Ifwe consider the case of a nonlinear process for which
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Ak = kp-ks-ki (3.10)

We can introduce a grating vector Km such that the phase-matching condition is satisfied
for the case of A^ ^ 0

Akm=kp-ks-k,-Km=0 (3.11)

where fQ results from the periodic inversion of the nonlinear coefficient.

The expression for Km has been derived [11] from a Fourier analysis of the periodic grating

function, and if we assume a periodic function with a period A, the mth harmonic grating
vector of equation (3.11) is given by

2utn
K»=-r- <3-12)A

The effective QPM nonlinear coefficient, dQ, can be related to the actual material value of
the nonlinear medium concerned, def{, as follows

dQ=deff-Gm (3.13)

where Gm is the Fourier coefficient for the periodic modulation, given by

Gm = —:— sin (TtmD ) (3-14)
Tim

Flere D is the duty cycle of the periodic inversion of the nonlinear coefficient with period A
and positive domain length /d, and is defined as

D =^ (3.15)
A

For an optimum domain inversion scheme, the duty cycle D will be such that the domains
invert every coherence length, and hence A = 2/d = 2/c, i.e. D = 50%. This allows us to

relate the effective QPM nonlinear coefficient, d() to deff.
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Thus, for the mth order process

€ (3.16)

For ideal periodic structures, QPM can only be achieved for n/th orders where m is an odd
number [11], but in practice it is the first order QPM process that is employed as this offers
the highest effective nonlinear coefficient. This means that a QPM method can, at best,
offer just under two thirds of the effective nonlinearity of a perfectly phase-matched

process.

It should be noted, however, that other nonlinear mixing processes may well result in a

small net gain in intensity for any of the possible^ frequency processes for the interacting

fields of the nonlinear device. Thus, for an intracavity OPO pumped at 1.064 (tm, and with

a designed QPM interaction giving signal and idler wavelengths at 1.50 (am and 3.66 jam

respectively, it will often be possible to observe a number of other mixing processes with
the naked eye. In particular doubling of the pump will produce green light at 532 nm and

sum-frequency mixing of the pump and signal waves will produce red light at 622 nm. This
latter case provides an excellent visual indication of when the lengthy process of cavity

alignment for the OPO has been successful.

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.
Therefore, it needs to be decided what is to be classed as a 'constructive' participation to a

particular nonlinear process. The conventional definition of the acceptance bandwidth in
this case is that for which the modulus of the phase mismatch Ak between the interacting

fields is no more than n/l [6]. Thus for a particular phase-matching scheme, expressions
for the acceptance parameters of the temperature, angle and input wavelength for a specific
nonlinear process can be formulated.
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3.3.2 QPM acceptance parameters

Barnes and Corcoran [16] have investigated the problem of acceptance parameters in
nonlinear optical processes, and the following brief overview follows their analysis. Initially
a birefringently-phase-matched interaction shall be considered, and then these expressions
shall be modified to accommodate the quasi-phase-matched case.

Consider the wavelength acceptance bandwidth for a collinear birefringently-phase-
matched interaction, evaluated around the perfectly phase-matched condition. The

function of Ak may be expressed as a Taylor series about the point Ak0 to give

Ak = Ak,, +
bAk

bX,
bX..+

1 82Ak
2 bx2

bX2+. (3.17)

where, for the case of perfect phase-matching, Ak{) — 0 and is the value of X, at which
Ak — Ak^.

Taking the definition of the acceptance bandwidth, Ak < | rc/11 and setting Ak0 = 0 for a

bandwidth around the phase-matched condition, we have

5A/£

bX:
bX,+

1 b2Ak
2 8Xf

<? 2 I ^bXr + ... = ±—
L

(3.18)

The full expression for the phase mismatch, Ak in terms of the interacting wavelengths is

Ak = 2tc
■ (K) n,{K) n,(K)
x. X. x;

(3.19)

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

_L-J_ _L
Xp Xs Xi

(3.20)

and noting the full bandwidth, from equation (3.18), is given by

AX, = 28A, (3.21)

the first derivative, with respect to the pump wavelength, will be

8Ak

8X.„
= 27t 5»A)

5A. ,

S»,(X,)
x.„ X: 8X

K , »s(K)
> K KX, P P

(3.22)

with the first derivative of equation (3.17) dominating the acceptance bandwidth in the

overwhelming number of cases.

Equation (3.21) can be used to express the wavelength acceptance bandwidth using

equations (3.17) and (3.20), resulting in the following expression

AX=-
L 8X..

\ n ,(*.,) s« (1)
X-. x\ hX

K , "/(M
» K Ki. p p

(3.23)

Taking as an example the pump acceptance bandwidth of the nonlinear crystal LiNb03, a

nonlinear crystal which was used during this research, albeit in its periodically-poled form.
The Sellmeier equations governing the refractive indices of LiNb03 are given by Dmitriev
[17] and Jundt [18] and are as follows:

n (A) =,14.9048+ ai 17680 0.027169A2 (3.24)(a)
V /t - 0.047500
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n U)= J4.5820+ °-099169 0.02195CU2 (3.24)(b)jW V i2 -0.044432 V ;w

0 (/l)= U.4988 + °-099545 0.022320A.2 (3.24)(c)
1 11 A"-0.044537

where A, is in micrometers.

To calculate the appropriate wavelength parameters at Ak = 0, equation (3.19) may be
solved for pump, signal and idler polarisations along thejy and % axes, respectively (for
collinear pumping along the x axis) by using equation (3.20) and the Sellmeier equations

(3.24)(b) and (c), setting Ak — 0 and A, = 1.064 pm. Using this method, the calculated

phase-matched signal and idler wavelengths are 1.50 pm and 3.66 pm, respectively.

Substitution of the pump and calculated signal wavelengths into equation (3.23) for a crystal
interaction length of 25 mm (the length of PPLN crystal that was used during the course of
this research) gives a pump acceptance bandwidth of AXp — 5.54 nm. This is the maximum
bandwidth of an input pump field that will contribute constructively to the nonlinear

process for a phase mismatch range of —n/1 < Ak <n/1. As the Nd:YV04 laser gain media
used throughout the course of this research has a 1/e2 gain bandwidth of only 1.1 nm, all of
the pump field would contribute in a constructive fashion to down-conversion in this
example.

Clearly, further narrowing of the pump bandwidth would have a profitable effect on

efficiency due to the wavelength extremes of the phase mismatch range providing a less
efficient contribution than the central wavelengths, for which Ak ~ 0.

Similar acceptance parameters may be calculated for the temperature acceptance bandwidth
of a process. The appropriate expression is given by
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-l

AT
L Xh 5T X 5T j X. 5T r

T

1 1 i g« i 5«.
(3.25)

Temperature derivatives have been measured for many nonlinear materials and are

comprehensively documented by Dmitriev [17]. Angular acceptance bandwidths may also
be calculated in the same manner [16].

It has already been seen that the QPM process provides additional flexibility to the phase-

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

follows (from equations (3.11) and (3.12))

where A is the grating period of the quasi-phase-matched material.

Since the grating period, A, is independent of wavelength, any derivative of this parameter

with respect to wavelength will be zero, and the expression for the pump acceptance

bandwidth will be identical to that of the birefringently-phase-matched case, equation

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

bandwidth of the QPM material and that of the BPM case. In almost every circumstance,
the two interacting fields will be polarised along only one crystal axis for the QPM case, and
so the values of »p(A.) and «S(LS) in equation (3.23) need only be derived from one Sellmeier
equation, and for PPLN and PPRTA this is »2(X). Thus, from equations (3.24)(c) and (3.23)
the QPM acceptance bandwidth for a 25 mm long PPLN crystal has a value of 1.3 nm

compared to 1.7 nm for a similar crystal in the BPM case.

As before, it is also possible to derive expressions for the temperature and angular

acceptance bandwidths of quasi-phase-matched materials. In the case of the temperature

acceptance bandwidth, the grating period may well be a function of temperature as the

AK=kp-ks~k,-
2mn

(3.26)
A

(3.23).

48



Chapter 3 Nonlinear optics

material thermally expands. This means that an additional term must be added to equation

(3.25) to give

1 1 1 S». 1 5nt 5
'

1 2
L \ ST X ST

T '

TH

T ST v Ay
(3.27)

where the term

§T

r -i \

VAy
(3.28)

must be calculated from a knowledge of the thermal expansion coefficient of the QPM
material concerned.

The angular acceptance bandwidth of a QPM material is obtained from analysis that is

significantly more involved than that for the BPM case [11], The angular shift of apparent

grating period must be accounted for as well as the angular dependence of the indices of
refraction.

It is well known that the efficiency of a $2) interaction, between collimated laser beams

under BPM and with a phase mismatch Ak, takes the form of sinc2(A£//2). The bandwidth
of this profile depends on the total interaction length, /. In QPM interactions, the

efficiency takes the form

oc

' 2 '

v 71m y

sine
(Ak-2mY^l (3.29)

with the bandwidth remaining the same as before, but now shifted by 2nml/A, and the

efficiency increased in magnitude by (2/nm)2.

Equation (3.29) holds true assuming that the grating is of an ideal square waveform, with
both the period and duty cycles consistently retaining their optimum values throughout the

49



Chapter 3 Nonlinear optics

crystal. Of course, in reality, there may be systematic and random errors in both of these

parameters. The sensitivity of r| to such errors is of considerable practical importance in

QPM materials.

Departures from the ideal grating structure in periodically-poled materials will result in a

reduction in efficiency. The effect of fabrication errors, i.e. period and duty cycle errors, on

the quality of QPM materials was considered by Fejer et al. [11]. The main results of this

analysis [15] are summarized below. The point where the power conversion efficiency, T|, is
reduced by 50% can be used to calculate the tolerance to these errors.

The effect of a systematic error SD in duty cycle may be deduced directly from equations

(3.14) and (3.29). Taking an m — 1 interaction, the acceptance is

— = 50% (3.30)
D

For a random duty cycle error characterised by a normal distribution with standard

deviation, aD, the relative efficiency to equation (3.29) is given by

(r|R )~e*p
( 2 2 \

7i"a;

21
(3.31)

The acceptance is therefore

G\, ~J2ln2
-2- = = 38% (3.32)
/. 71

So, the efficiency is quite robust to both systematic and random variations in duty cycle.
Such duty cycle errors are usually ofmore significance in poled materials with short grating

periods (A < 10 pm).
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A systematic grating period error 5A simply shifts the peak of the sine2 profile away from
the desired operating point. The efficiency drops down the side of the sine2 profile, and the

acceptance value for 8A to reduce T| by 50% is given by

— = 1.39— (3.33)
AnI '

Typically the crystal can be 103 A in length, giving 8A/A = 0.03%. This is clearly much
more sensitive than the duty cycle errors. A normal distribution of random period errors

with standard deviation aa has a relative efficiency

2, f V

(■uH-—X lR/ 6A /
(3.34)

Again for / — 10 A, the acceptance value is around 1%.

Areas in the crystal where the domains are missing altogether simply reduce the effective

crystal length and deform the sine2 profile. The relative efficiency is given by

' 8/v
1

/
(3.35)

where 8/ is the length of the crystal in which the periodic structure is absent. The

acceptance to interaction length is around 30%.

So the quality of a periodically-poled material is quite tolerant to errors in the duty cycle and

missing domains, but it is intolerant to errors in the period. This is because the latter

produce phase errors which accumulate over a transit of the crystal. The phase errors of
the former tend not to accumulate, but just make poorer use of the interaction length.
These features are of particular importance to the fabrication process of the periodically-

poled materials.
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3.3.3 Fabrication ofQPM materials

In the early 1960's quasi-phase-matching was discovered independendy by Armstrong et al.

[9] and Franken and Ward [10]. In fact, their suggestions of introducing a periodic
structure for phase-matching actually pre-date the invention of birefringent-phase-
matching. At the time, however, BPM was found to be more readily attainable and became
the established phase-matching technique, and it is only recently that fabrication methods
have offered sufficiently high quality structures to enable QPM to compete with

birefringent-phase-matching.

A stack of thin plates alternately rotated through 180° was the original method proposed
for quasi-phase-matching [9], Several such stacks were constructed in the 1970's for SHG
in CdTe [19], GaAs [20], quartz [21] and LiNb03 [21]. The minimum practical size of

period was limited by this approach however, while the number of periods was limited by
interface losses. At the same time an alternative technique was investigated which

employed single crystals of rotationally twinned ZnSe and ZnS in place of the thin plate
stacks [22], Both of these techniques limit the practical lengths of the crystals due to errors

in the period.

This problem was circumvented by demonstrations of QPM in waveguides (e.g. [23]), using

lithographic techniques to define the period. Electrodes can be written lithographically
onto a substrate with high periodic accuracy. The material domains then adopt these

periods when poled. The first demonstration of periodic electric field poling was in a liquid
nitrobenzene waveguide [24]. Modulation of deff was achieved by using a spatially periodic
dc electric field, but the periodic structure existed only in the presence of the electric field
in this system. Later demonstrations in the ferroelectric crystals LiTaOj [25] and LiNb03

[23] showed that permanently inverted domains could be created by applying the electric
field only during the fabrication process.

Bulk SHG [26, 27] and OPOs [28] were demonstrated in 1994 and 1995 respectively, when
electric field poling was applied to thicker substrates of LiNb03, and poled crystals with 0.5
mm apertures and high quality 15 pm periods have been fabricated [28]. LiTa03 [29],
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KT1OPO4 [30] and RbTi0As04 [31] are a few of the other bulk ferroelectrics which have
been successfully poled.

The technique of electric field poling for ferroelectric materials differs from material to
material due to their specific physical properties, and a number of variations on the
methods have been investigated. The aim of this section is to outline a general approach to

periodic-poling, based on the method for PPLN [28], followed by a comparison of two

periodically-poled materials.

When the crystal boules are grown they possess a single ferroelectric domain. Once grown

they are then cut into wafers (or individual crystals) of the appropriate thickness and
orientation for poling. The coercive field is the level above which significant domain
reversal occurs, and the strength of this field required for a particular material largely
determines the maximum crystal thickness possible for that material. In materials with high
coercive fields, such as LiNb03 (21 kV/mm), the possible crystal thickness is limited to <1

mm; materials with lower coercive fields, such as RTA (2 kV/mm), crystals may have

apertures up to 3 mm thick. All of the materials discussed in the following sections are cut

perpendicular to the crystalline c axis.

A periodic metal electrode is deposited onto the +c (=+ y) face using a standard

microlithography technique. Depositing an insulating layer of photoresist fills the gaps

between the metal stripes; while part of the metal electrode is left exposed. Contact
between the exposed metal electrode and the positive power rail is achieved by using a

liquid electrolyte. A typical electrode configuration for electric field poling is shown in

figure 3.4.

The crystal is sandwiched between two O-rings forming two chambers for the liquid
electrodes. The patterned metal electrode and insulator overcoat is situated on the top

surface of the crystal, while the bottom surface has either a uniform metal electrode, or is in
direct contact with the electrolyte. A typical liquid electrolyte used for electric field poling
of LiNbOj is LiCl in deionised water. Fringe fields at the edges of the grating lines are
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controlled by an isopotential surface which is formed by the liquid electrode on the

photoresist layer. This leads to improved pattern uniformity and resolution.

O-rings

Patterned metal electrode
with insulator overcoat

Electrolyte

Figure 3.4: Schematic showing typical electrode configurationfor electricfieldpoling.

A high voltage power supply and a series resistor R. make up the electric field poling circuit,

along with voltage and current meters to enable monitoring of the poling process. The

high voltage power supply is designed to provide a voltage pulse Vx which exceeds the
coercive voltage Vc of the crystal, and when switched on, current flows through the circuit
and the voltage on the crystal clamps at the coercive field level while the domains are

reversed. Only the regions below the electrodes are reversed initially, but the reversal

spreads through the rest of the crystal and the crystal voltage begins to rise to the supply
level when it is complete. The voltage pulse should end when the poling current begins to

drop in order to obtain the periodic structure.

The poling current in the circuit, Ipoh is given by

V.-V. V.T 1 £ l_

pol R R.
(3.36)

and typical currents used to produce PPLN are ~ 10 p.A.

A pulse time of around 50 ms is required to achieve permanent domain reversal in LiNb03
though poling can be achieved with shorter pulse times through use of diodes in the power

supply [28]. These prevent a backflow of charge from the crystal. Any residual fields at the
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domain walls are relaxed after the poling process by annealing at 100 °C for an hour, and
the resulting periodic structure is found to be stable beyond temperatures of 800 °C.

In PPLN, for example, the +z and +y faces etch at a rate that is 1000 times faster than the

—z, -y faces. This allows the periodic structure to be easily observed by first etching the

produced periodically poled crystal surfaces in HF acid and then inspecting the crystal using
a conventional microscope.

Even though electric poling has become the most common method for producing QPM
structures in ferroelectric materials, a number of other techniques have been employed in
recent years: Ti indiffusion has been used to produce shallow structures for waveguides [32]
and electron beam bombardment has been used to fabricate periodic structures in bulk

LiNb03 crystals [33], The latter method has good periodicity, but it is slow and susceptible
to problems in the pattern uniformity. Methods involving modulating parameters in the

growth process have also been used to produce PPLN [34, 35], but these, like the other
non-lithographic processes are likely to suffer from periodic errors due to the modulation

during the growth process not necessarily producing "clean" transitions, and therefore
limiting the quality of the crystal produced.

As a rule of thumb, the development of a completely new nonlinear material takes 10 years

and costs $10 million [15]. This means that it can turn out to be much quicker and cheaper
to develop new fabrication processes which will modify existing crystals. The choice of
materials for nonlinear optics has been greatly increased in just a few years due to the

development of all these QPM techniques. The ferroelectrics PPLN, PPKTP and PPRTA
are some of the materials which are most relevant in the field of ICSROs. This is due to

them all having good transparency for both the near infrared pump sources, and the mid-
infrared idler wavelengths of interest. The following sections of this chapter shall look at

just two of these: PPLN and PPRTA, the two nonlinear materials used during the course of
this research.
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3.3.4 Periodically-poled LiNb03

PPLN has been the focus of the majority of the recent work into periodically-poled
materials and quasi-phase-matched devices. As mentioned earlier, the first demonstration
of permanent electric field poling for QPM was in PPLN [23], as was the first QPM OPO

[28]. A considerable number of devices in both bulk and waveguide PPLN have been
demonstrated since that time, for examples see [38]. Most recently, work has focussed on

novel patterned structures to give, cascaded nonlinear processes [39], spatial shaping of
nonlinear gain, pulse compression, and pulse shaping for example.

Table 4.2 shows the important characteristic of PPLN. Crystal apertures are limited to — 1
mm due to the high coercive field, though most commercial samples have an aperture of
0.5 mm. The material requires to be operated at temperatures > 150 °C for cw applications
since it suffers from photorefractive damage at room temperature. PPLN is also limited in
its high power applications, particularly visible light generation, because it suffers from

green-induced infrared absorption. However, the high nonlinearity and interaction lengths
available with this material have made PPLN a popular choice for many nonlinear optics

applications, despite these issues.

Crystal Periodically poled LiNb03
Coercive field 21 kV/mm

Maximum poling depth 1 mm

Maximum crystal length <50 mm

deff 17 pm/V
Transparency range 0.4 - 5.5 pm

Table 4.2 Physical properties of PPLN

Jundt has calculated the most recent Sellmeier equations for LiNb03 [18], using data out to
5 (tm, and so are accurate for mid-infrared OPOs.
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3.3.5 Periodically-poled RbTiOAs04

The first flux-grown member of the KTP family to be successfully electric field poled was

PPRTA [40] in 1996. RTA is more readily poled than KTP since it has a conductivity three
orders of magnitude lower [40] than flux-grown KTP. The coercive field is — 2 kV/mm; 1
mm samples are poled with a single 60 ms, 2.5 kV voltage pulse [40]. The lower coercive
field also means that periodically-poled crystals with apertures ~ 3 mm can be produced.
Since its initial development, PPRTA has been used for blue SHG [41], and OPOs in the
cw [42], femtosecond [43], and picosecond [44] regimes.

Table 4.3 shows the important characteristics of PPRTA. RTA is well suited to mid-
infrared OPOs since it has a longer infrared cut-off wavelength than either KTP or

LiNb03. One of the major advantages of PPRTA over PPLN is that it does not suffer
from photorefractive damage and so may be operated at room temperature. It also doesn't
suffer from thermal problems to the same extent as PPLN, thus making for better stability.

Long term consistency is still to be proven, however, due to PPRTA being much newer

than the other poled materials.

Crystal Periodically poled RbTiOAs04
Coercive field 2 kV/mm

Maximum poling depth 3 mm
Maximum crystal length <20 mm

^eff 7.7 pm/V
Transparency range 0.35 — 5.8 pm

Table 4.3 Physical properties of PPRTA

Sellmeier equations for RTA have been calculated by Fenimore [45] and Fradkin-Kashi
[46], and from the research carried out during the period of this thesis we have found that
the equation of [46] is more reliable.
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3.4 Conclusions

In this chapter an introduction to the field of nonlinear optics and an overview of the

process of phase-matching have been provided. The origins of nonlinear optics and how

coupling through the ~p 2' nonlinear susceptibility was responsible for the optical frequency
mechanisms of SHG, SFG and DFG are described. The sine2 nature of the phase-matched
bandwidth was discussed, and the region over which useful parametric gain exists.

The idea of quasi-phase-matching as an extremely flexible tool for the implementation of

high gain nonlinear devices was then introduced, and the requirements it places on laser

pump sources in terms of acceptance parameters discussed. The tolerances of these QPM
materials to bulk errors were then discussed. It was concluded that although small
deviations from the ideal design criterion result in significant reductions in the efficiency of
a device, production technologies are such that these do not represent a serious restriction
on their use in nonlinear devices. Finally the fabrication of QPM materials was discussed,
and a look at the properties of two of these materials, PPLN and PPRTA, concluded the

chapter.
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Chapter 4: Continuous-wave intracavity
singly-resonant oscillators

In this chapter we shall start by looking at the process of optical parametric generation, the
basis of the optical parametric oscillator. Then we shall move on and look at some of the
various types of optical parametric oscillators that have been demonstrated, especially the
continuous-wave intracavity singly-resonant oscillator (cw ICSRO). Considering the
threshold and power characteristics of ICSROs shall conclude this chapter.

4.1 Optical parametric generation

The idea of the p2' interaction was presented in chapter 3, and optical parametric

generation is a specific case of this interaction. Through the ~p~' interaction, an input pump
wave propagating within a nonlinear optical medium with frequency vp is converted into
two output waves, termed the signal and idler, at frequencies vs and v; respectively. This

process takes place such that energy is conserved, i.e.

vp = vs +Vj (4.1)

This process is related to the difference-frequency generation (DFG) process described in
the previous chapter in that we can regard the (strong) pump wave as interacting with the

(weak) signal wave to generate the idler wave through the DFG process, namely V;=vp-Vs.

The generated idler wave then interacts with the pump wave through the DFG process to

generate more signal wave, i.e. vs=v -V;. The net effect of this under appropriate
conditions is amplification of the signal wave. By incorporating such a medium within a

suitable cavity an oscillator generating both signal and idler waves is produced.

The optical parametric down conversion process can also be described as a high energy

pump photon being split into two lower energy photons. To help visualise this process

picture each pump photon being split into one signal and one idler photon when it passes
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through the nonlinear medium. The sum of the energies of the two produced photons is

equal to that of the original pump photon, thus energy is conserved in the interaction. If
the signal and idler waves are to experience sufficient gain, momentum must also be
conserved. This is achieved by the so-called phase matching of the three fields as discussed
in chapter 3. The strength of the interaction depends on the intensities of the three waves.

It is generally a weak process, and efficient conversion requires that at least one of the

generated fields be resonated through the non-linear medium.

The properties of the resonant cavity at the three interacting wavelengths determine the
threshold, power and stability properties of the OPO. The rest of this section compares

different types of OPOs to distinguish the best suited for the course of this research.

4.2 Continuous-wave optical parametric oscillators

The first optical parametric oscillator was demonstrated in 1965, just five years after the
invention of the laser, by Giordmaine and Miller [1], This was a doubly-resonant oscillator

(DRO) based on the non-linear crystal LiNb03, and was pumped by the pulses of a

frequency-doubled, Q-switched Nd:CaW04 laser at 529 nm. The pump power required to

reach threshold was 6.7 kW, and peak powers of 15 W were observed at 984 nm. The

tuning range of this OPO was from 970 to 1150 nm, but this was later extended from 700
nm to 2 pm.

The first cw OPO was demonstrated three years later [2], This device was a DRO, where
both the signal and idler waves are resonated in the optical cavity. It was based on the
material Ba2NaNb5015, pumped at 532 nm by the second harmonic generation (SHG)

output of a Nd:YAG laser, and it had a multi-mode pump threshold of 45 mW. The OPO

down-converted 3 mW into infrared light around 1 pm, for an input power of 300 mW,
and the DRO output was observed to be an irregular train of pulses of typically a

microsecond in length although the pump laser output was cw. These fluctuations were

attributed to instabilities in the pump frequency and cavity length.
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In the cw regime most OPO pump sources have been high power gas lasers and frequency
doubled Nd:YAG, all operating around 500 nm [3]. These OPOs have usually been

operated near frequency degeneracy, giving limited signal and idler tuning around 1 jam.

Interest has, more recently, turned to the production of mid-infrared light, at wavelengths
not accessible with conventional lasers. Pump sources with longer wavelengths of up to

1.064 jam have been used to extend the idler range out beyond 4 jam, most notably the Nd-
based lasers.

OPOs have been demonstrated in all temporal regimes, from femtosecond to cw. In most

pulsed applications the OPOs are configured as singly-resonant oscillators (SRO), where

only the signal is resonated in the optical cavity, but for the cw regime the DRO is the most

common cavity geometry. This is due to the fact that cw laser pump powers are typically
less than 10 W, much less than the peak powers available from pulsed laser systems. For
the OPO threshold to be reached by a cw pump laser, resonant feedback has normally been

required for both the signal and idler.

For a DRO with a non-resonant, single pass pump, the minimum pump power required to

reach oscillation threshold is known to be [3]

9 2 4 9
n~ tt-

p* = ^ f, G7 = K— (4.2)
FsFi 2x2l\dJ2v3p(\-S2)2 FsFi

where Fj,j — V, is the finesse of the resonant cavity of signal and idler respectively, / is the
( ^v- ~ v

crystal length, np is the refractive index at the pump, 2deS — X , and 8 =

Threshold powers from 10's to 100's of milliwatts have been demonstrated experimentally.

While the DRO offers threshold powers compatible with common narrow linewidth cw

lasers, it is widely recognised to be over constrained, because it requires energy

conservation, phase-matching and two simultaneous resonances for operation. These
introduce stability and tuning restrictions which were first observed in 1968 [2] and which
have been since been well documented in the literature [4, 5]. For a given cavity length, the
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DRO will operate on the signal and idler mode pair which comes closest to satisfying the
above four constraints. Small variations in cavity length or pump frequency tend to move

the mode pair away from resonance, and eventually the DRO either hops to a new mode

pair, or can under certain circumstances cease to oscillate altogether, before the mode pair

hop.

The changes in cavity length, ALcav and pump frequency, Avp which produce a mode hop
may be simply expressed in terms of free spectral ranges (FSRs) of the signal and idler fields

[4]. They are

AFSR
AZw ~

FSRs +FSRAp (4'3)
and

Avp - AFSR (4.4)

where AFSR = | FSRs-FSRj |. Typical experimental values are ALcav ~ ±1 nm, and Avp~ ± 1
MHz. Such instabilities produce erratic amplitude and frequency behaviour. In the
absence of electronic stabilisation [5] or monolithic cavity design [6], DRO outputs are

unsuitable for many practical applications.

A second approach is to use an external-cavity SRO which does not suffer from these
resonance instabilities. Since there is no frequency constraint on the single pass idler field,
the resonant field has the freedom to adapt to perturbations without mode hopping. This
makes the SRO generally more tolerant to variations in pump frequency and cavity length.
This stability however comes at the expense of a much increased threshold power. The
SRO geometry is routinely used in pulsed OPO systems, where threshold powers are not a

constraint.

Recently there has been considerable research interest in the development of cw SROs with
thresholds compatible with cw laser sources. Three different approaches have been taken
to address the problem, namely conventional SRO cavities which take advantage of using
crystals with a very high non-linearity (for example, periodically-poled LiNbOj (PPLN)),

66



Chapter 4 Continuous-wave intracavity singly-resonant oscillators

the pump-enhanced SRO, and intracavity SRO (ICSRO). The first two take the traditional

approach of using separate laser and OPO resonators. The third incorporates the OPO
inside the resonant cavity of the laser. The external cavity approaches will be addressed
first.

The pump-enhanced SRO comprises high finesse cavities for both the pump and signal,
but has no resonant feedback at the idler. Sufficient resonant enhancement of the pump

raises the circulating power in the cavity to a level exceeding SRO threshold. The
minimum threshold power of a SRO with a resonantly enhanced pump field (by a factor

Sp) is given by [3]

(«)
F.~,

where K is as defined in equation (4.2).

With conventional non-linear materials pumped in the near-infrared, an enhancement of S
>20 is required for a practically attainable threshold. Although electronic stabilisation is

required to keep the enhancement cavity on resonance, this is technically easier than

stabilising a DRO since there is always a control-loop error-signal from the pump beam,
even in the absence of down conversion. Pump-enhanced SROs pumped in the green have

successfully shown efficient, stable down converted powers at the watt level.

The first pump-enhanced SRO was demonstrated in 1994 by Robertson et al [7]. This SRO
was based upon LiB305 and was pumped by a single-frequency argon-ion laser at 514 nm.

Following this initial demonstration several pump-enhanced SROs directly pumped by

Tksapphire, dye and diode lasers were demonstrated [8-12]. These SROs were based on the
non-linear materials KTiOP04 [9, 12] , RbTiOAs04 [8] and more recendy periodically-

poled LiTa03 [11],

The development of the non-linear material PPLN, with a deff ~ 6 times that of KTiOP04
(KTP), enabled the demonstration of infrared pump-enhanced SROs with much reduced
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enhancement factors. The broadly tunable quasi-phase-matching in PPLN has allowed the

generation of several hundred milliwatts of light in the 2.3 to 4 pm range. Multi-parameter

tuning allows the narrow linewidth outputs to be smoothly tuned over several GHz, and
can be applied to high resolution spectroscopy [13] and trace gas detection [14].

For passively stable operation it is necessary to use an SRO with a non-resonant pump

geometry. Yang et al first demonstrated this in 1993 [15] using a near-degenerate, KTP
SRO with a double-passed 523 nm pump. This device had an oscillation threshold of 1.4
W, and at a pump power of 3.2 W, 1.07 W of non-resonant idler was generated. If this
OPO were scaled to a 1.064 pm pump it would have a threshold greater than 11 W, thus

emphasising the difficulty of exceeding the SRO threshold using a near-infrared cw pump.

Although conventional materials make the threshold prohibitively high, recent work with
PPLN has achieved SRO oscillation with moderate power laser pump sources. Using a 50
mm long PPLN crystal and a high finesse signal cavity, a single-pass, 1064 nm pumped
SRO with a minimum threshold of 2.6 W was demonstrated by Bosenberg et al [16]. Unlike
the pump-enhanced systems it was possible to pump this OPO by a multi-frequency
Nd:YAG laser, because there were no resonance constraints placed on the pump source.

The signal was generated in a single longitudinal mode, but the idler adopted the spectral
characteristics of the pump. A similar device was later shown to exhibit 93% pump

depletion and Watt-level outputs from 3.2 to 4 (im [17].

The SROs described so far all have a structure of an external OPO cavity, which is optically
isolated from the pump laser. An alternative set-up has recently been demonstrated [18]:
the intracavity SRO (ICSRO). By incorporating an SRO actually within the laser resonator,
the intense circulating intracavity field may be exploited to pump the OPO. This method is
similar to the well-established technique of intracavity SHG. Figure 4.1 shows a schematic

diagram of an ICSRO, the laser and SRO cavities being separated by a dichroic

beamsplitter. This technique brings the SRO threshold within the reach of commonly
available cw laser sources, even with conventional nonlinear materials.
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Laser cavity

Figure 4.1: Schematic cavity diagram ofan intracavity SRO.

The intracavity approach does not require a single-frequency pump, or careful impedance

matching into the OPO like the pump-enhanced approach. This means that the

requirements of the pump source can be relaxed, making the intracavity approach a much
more attractive method. The next section gives a brief history of the intracavity OPO.

4.3 Intracavity optical parametric oscillators

Kroll first proposed the concept of an optical parametric oscillator operating internal to a

laser cavity in 1962 [19]. Six years later the first detailed study of an ICOPO was made by
Oshman and Harris in a theoretical paper on the cw intracavity DRO [20]. Soon after this

paper, several demonstrations of ICDROs in both cw and Q-switched lasers were reported

[21-24] and Falk et al [22] demonstrated the first pulsed ICSRO, based on a Q-switched
laser. More recent work has concentrated on ICSROs since they are free of the constraints
of DROs, thus having the potential to form more practical devices, provided that higher

power thresholds may be surpassed. In 1984 a theoretical treatment [25] of conversion
efficiency and optimum focusing in cw ICSRO was published. This was followed by the
first demonstration of a femtosecond OPO [26] and further work on Q-switched and

picosecond ICSROs [27-33],
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Marshall made the first report of a cw ICSRO in 1995 [34], This device was based on a

diode-pumped Nd:YAG laser with a monolithic KTP SRO, and generated 100 mW of

signal at 1.57 pm at a pump power of 13.5 W. In 1996 Colville et al [18, 35] made the first
detailed characterisation of an ICSRO. This device was based on KTP pumped at the

intracavity focus of a Ti:sapphire laser and when pumped above threshold was observed to

exhibit clamping of the laser field at the threshold level.

ICSROs have been demonstrated to produce total down-converted powers at the Watt-
level with very high conversion efficiencies [36, 37]. The output powers have shown stable

amplitudes, free from the instabilities of the ICDROs, and the stable operation of the
ICSRO has been confirmed through a theoretical model [38]. The ICSROs are typically
less demanding of the pump laser power or spectral characteristics than the external cavity
SROs, due to the latter's necessity of either multi-watt or single-frequency pump sources to

exceed threshold. Also a combination of periodically poled materials with intracavity

operation leads to further reductions in threshold powers, or the option to efficiently

output couple the resonant signal field.

4.4 ICSRO power analysis

To completely characterise an ICSRO it is useful to gain an understanding of its threshold
and power behaviour. This will be beneficial to help calculate the appropriate
characteristics of the external pump power required for a particular device to reach SRO
threshold and a meaningful measurement of the conversion efficiency which takes place.

4.4.1 Background

Oshman and Harris [39] carried out the earliest treatment of the theoretical analysis of the
continuous-wave intracavity OPO in 1968. This paper investigated the efficiency and

dynamics of a doubly-resonant oscillator (DRO) pump internal to a laser cavity, and
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identified three distinct regimes of operation 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) = 7l/2.
The second is a stable inefficient mode where Ac)) ^ tc/2 and the parametric process begins
to drive the phase between the interacting fields rather than their amplitude. In the third
mode, which occurs at pump powers ~ 3 times above OPO threshold, there is no fixed

phase relationship between the interacting fields which leads to a breakdown in cw

operation. This is therefore known as a repetitivelypulsing regime.

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 govern the factors that decide which
mode will operate. This early treatment pointed to serious problems with power scaling of
these devices. While there were several early reports of cw ICDRO operation [21-24] the

operation of the ICSRO remained untouched until a theoretical treatment [25] in 1984, and
later a study of a pulsed ICSRO[40] in 1996. These studies were extended by Turnbull et al

[38] and the relevant conclusions of this analysis are outlined in the following sections.
Further discussion and detailed derivation of the expressions used may be found in [41].

4.4.2 Power analysis

Figure 4.2 shows a schematic of a simplified intracavity singly-resonant oscillator. The high
finesse laser and signal cavities are separated by means of a dichroic beamsplitter which is
AR coated at the pump wavelength, A,p and HR coated at the signal wavelength, The
nonlinear crystal of length /is positioned at one end of the laser cavity such that its end face
coincides with the cavity origin, i.e. ^ = 0. The laser gain medium, located in the pump

field branch of the cavity, is externally pumped through the end mirror. In this device, the
idler field is non-resonant and exits after one pass of the cavity.

This standing wave pump cavity will, in practice, produce a multi-frequency laser field due
to the effects of spatial hole burning in the homogeneously broadened gain medium. It is
assumed, for this analysis, that all the oscillating modes fall well within the acceptance
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bandwidth of the nonlinear material, and also that the resonant signal is oscillating on a

single mode, which is found to be in good agreement with experimental observations [18,

36],
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Figure 4.2: Schematic of the simplified ICSRO usedfor the model in thepresent chapter.

Overall cavity lengths for the pump and signal cavities are jLs and respectively. The
Gaussian pump and signal fields are defined as [38]

Ep(Z'Ci) = J^/2Epj (t)exp (-r2 / urp ) sin (kpjp) cos (co^. + typJ ) (4.6)

Es r,t) = 2Es r7 /sin cos (ti)/ + <[),) (4.7)

where kpj — np(Opjlc and ks = nsO)Jcwith np and ns averaged over the length of the cavity so as
to avoid boundary problems. The laser and signal waist radii are denoted by wp and ws

respectively. The analysis assumes that each of thej axial modes of the laser mixes with the
single frequency signal mode to producej idler modes. For the standing-wave geometry of
the cavity in figure 4.2, the parametric interaction must be investigated for both ± z

directions, hence equations (4.6) and (4.7) may generally be expressed in the form

EP r't) = -f{EP (z>a) -e; {z> r,t)} + c.c. (4.8)

E (z>r>t) = f{Es (z>r>t)- E< {z>r't)} + c.c. (4.9)
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Ep{zCt) = ^JE0.(t)e*p(± tkpJz)exp(- + 0*]}exp(- r2 / w2p) (4.10)

Ef = Es (t^expigtik^exp^-i^y&J + ~~^exp[—r2 / w2J (4-11)

with the travelling-wave field components having ± kpjgz. being denoted with +. Equations
(4.8) to (4.11) may be substituted into the Maxwell wave equation 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

Ef (z>r>t) = ^JjE*(t)exp[±tk.-z)exp(-i[to../ +^]) + c.c. (4.12)

The important consequence of the singly resonant condition is that the idler field, for
which the cavity has a very low finesse, exits after only one pass. Thus, for each pass of the
nonlinear crystal, the initial idler phase is dictated by the dominant resonant pump and

signal fields, maintaining a phase relationship given by A(j)y = = tt/2. This liberates
the parametric interaction from the inefficient phase-driven regimes of the ICDRO, and
sets no upper limit on the power to which the ICSRO can be scaled.

Following the example of [40], the coupled rate equations of the ICSRO can be derived.
The fields within the resonator are commonly described using Lamb's self-consistency

equations [42]. These equations describe the axial field modes arising from the polarisation
source terms that re-radiate consistent fields identical to the driving fields. The resonant

laser field will contain polarisation terms that are dependent upon the laser and nonlinear

media, whereas the resonant signal field is self-consistent with nonlinear polarisation source

terms only. Both fields are coupled through the y}2) nonlinear process, a factor which has

significant implications for the transient dynamics of the ICSRO [43], The relevant self-

consistency terms for the pump and signal fields with cavity decay times Tp and iJ

respectively are given by
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dE,{f)+Ejf)_ ©,
dt 2sQns

-im[p;(t)+p;(t)\ (4.13)

dE^jt) Ehi(t) co r / T <*>„, r / o

2^o n'P
(4.14)

where the parametric process polarisation terms Pp~if) and Pp(i) are related to the nonlinear
polarisation terms through volume integrals over the crystal length and radial transverse co¬

ordinates to yield

Im[p; (/)] = 2 £0^eff I rAkl^
1 + w2 / w2s cni 2Es

-sine

V z /
Et(l)Z,%E&.(t) (4.15)

1»[/^-(/)]=■ £Jdcf[ I
1 + w\ /w\ cn. 2JL„p' p 1 p

sine
Akl\

. 2 Je»WE,^E,(')2 (4.16)

where the relative phase difference of the parametrically coupled fields have been set as DP
= p/2 and Df *= p/2-Dkl, and the waist radius of the nonlinear polarisation ws p is given
by [44]

1 1 1
(4.17)

The final substitution that needs to be made is to replace the laser polarisation term,

\m[Plasej(t)\ in equation (4.14) with the expression [41]

GJE»
gj-*x'p

(4.18)

to give

, dE

dt
pj

—

J

T .CO „C„,.
p _ p p pj
pj 2 (4.19)

74



Chapter 4 Continuous-wave intracavity singly-resonant oscillators

where G is the saturated laser gain of the yth laser mode and Gj_th is the threshold gain
required for the oscillation of theyth mode.

Analysis of the steady-state power characteristics can be further simplified through the
introduction of the following photon flow expressions for the resonant modes.

n csnE2nw2 ,

7. -— 7 (4-20)
4/ico

n je,,E ^nw~
1PJ = - " ~ ~ (4-21)4hcop.

The laser photon flow threshold value may be obtained from equations (4.13) and (4.15),
and is given by

n.n2nc2enE n(w2 + w2 j jP s . o s V p 'J (422)
tb 2 sine1 (A%)

and this result is the multi-mode threshold expression for the ICSRO. Here the photon
flow of each laser mode contributes to the threshold of the SRO. If the laser bandwidth is

sufficiently small, all of the j modes produced by the laser may be considered as phase-
matched and the multi-mode laser will achieve SRO threshold at the same level as a single

frequency laser of the same total power, consistent with the analysis of Harris [45].

The normalised gain, signal power and laser power are given respectively by

7-
Nj=-rL- (4.23)(j

,

P = Yj (4.24)
[Iv„l
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P„j =ri (4-25)

which give appropriate expressions for equations (4.13) and (4.14) as

p dt PJ\ j

where

dPn, , xtp-^-=pPAnJ-1-fpS) (4-27)

x ji L
F = * (4.28)

s p p

is the ratio of the laser and signal cavity finesse, and xp and xs are the pump and signal
photon cavity lifetimes (where tps— tpJ2).

The final equation that completes the set of rate equations for the ICSRO is the expression
which describes the laser saturated gain:

T" = av -NJ + xPPJ + *j PPP ) (4*29)

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

equal to the number of times that the /th mode is pumped above oscillation threshold, and
x is a saturation parameter given by

x =
Z j,
y*

(4.30)

with the saturation parameter ysa, representing the laser saturation photon flow. Cross

saturation between pairs of laser modes is introduced by the coefficient p<l, a concept
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introduced in the analysis of SHG [46] to account for partial inhomogeneous broadening
caused by spatial hole burning.

4.4.3 ICSRO steady-state power characteristics

Equations (4.26) and (4.29) may be solved for the steady-state by setting the time
derivatives to zero. For a single frequency pump laser, the general solutions below laser
threshold are

Pp = 0 (4-31)

N° = ct (4.32)

P° = 0 (4.33)

where we see that the only thing happening is a linear increase in laser gain with increase in

external pumping rate ct.

Once the laser is above threshold, but before sufficient power is circulating in the laser

cavity to achieve SRO threshold (ct/A_l< ct < CT/AJR0), these solutions take the form

P;=— (4.34)
x

N° = 1 (4.35)

P° = 0 (4.36)

Equations (4.34) to (4.36) now describe the operation of a normal single frequency laser
with the laser gain clamped at threshold. The intracavity laser power is increasing linearly
with the pumping rate. The SRO is still below threshold and is solely acting as an internal
loss to the laser cavity due to the parasitic loss of the optics.
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As the pumping rate is increased further, the intracavity laser power will increase and reach
a level at which SRO threshold is achieved. The steady-state power characteristics above

SRO threshold (plh_SRO < a) are given by

Pp0 = 1 (4.37)

N° = (4.38)
1 + x

0 (N°-l)P° = v — ' (4.39)

Equation (4.37) shows that the laser field photon flow is now clamped at the SRO
threshold value, a concept that was outlined by Siegman in 1962 [47] as a possible nonlinear

optical power limiter. Any increase in the external pumping rate, a, 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 effect is illustrated in figure

4.3, where the photon flow pumping thresholds, Glh_L and art fR0 have been replaced with
their respective pumping power thresholds, PttL and P„fR0.

The extension of equations (4.31) to (4.39) to involve multi-frequency pump lasers
introduces further terms relating to the cross-saturation coefficient p. in equation (4.29) and

appropriate summation over the laser modes. The overall nature of the analysis remains
identical to the single frequency case when power optimisation and behaviour are

considered. One consequence of the multi-mode analysis is that a small amount of

narrowing of the laser pump field is experienced as the laser modes operating at the

periphery of the laser gain bandwidth experience sufficient loss through nonlinear output
coupling into the down-converted field for them to die out once the SRO is above
threshold [38].

In chapter 5 the transient dynamics of the ICSRO shall be discussed, with particular
interest being paid on the impact of using a laser gain medium with a relatively long upper
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state lifetime, T„, for example the Nd:YV04 crystals used in the experimental work
contained in this thesis.
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Figure 4.3: (a) Down-convertedpower characteristicsfor an ICSRO. Regions I, II and III are
described by equations (4.31)-(4.33), (4.34)-(4.36) and (4.37)-(4.39) respectively, (b) Laser

intracavity photonflow in each region ofoperation. Note the clamping effect in region IIIforpumping
rates above i"RO threshold.

It can be seen from equations (4.37) to (4.39) and figure 4.3, that once above SRO
threshold, the ICSRO acts as a nonlinear output coupler. If this is indeed the case then
there will be some value of optimum output coupling, i.e. the value of output coupling for
which extracted laser power is maximised. This is discussed in the next section.

4.4.4 ICSRO power optimisation

A clear picture of the flexibility of the ICSRO concept becomes apparent when relating the

power optimisation of such a device to relative SRO and laser thresholds and to available
external pump powers. Perhaps the most attractive feature of the ICSRO is its ability,
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under optimum conditions, to down-convert 100% of the available optimum output power

of its pump laser to signal and idler fields [25].

Examination of equations (4.24) and (4.30) and equations (4.37) to (4.39) yields

a.
Y, = Y*— (a-a

a
Ih-SRO j

V ®tb-SRO J
(4.40)

where the substitution F — a,/a, has been made, <xs and cq being the round trip photon
losses for the signal and pump cavities respectively. Equating the round trip signal and
idler losses in the steady-state gives an idler output of

(Y/ )„»/ = Yja/as (G~(7/b-SRO )
y \

| ®th-L
V ®ih-sR.o y

(4.41)

For practicality, the equations of the type (4.40) and (4.41) can be rewritten using terms that
are experimentally measurable, rather than a normalised term. The total down-converted

power, PDC of the laser photon flow to signal and idler photon flows in terms of input laser

power and thresholds may be expressed by combining equations (4.40) and (4.41). The
resulting equation is

P = y (P. - PSR0 ^DC I max y in th J

( pi- \
1 th

pSRO
v 1'h y

(4.42)

where several new terms have been introduced. Table 4.1 lists these new terms and their

equivalent terms that have already been met.

Term Photon flow (old) Field power (new)

Input pump a P,„

Laser threshold atb-L P L1 th

SRO threshold G/h-SRO D i"RO
1 th

Table 4.1: Equivalent terms of inputpump rates and device thresholdsfor equations (4.40) to
(4.42).
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The term ymax in equation (4.42) is equal to the output slope efficiency of the laser and
accounts for the coupling efficiency between the external pump power and the circulating
laser field. The expression for ymax is

1max = fi ^ (4-43)Kt

where r\in is the optical coupling efficiency of the input pump laser at wavelength \p4n into
the pump laser gain medium, r\abs is the amount of this pump power that is absorbed, and

Xp_m and Xp are the wavelengths of the external pump laser and the pump laser respectively.

Optimisation of equation (4.42) for a specific input power, Pin, is realised through the
solution of the equation

8P
—= 0 (4.44)
3P,h

SRO

which gives the SRO threshold condition that satisfies the maximum down-converted

power available for a specific input power and laser threshold as

(4.45)

The maximum attainable down-conversion for a specific laser threshold and input pump

power under optimum SRO threshold conditions can be derived using equation (4.45).
This expression is given by

feL=Y_(V^-V?)2 (4-46)

This expression is identical to the equation which describes the maximum output power

(P„uhmax °f parent pump laser in the absence of SRO operation, which is

T-L=r«K/r-Vti (4.47)
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Thus, from equations (4.42) and (4.47) we have, under optimum conditions

(p _pSRO\I max \ in tb J

( pL \
1 _ &

pSRO
V 1th J

= 1max V^ -V?.

and

P _(^t
pL1 /A

(4.48)

(4.49)

These optimisation conditions are illustrated in figure 4.4. These curves are obtained by

plotting the appropriate expressions that describe optimum down-converted power and

optimum laser output power as functions of increasing input power.

(flX: ~Ym*x kJPjji

Figure 4.4: Illustration of the ICSRO down-conversion optimisationparameters. Regions I, II and
III correspond to the same regions offigure 4.3.
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From figure 4.4 we can see that once above threshold, the SRO rapidly approaches 100%

efficiency under the optimum laser and SRO condition, given by equation (4.49).
Therefore, the SRO threshold should be set to satisfy equation (4.49) in order to maximise
the output power at the non-resonant idler field. It should be noted that the optimum

output power of the laser, (Pmt )max has been plotted in figure 4.4 so as to give a clear picture
of the optimum down-conversion condition. Under ideal operating conditions, the pump

laser cavity will only output couple power in the form of down-converted signal and idler
fields, and not at the pump wavelength as all the mirrors of the laser cavity are specified to

be highly reflecting at this wavelength.

4.5 Conclusions

In this chapter we started by looking at the process of optical parametric generation, the
basis of the optical parametric oscillator. We then moved on to look at some of the various
types of optical parametric oscillators that have been demonstrated, concentrating on the
continuous-wave intracavity singly-resonant oscillator (cw ICSRO). Finally the steady-state

theory of the ICSRO as derived by Turnbull [41] was outlined and the subsequent

optimisation analysis re-expressed in terms of experimentally measured power levels.
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Chapter 5: Relaxation oscillations

It has been shown that intracavity optical parametric oscillators pumped internal to

neodymium lasers are seriously affected by relaxation oscillations. It would appear that the
SRO being positioned within the cavity of the pump laser significantly modifies the
transient dynamics of these systems [1].

Figure 5.1 below shows the dynamic behaviour of the 1.064 pm pump field of the PPLN

system discussed in chapter 6, both in the absence and presence of parametric down-
conversion.

0 50 100 150 200 250

Time, |ps

Figure 5.1: Transient dynamics of the 1.064pmpumpfield at apump rate of twice SRO threshold

(a) in the absence ofand (b) in thepresence ofparametric down-conversion.
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We can see from this figure, that in the case of the simple laser in the absence of down-
conversion the oscillations of the intracavity pump field have a frequency of ~300 kHz and

die down after ~50 ps. Once the SRO cavity was unblocked and down-conversion was

allowed to occur however, the nature of the oscillations change: They now have a

frequency of ~ 1.5 MHz and take ~230 ps to damp out.

In this chapter, the coupled rate equations which describe the parameters governing the

dynamics of the ICSRO (namely the population in upper state of the laser gain medium and
the power in the pump and signal fields) shall be derived. These equations will then be
normalised and numerically solved with a feedback option that has pointed towards a

strategy for damping the relaxation oscillations to the point that they no longer pose a

serious restriction on the practical application of neodymium based ICSRO systems.

5.1 Coupled rate equations

Figure 5.2 shows a schematic of an ICSRO system. In this system population inversion

into the upper lasing level is brought about by the external pumping rate, a.

Figure 5.2: Schematic ofan ICSRO.

The upper state is then depopulated by stimulated emission proportional to the power in
the circulating field and the number of excited states, and also spontaneous emission which
is proportional to the population of the upper laser level.
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The rate equation of this population is therefore given by [2]

T, Nj^cTj-N,(1 + *P,) (5.1)

where xK is the upper state lifetime and x is a saturation parameter, which was introduced in

chapter 4 and is defined by equation (4.30).

The power in the pump field is increased by the gain in the laser gain crystal, i.e. population
inversion into the upper state, Ny, but is reduced by the linear loss of the cavity due to

absorption, and also loss at the mirror surfaces. It is also transferred to the signal power by

coupling through the nonlinear crystal.

The rate of change of power circulating in the pump cavity is therefore given by

where F is the ratio of the pump and signal cavity finesse which takes into account the

coupling of the pump power through the nonlinear medium into the signal power [3], and

xp represents the lifetime of the photons in the pump cavity.

The power in the signal field is the last dynamic parameter that needs to be taken into
account. As just stated, power is coupled through the nonlinear medium from the pump

field into the signal field and power is reduced due to the linear loss of the signal cavity.

The rate equation for this parameter is therefore given by

T
PP=p(n,.-i-fp)p p\ J ' / (5.2)

T.P=P(P,-l) (5.3)

where is the lifetime of the photons in the signal cavity.
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These three equations now need to be normalised in order to make them meaningful in
terms of experimentally observed parameters, such as laser threshold, pump power at the

clamped value, etc..

The steady-state solutions for operation above OPO threshold, <5><5th_OPO— 1 +x are obtained

by setting the time derivatives to zero [4-6]. This yields the set of equations

PJ =1
p (5.4)

N°=—
1 + x

(5.5)

P° =
F

(5.6)

This is shown graphically in region III of figure 5.3 below.
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Figure 5.3: (a) Doivn-convertedpower characteristicsfor an ICSRO. (h) Laser intracavityphoton

flow in each region ofoperation. Note the clamping effect in region IIIforpumping rates above OPO
threshold.

91



Chapter 5 Relaxation oscillations

Above OPO threshold, the pump field is clamped at the level corresponding to the OPO

threshold, independent of the level of the external pumping. Power is down-converted into
the signal and idler fields which increase linearly with external pumping.

By following the treatment of Turnbull [2], Debuisschert [3] and Baer [7], and making the

appropriate substitutions, the three rate equations for the pump power, upper state

population and signal power become

'A aNj 1 (a-l--y)P
l+x 1+x

(5.7)

1 + x + N . - (N ■ P ■ x)
Nj=- (5.8)

(5-9)

The equations are normalised such that the upper state population, NT,, pump power, P/;,
and signal power, PJ5 are equal to unity in the steady-state.

5.2 Numerical model

A computer model was written to solve these equations numerically since they have now

been normalised in terms of meaningful experimental parameters. The worksheet of the
model used in this analysis is shown in appendix A of this thesis.

There are several options which could be investigated which could possibly suppress the
relaxation oscillations once triggered, but it was decided to concentrate on one scenario
which we suspect is in action in the system discussed in chapter 7, namely up-conversion in
the pump cavity.
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Figure 5.4 shows the results of the model when no feedback mechanism is in place, and so

once perturbed, the signal and idler fields are allowed to settle to their steady-state as they
would in a non-modified ICOPO.

Signal power
Pump power

1

~1 1 1 1 1 ' 1

0.00 0.01 0.02 0.03

Time (upper state lifetimes)

Figure 5.4: Relaxation of thepump and signalfields due to aperturbation in the signalfield.

In this case the system was described by the rate equations given by equations (5.7) to (5.9).
The perturbation is introduced into the system in the model by setting the signal field to a

value which is 10% above its steady-state value at time, t—0.

It can be shown that after a perturbation from the steady-state, the system takes >10 upper

state lifetimes, i.e. >2 ms to damp out to its steady state values. Figure 5.4 shows the
oscillations of the pump and signal fields for a similar perturbation, but on a magnified time
scale.
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5.2.1 Nonlinear loss within the pump cavity

We shall consider the effect of a loss placed within the pump cavity of the system. The loss

inducing mechanism is a second harmonic generation crystal, placed within the pump

cavity, as shown in figure 5.5.

Figure 5.5: SHG crystal included in thepump cavity of the system.

By placing a second harmonic generation crystal in the pump cavity in this way, a loss
mechanism is introduced which scales with the square of the pump field. This is due to the

up-conversion of the SHG crystal being proportional to the square of the fundamental

power impinging upon it. This system has the extremely favourable characteristic of being

completely passive, and the up-conversion process in the SHG crystal is essentially
instantaneous.

The pump field rate equation is modified to accommodate this nonlinear loss, and now

yields

G gNj
1 + x

— 1- (c7 - 1 - x)Ps
1 + X

-S -P
f p (5.10)

and it can be seen that the loss term becomes a quadratic function of P.

The 5P term corresponds to the magnitude of the up-conversion effect, and can be

adjusted by controlling the conversion efficiency in the second harmonic generation crystal.
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For example, if a birefringent crystal was being employed, 8P could be varied by altering
the focussing in the crystal, or if a QPM crystal were used, the temperature could be varied
and therefore adjust the conversion efficiency by moving the phase-matching point. It
should be noted that it may be preferable to employ a type I phase-matching or a QPM
scheme rather than using a type II phase-matching scheme since this might interfere with
the polarisation of the circulating field.

The model was run, and the results can be seen below in figures 5.6 and 5.7.
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Figure 5.6: Relaxation oscillations being damped in thepresence ofa nonlinear loss (SP —0.05).

We saw that for a value of 8P =0.05 the relaxation oscillations were damped down to the

steady-state values in only —0.04 upper state lifetimes. It can also be seen from these
results that there is very little drop (—1.5%) in the power of the circulating signal field.
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Figure 5.7: "Relaxation oscillations being damped in thepresence ofa nonlinear loss (89 —0.1).

For a value of 5P =0.1 we saw that the relaxation oscillations were damped down to the

steady-state values in about half the time, i.e. ~0.02 upper state lifetimes. It is also clear
from these results that there is a slightly larger drop (~2.5%) in the power of the circulating

signal field. These factors make this mechanism an extremely attractive option in terms of

damping time, tolerable loss of the circulating signal field and also the simplicity of

implementing this scheme.

5.3 Conclusions

In this chapter we have shown that the relaxation oscillations of an ICOPO can be damped

completely, passively and extremely quickly by placing a second harmonic crystal in the

pump cavity and thereby modulating the cavity loss.
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The model used predicts that by introducing enough up-conversion loss into the pump

cavity will cause the relaxation oscillations to be damped in only ~0.02 upper state lifetimes
with only a 2.5% detriment to the circulating signal field, or in a slightly longer time of
~0.04 upper state lifetimes with a decreased sacrifice to the circulating field of only 1.5%.
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Chapter 6:15W pumped Nd:YV04
PPLN/PPRTA systems

This chapter describes experiments to determine the practical limits with regard to high

power pumping of an OPO. We overpowered with regard to diode laser pumping so as to

identify requirements of an optimal system regarding component requirements.

In this chapter the low threshold ICSRO system demonstrated by D. Stothard [1] shall be

power scaled and a device capable of delivering —450 mW of tunable idler power shall be
demonstrated. It should be noted at this point that the work discussed in this chapter was
done collaboratively with D. Stothard and has been published [2].

The high circulating field found within the laser cavity of this device enables some of the
traditional constraints on the threshold of an externally pumped SRO to be overcome. In
this system we shall be using periodically-poled LiNbOj (PPLN) which is a well known and

commonly used nonlinear crystal. A relatively new addition to the family of nonlinear

poled crystals, periodically-poled RbTiOAs04 (PPRTA) shall also be employed. It shall be
seen that PPRTA exhibits many favourable properties despite its reduced nonlinear
coefficient and interaction length in comparison to the PPLN crystal used, which we

believe to be attributed to its higher resistance to thermal lensing effects.

The fibre-coupled diode pump launch and cooling system, and optical coupling telescope
between the pump source and Nd:YV04 crystal employed in this system was designed and
constructed by P. Yves-Fortin (University of Laval, Quebec, Canada), to whom due

recognition and gratitude is given. Acknowledgement and thanks is also given to C. F. Rae
of the Photonics Innovation Centre based in the Department of Physics and Astronomy
here in St. Andrews for provision of the diode pump source, the cooling system and
constant current power supply.
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6.1 Characterisation of laser diode and pump head

Firstly the fibre-coupled laser diode pump source used in this system was characterised, and
the laser head containing the fibre alignment assembly, coupling optical design and the

liquid cooled Nd:YV04 housing described. This is shown in figure 6.1.

Water cooled

x-y-z
mount

Figure 6.1: Laserpump head design.

The pump source used in this system was a 15 W, fibre-coupled laser diode [3], with the
cleaved fibre end having an emission diameter of 600 pm. The fibre end was terminated in
a threaded c coupling. It was decided that thermoelectric control of the temperature of the
laser head was impractical due to the significant amount of heat produced by the laser
diode and so a servo-controlled water chiller was employed to remove waste heat and
stabilise the diode temperature. This also stabilises the emission wavelength of the diode,
hence enabling it to be tuned to the maximum absorption in the Nd:YV04.

The optical coupling system employed in this system was comprised of two anti-reflection
coated aspherical lenses configured as a 3:2 focal length telescope, forming a secondary
focus diameter of 400 pm incident upon the Nd:YV04 crystal. To allow for the fibre to be

accurately positioned on the optical axis of the laser and in the focal plane of the

collimating optics the terminated fibre end was mounted in an x-j-% translation mount.
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One end of the laser cavity was defined by the 1 jam mirror shown in figure 6.1 which was

situated in a brass collar and bolted onto the Nd:YV04 housing, using three screws over a

compressed rubber O-ring. This meant that this optic could be aligned perpendicular to
the lasing axis. The mirror used was a 1.064 pm piano high reflector and was anti-
reflection coated for the 808 nm diode pump. Just beyond the brass collar, was the 4 x 4 x
7 mm, 0.5% doped Nd:YV04 crystal [4], wrapped in indium foil to aid the cooling of the

crystal and placed in the water cooled mount. Both faces of the Nd:YV04 crystal were

anti-reflection coated at 808 nm and 1.064 pm. The 1 pm mirror was aligned parallel to the
facets of the Nd:YV04 crystal by setting up a HeNe laser so that its output beam was

situated along the axis of the crystal. The alignment of the back reflected spots from the
HeNe then corresponded to alignment of the end mirror.

Very high power diodes such as the one used in this device are made up of a series of
individual junctions bonded to a common substrate. The output from each of these is then

coupled into the optical fibre via a micro lens array. The overall spectral emission from
these multi-stripe diodes is significantly larger than each junction taken in isolation, due to

slight discrepancies in the growth manufacture of each individual junction and the lack of

optical coupling between each cavity. The diode, when pumped at 30 A resulted in ~ 17 W

of pump being emitted from the 600 pm diameter uncoated fibre end. The spectral
emission from the fibre end was measured using a monochromator and the result is shown
in figure 6.2. We can see that the bandwidth of the source was ~3.8 nm at FWHM. We

already know from P. Yves-Fortin experiments that the diode tunes at 0.2 nm/°C.

The bandwidth of the pump source is somewhat larger than the absorption feature that
needs to be accessed in the Nd:YV04. However, ~97% of the diode pump power was

absorbed due to the fact that a long gain crystal (7mm) was used.
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Figure 6.2: Spectral emission of the laser diodepump source.

Temperature tuning the mean diode wavelength to coincide with the peak absorption line
in the Nd:YV04 was still important, to ensure that the majority of the pump power was

absorbed in the first couple of millimeters of the gain crystal, where the mode matching
between the 808 nm pumped volume and the 1.064 pm circulating mode were optimal. To
achieve this, the diode was cooled to a temperature of 16.5 °C using a servo-loop

temperature-controller and was run at this temperature throughout the course of this
research.

Figure 6.3 shows the output power delivered to the Nd:YV04 crystal, taking into account

the loss of the coupling optics and the cavity mirror, as a function of input pump current.

It can be seen that for an input pump current of 30 A, 15 W of optical power was incident

upon the Nd:YV04 crystal.
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Figure 6.3: Diode outputpower as afunction ofinputpump current.

The pump mode evolution was measured using a computerised moving knife edge beam

profiler. The profiler worked by mounting a razor edge on a computer controlled
translation stage powered stepper motor. The computer had been programmed with the

pitch length of the screw used on the translation stage, so the program could move the
razor edge to any position with a repeatability of ~10 |tm, With the Nd:YV04 crystal
removed, the profile of the pump mode as it evolved after the second focussing lens was

measured by taking progressive measurements with the knife edge placed at incrementing

positions along the optical axis. A lens was placed after the razor edge to focus the entire
mode into a semiconductor power meter, which was attached to an A/D converter inside
the computer.

In this way, the computer can slowly reveal the beam to the power meter and measure the
amount of light upon it as a function of translation distance. The resulting curve represents

an integral of the beam mode. An accurate measurement of the beam profile, in absolute
units of distance, is obtained by differentiating the data.
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Next a Gaussian profile was fitted to each curve so the 1/e2 half-width could be accurately-
measured, a graph of 1/e2 half-width against distance from pump head could be plotted
and hence the position of the beam waist determined (See figure 6.4). From this plot it was
determined that the waist was situated at 10.8 mm from the front flange of lens-holder, and

it has a radius of ~215 |im. The evolution of the laser diode pump mode radius after the

coupling lenses is shown in figure 6.4.
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Figure 6.4: Pump mode evolution after coupling optics.

The expected value of the waist is 200 (im since the cleaved fibre end of radius 300 pm is

focused down with the 3:2 coupling optics. The observed waist measurement of 215 pm is
in good agreement with this value. The three-dimensional plot of the pump mode profile
as it evolves is shown in figure 6.5. The zero of the z-axes in both figures 6.4 and 6.5 were

arbitrarily chosen to be placed at the waist of the beam which coincides with the position of
the entry facet of the Nd:YV04 crystal.
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Figure 6.5: 3Dplot of thepump modeprofile.

The position of the fibre and the Nd:YV04 on the optical axis and the position of the

coupling optics need to be optimised in order to minimise the pumped volume, and hence
maximise the population inversion, in the gain crystal. To achieve this a calibrated CCD

camera/beamprofiler [5] was used to 1:1 image the fluorescence from the pumped volume.
A schematic showing this setup is shown in figure 6.6 and the resultant image is shown in

figure 6.7.

& Nd:YVO,

RG1000

filter

Laser pump
head

2f
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Calibrated
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X- 2f

Figure 6.6: Schematic showing optical setupforpump volume measurement.

The placement tolerance upon the lens and the CCD camera was relaxed by choosing a

focal length for the imaging lens which would trade off the amount of captured light with
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the depth of focus. Any transmitted 808 nm pump light would have saturated the CCD
element or otherwise interferred with the measurement result, so an RG1000 filter was

placed in the beam to block any unwanted light.

The position of the fibre was adjusted so that the fluorescence was circularly symmetric
about the optical axis. False colour images of the pumped region captured using a beam
profiler are shown in 2D and 3D in figure 6.7. The excellent circularity of the pumped
volume is shown and measurements yielded a pump volume cross-section of radius ~275

pm, which is in fair agreement with the pump waist value of 215 fim. This is one of the

very favourable characteristics of fibre-coupled diode pumping of solid state laser gain
media as it leads to better mode matching between the pumped volume and the circulating
mode leading to better efficiency and fewer adverse thermal effects.
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Figure 6.7: Measuredprofile ofthepumped volume.

By replacing the calibrated CCD camera/beam profiler with a Pilnux CCD camera, an

excellent technique for examining the position of the pump spot in the Nd:YV04 crystal
was realised. Figure 6.8 shows the image obtained with the CCD camera. It shows the

crystal boundary, the pump spot and previously formed bulk damage of the crystal. The
fibre was positioned so that the pump volume was as far away from the feature as possible.

Unfortunately this may have caused aberrations of the thermally induced lens in the crystal
due to the non-homogeneous path to the heat sink. This crystal was eventually replaced
and the pump mode reoptimised before construction of the ICSRO.
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Figure 6.8: Imagefrom CCD camera showing the crystal boundary, pump spot andpreviously

formed bulk damage.

In order to optimise the pumping geometry, the birefringent transmission of the Nd:YV04
laser gain crystal was measured. For best possible pumping, E needs to be parallel to the c-

axis of the laser gain crystal, giving a broader and higher absorption coefficient. This was

very simply done by rotating the gain crystal in its mount and measuring the transmitted
diode power. The results obtained are as would be expected for a naturally birefringent

crystal and are shown in figure 6.9.

With the pump head characterised, a measurement of the optimum output coupling and a

means of optimising the adjustment of the pump head to maximise the laser output and
spatial mode quality were necessary. This was achieved by using a selection of 200 mm

radius of curvature, 1.064 pm output couplers, placed to form a cavity length of 138 mm,

and the optical efficiency of the laser and the optimum output coupled power were

measured. These results are shown in figures 6.10 and 6.11 respectively.
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Figure 6.9: Transmission through Nd:YV04 crystal as afunction ofangle.

Figure 6.10: Optical efficiency of the Nd:YV04 laserfor three output couplers.
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Figure 6.11: Optimum ouput coupledpowerfor 15 W of input diodepower.

It can be seen from both of these figures (6.10 and 6.11) that the output power was optimal
for an output coupling of ~10%. Little variation in output power was observed as the

output coupling was varied about this value. This indicates that the laser is relatively
insensitive to intracavity loss, which makes this system an ideal test bed for intracavity

experiments of this nature. This is because complex, multi-element configurations can be
accommodated with little impact on power performance, as quality optical coatings applied
to intracavity elements should yield round trip losses of typically ~2%. It should be noted
that in later experiments it was found that what were believed to be 20% and 25% output

couplers were in fact both —20% OPCs, hence the similar results for both these optics.

The threshold power was also noted when maximum output power was extracted for each
value of output coupler. The results obtained are shown in figure 6.12.
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Figure 6.12: Pump threshold as afunction ofoutput coupling.

The internal circulating power was also calculated for each value of output coupler, and this
can be seen in figure 6.13.

Figure 6.13: Internal circulatingpowerfor various output coupling values.
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The intracavity field was clearly visible in subdued lighting conditions as particles of dust
were vaporised as they passed through the beam path. However, this very high circulating
field had an effect upon the plane output coupler mounted behind the Nd:YV04 crystal.
On removal of the mirror it was observed that the dielectric coating had been ablated away

from the glass substrate. The mirror was inspected using a microscope and it was noted
with interest that the rings produced where the laser beam had removed the multiple layers
of coating, had near perfect Gaussian contours. A calibrated CCD camera connected to a

computer was used to measure the quality of the spatial mode which was found to be
excellent for all pump powers. The long term temporal stability of the simple cavity was

also measured and found to be < 3% over a period ofmany hours.

6.2 Thermal lens induced in Nd:YV04

To measure the thermal radius of curvature induced in the gain crystal by the diode pump

light, the 1 pm cavity was configured using a piano 2% transmissive output coupler. By

using a plane output coupler the stability of the cavity is rooted solely in the magnitude of
the thermal lens induced in the Nd:YV04 crystal by the diode pump power, and the

intracavity waist is placed upon the surface of the output coupler. In this way by measuring
the spot size CO, of the beam at a known distance ^ from the waist in the far field, the size of
the waist CO0 upon the output coupler can be calculated using equation 6.1.

CO, = CO, 1 +
/ V
z

Vz0 J
(6.1)

where,

/I
[6]

The effective radius of curvature R in the vanadate can be calculated by taking into account

the cavity length L using equation 6.2.
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R = (6.2)

(Ll\
2

i ~
+ 1

\ 7T J co0

The beam radius was measured using a calibrated CCD camera placed at a known distance
z from the output coupler to measure its waist, 0)z. Using equations 6.1 and 6.2 the induced
thermal lens in the vanadate could then be calculated. The beam waist in the far field, and

therefore the thermal radius of curvature, was measured in both planes to identify any

aberration that may be caused by unsymmetrical thermal paths in the gain crystal. These
results are shown in figure 6.14.
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Figure 6.14: Measured thermal lens in Nd:YVC>4 crystal.

The 2% transmissive piano output coupler was positioned to form an optical cavity of
length 200 mm. Up to a pump power of ~10.5 W the lasing observed was in a

fundamental spatial mode. It can be seen from the graph in figure 6.14 that this

corresponds to an effective radius of curvature of ~250 mm. This result is in fair

agreement with the thermal radius of curvature at which the cavity would be expected to
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lose stability, taking into account the cavity length of 200 mm. Unfortunately the theory
used in this analysis breaks down once the laser is no longer lasing on a fundamental spatial
mode, resulting in no further meaningful measurements being made beyond this pump

power of —10.5 W. The dotted line in figure 6.14 does however show a projection for the
expected thermal effect due to an increase in pump power. This extrapolation yields an

expected thermal radius of curvature of approximately 100 mm for 15 W of diode pump

power.

So far it has been assumed that the magnitude of the thermal lens within the Nd:YV04

crystal is only dependent upon the absorption of the diode pump power, and this is indeed
the case when there is no optical feedback within the laser cavity. When feedback is

present, however, and stimulated emission / lasing occurs, power is extracted and the
thermal lens may or may not be reduced.
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Figure 6.15: The effect ofintracavitypower on induced thermal lens in Nd:YV04 crystal.

To determine this the magnitude of the thermal lens in the Nd:YV04 crystal was measured

using a similar technique to that used previously, but this time a range of 200 mm radius of
curvature output couplers with different transmission values were used. In this way the
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thermal lens present in the gain medium could be obtained as a function of both pump

power and circulating field. These results are shown in figure 6.15.

Figure 6.15 shows that the circulating power inside the cavity of the laser does in fact have
a significant impact upon the magnitude of the thermally induced radius of curvature in the

Nd:YV04 crystal. The thermally induced radius of curvature decreases —15% from 190 to

160 mm as the resonating field varies from 8 to 300 W. Although the circulating field

present within the laser cavity has a significant effect on this important cavity design
parameter, it is assumed that the thermally induced radius of curvature exhibited by the

Nd:YV04 crystal is rooted principally in the absorption of the diode pump power.

Therefore ICSRO cavity design will have to be stable over the region of which the

thermally induced curvature varies since the thermally induced lens in the Nd:YV04 is

dynamic as the circulating field is varied.

6.3 ICSRO based upon PPLN and PPRTA

With the laser pump head, the size of the pumped volume and the thermal behaviour of the
Nd:YV04 determined, the design and construction of the ICSRO could now be achieved.
The approach that was followed was to use an intracavity lens to form a pump waist in the
nonlinear crystal and stabilise the cavity in the presence of a thermal lens in the crystal.

A comparison of the two nonlinear materials used can be seen in Chapter 3.

6.3.1 Cavity design

The system is based upon a design with two high finesse cavities for both the pump and

signal, with each sharing a common mirror and separated by a dichroic beamsplitter. This

configuration means that it is simple to adjust each cavity mode independently. Such an

approach also relaxes coating specifications on certain elements such as the laser gain media
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and the intracavity focussing optics that only need to transmit the pump field. As the signal
field is contained entirely in a separate cavity, anti-reflection coatings on optics that reside

only in the pump cavity can be much simplified to 'off the shelf wavelength specifications,
known as a 'vee' coating.

A detailed analysis of the criteria behind the design of this system is given in [7], but the
three main parameters that the pump and signal cavities have to fulfil for low threshold,
stable and efficient operation of the ICSRO are as follows:

i) That the cavities remain stable over the diode pump power range in spite of thermal

lensing induced in both the laser gain media and the nonlinear crystal.

ii) Concentric focussing of both the pump and signal fields so that they spatially

overlap in the centre of the nonlinear crystal.

iii) Reasonable mode matching between the 1.064 pm fundamental resonator mode
and the pumped volume in the laser gain media.

Use was made of computer software developed at the University of St. Andrews [8] for

aiding in the design of the laser and SRO cavities. This has the advantage over the
traditional method of using ABCD matrices of being able to model changes of cavity
element positioning and characteristics in 'real time.' Figure 6.16 shows an example screen

from the cavity design program.

The mode size in the nonlinear crystal in each case was selected to take into account of the

nonlinearity of each crystal and the susceptibility of each material to thermal lensing. In the
PPLN system, the mode waist was relaxed to reduce the effects of thermal lensing without
too much of a sacrifice in terms of SRO threshold, due to the large nonlinearity of this
material. In PPRTA, the dependence of refractive index with temperature is —1/3 that of
PPLN [9], so the focussing was tighter to reduce the SRO threshold without the onset of
serious thermal effects.
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Figure 6.16: Sample screenfrom the cavity design software.

The experimental setup of the device is shown in figure 6.17. The emitted diode pump

light is focussed and enters the Nd:YV04 crystal via the 1 pm high reflector, i.e. from the
left in figure 6.17. As discussed in section 6.2, there is a thermal lens induced in the

Nd:YV04 crystal by the emitted diode pump light which gives the plane 1 pm high
reflector an effective radius of curvature of about 150 to 200 mm.

Firsdy let us look at the components of the pump cavity. The aperture was included to aid

alignment, and under certain circumstances it was useful for suppressing higher order laser
modes. The intracavity lens, L, is AR coated on both surfaces and is included in for two
reasons: i) To form a waist in the nonlinear crystal of the 1.064 pm pump field in

conjunction with M2, and ii) to stabilise the cavity against the thermal lens formed in the
nonlinear crystal with an increase in pump power. The pump field was focussed down to

form a waist of ~50 pm in the PPLN, but this varied up to ~80 pm due to thermal lensing
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effects. In the PPRTA the pump field was focussed down to form a waist of 50 to 60 pm.

The nonlinear crystal is AR coated for the pump, signal and idler wavelengths (AR @ Xp>s>1)
and in the case of PPLN was placed in an oven and heated to 150°C to eliminate

photorefractive damage. In the PPRTA system the nonlinear crystal was mounted on a

thermo-electrically stabilised brass block, and was operated on the most part at room

temperature. The double high reflector (HR @ Xp s and AR @ X>) mirror, M2 completes the
pump cavity.

Figure 6.17: Setup o/ICSRO system.

The signal cavity is defined by mirror M2, the dichroic beamsplitter BS and mirror M3, and
of course includes the nonlinear crystal. The curvature and separation of M2 and M3 were

chosen so that a near concentric cavity was formed, the waist of which would be produced
at the centre of the nonlinear crystal.

The positions and characteristics of the various components within the setup are shown
below in table 6.1. Where the displacement of the element is stated, this is taken to be the
distance to the centre of the element from the back of the 1 pm high reflector.
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Optical element System
PPLN ICSRO PPRTAICSRO

Mirror, M,: -ROC oo 00

Nd:YV04 crystal: -dimensions
-doping

4x4x7 mm

0.5%
4x4x7 mm

0.5%

Lens: -focal length
-displacement

50 mm
138 mm

63 mm
202 mm

Nonlinear crystal: -dimensions
-no. gratings
-grating period
-temperature
-displacement

25 x 11 x 0.5 mm
8

28.5 to 29.9 |tm
150 °C
223 mm

20 x 10 x 3 mm
1

39.6 pm
R.T.

299 mm

Mirror, M2: - ROC
-displacement

100 mm
329 mm

200 mm
506 mm

Table 6.1: Parameters of the two ICSRO systems.

The expected intracavity circulating field at threshold for the two systems can be calculated

using equation 6.3, the expression for SRO threshold derived in chapter 4,

(np.ns.ni.£Q.c*\i\{'2p +¥,Pfh ,2 ,2 , °s
A.co^cOj.d .1 ,hm

where n# and «, are the refractive indices of the crystal at the pump, signal and idler,

and T, are the pump and signal waist sizes, cos and coi the angular frequency of the signal
and idler waves, d is the nonlinear coefficient, / the crystal length, hm is the confocal

parameter and finally as is the signal cavity round trip loss.

If a round trip signal cavity loss is assumed to be ~4%, SRO thresholds of —10 W and —24
W are expected for the PPLN and the PPRTA systems respectively.

6.3.2 Cavity alignment

The main difficulty in aligning this device was that in the absence of the nonlinear crystal,
the cavity was unstable. This meant that it was not possible to align the 1.064 pm cavity,
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defined by M, and M2 before inserting the PPLN/PPRTA crystal. To ensure that the
elements of the system were more or less aligned once inserted an alignment HeNe laser
was set up in the usual way, so that it was reflecting off Mj. The intracavity lens was then
inserted at its appropriate distance from M,. Its x-y position was optimised by making sure

the transmitted beam was still incident on the centre of the Nd:YV04 crystal, and its

angular position was optimised by looking at the spot reflected back to the HeNe laser.
Next the nonlinear crystal was aligned so that it was on axis with the HeNe and then the
common mirror, M,. The 1.064 jam laser was aligned: This is achieved by looking at the
808 nm retro-reflected spots on the nonlinear crystal and the Nd:YV04 with an infrared
camera. Lasing was accompanied by the production of green light from non-phase-
matched second harmonic generation in the nonlinear crystal. Finally, once lasing had been
achieved, the beamsplitter was placed in the cavity. It was initially placed in the cavity on

axis and gradually tilted to the required angle, adjusting the axial position of the nonlinear

crystal and the angle of M2 due to the finite thickness of the beamsplitter displacing the

optical axis of the laser.

Although the beamsplitter does introduce an unwanted loss to the pump cavity, the 1.064

pm field reflected off the back of this optic was useful for monitoring the pump field. For

example, a measurement of the intracavity field can be made by way of this back reflection.
If M2 is replaced by a known value of output coupler, and the 1.064 pm output is

measured, the total internal circulating power can be calculated. The reflection off the back
of the beamsplitter can then be measured, and hence the beamsplitter can be calibrated for
simpler measurement of the intracavity field.

With the pump cavity constructed and optimised, the signal cavity could be completed.
This was achieved by positioning the SRO mirror, M3 so that it reflected back the 1.064 pm

(and 532 nm) light from the beamsplitter.

To align the SRO cavity it was favourable to take advantage of the non-phase-matched
second harmonic light produced in the nonlinear crystal. If the light going through the
crystal is considered, it travels from the pump, to the nonlinear crystal and onto M2. Some
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of this light then gets reflected back through the crystal by M2 and then reflected to M3 by
the beamsplitter. The simplest way to align the cavity is to line up the green spot that is
reflected back from M3 and the green light that is transmitted by M2.

When the pump and signal cavities are aligned and the SRO switches on, red light at

approximately 630 nm is produced. This is non-phase-matched sum-frequency mixed light
between the pump and signal fields. The production of this light can be an invaluable tool
in the alignment of the SRO, and it can be useful to place a red filter after M,, hence

blocking any SHG green light so that it is easier to observe any red produced.

It should be noted that it was found to be easier to align the cavities and achieve SRO

operation when the diode was not delivering its maximum pump power, but when it was

operating at ~T2 W. This was because of the thermal issues associated with the Nd:YV04
and the nonlinear crystal.

6.3.3 SRO operation

With the pump and signal cavities aligned and optimised, the OPO was characterised. The

power characteristics of the two devices are now presented in terms of extractable idler and
threshold powers. The temporal stability and the transient dynamic behaviour of each

system are also presented and finally the tuning behaviour of the idler extracted from the
PPRTA ICSRO. (Temperature tuning of the PPLN used had already been carried out in
the lower power 1 W Stothard system.)

The power characteristics of the two devices are summarised in figure 6.18. In this figure
the one way idler power extracted through M2 and the intracavity circulating field are

shown, both as a function of diode pump power for the two devices. This presented some

unexpected results. When looking in terms of the circulating 1 pm field, the threshold of
the PPLN system (30 W) was lower than that of the PPRTA system (65 W). This would be

expected due to its higher non-linear coefficient and longer interaction length. However,
when the SRO threshold is looked at in terms of external pumping power, it is the PPRTA
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system that has the lower threshold: 4.2 W for the PPRTA system compared to 8 W in the
case of the PPLN system. This is a result of a higher slope efficiency shown by the

intracavity field in the PPRTA system, attributed to the higher resistance of this material to
the formation of thermal lens effects. It is also due to a far reduced aperturing of the laser

cavity mode in comparison with the PPLN crystal due to the much larger crystal aperture
of the PPRTA crystal (3 mm). A significant thermal lens was formed as the intracavity field
was increased in the PPLN system, and this effect caused the circulating mode to expand,

being apertured by the thickness of the crystal (only 0.5 mm). The changing thermal

properties of the Nd:YV04 crystal were also significant as the SRO threshold powers for
both devices show. These thresholds were ~3 times higher than expected. It is

hypothesised that the threshold power was increasing due to the beam waist formed at the
centre of the crystal constandy expanding as the thermal lens formed in the Nd:YV04

crystal became more significant.
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Figure 6.18: Extracted idlerpower and intracavityfield as afunction ofdiodepumppowerfor
both the PPLJSI and PPRTA systems.
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Figure 6.18 shows that for both devices ~220 mW of idler power was extracted through
mirror M2 for a diode pump power of 12 W. If we take into account the signal and idler

wavelengths, and the idler loss of the coatings on the mirror and on the nonlinear crystal,
and also that the idler was produced in both directions a total down converted power of
1.61 W, assuming 5% loss at each coating was obtained. Compare this with 5.5 W of 1 pm

power extractable through M2 when an optimal output coupler of 90% transmission was

used to replace it.

It can be seen from figure 6.18 that there was almost no apparent evidence of clamping of
the intracavity field of the SRO. This is believed to be an effect of the changing mode sizes
of both the pump and signal waists in the nonlinear crystal since due to the thermal lens in
the nonlinear crystal and the laser gain crystal constantly evolving with an increase in the
diode pump power. Basically this means that the cavity geometry is constantly changing as

the pump power and hence circulating field are varied, and so the OPO has a different
threshold for each variation of these parameters. It is therefore very difficult to make a

meaningful analysis of the down conversion efficiency. This is because this parameter

depends upon the threshold of the laser and the OPO as well as the down-converted power

produced for a given operating pump power. The laser and the OPO thresholds are easily
measured as a function of pump power, but a comparison between measured thresholds
and down-converted power at these enhanced pump powers becomes meaningless. This is
a result of the significant change in cavity geometry due to thermal lensing at these higher

pump powers.

It is interesting to note that the idler power extracted from the two devices tails off for
diode pump powers greater than ~12 W, even though the circulating field continues to

increase. This is due to the signal cavity being destabilised by the thermal lens formed in
the respective nonlinear media, which has no lens within it to act on this problem as the

pump cavity has. Unfortunately no suitably coated optic was available to redesign this

cavity to make it more stable towards the thermal lens in the nonlinear crystal.
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Figure 6.19: Sum frequency mixed spatial mode qualityfor the PPLN andPPRTA SROs
pumped at 12 W.

By observing the quality of the spatial mode in each system a comparison between the
thermal lens induced in each crystal could be made. Figure 6.19 shows the spatial mode of
the non phase-matched sum-frequency mixed light emitted by the PPLN and PPRTA
devices. These measurements were made using a calibrated CCD camera, and they show
that, in this respect the two crystals exhibited very different behaviour. In the case of
PPLN, a very poor mode was observed soon after the SRO threshold was exceeded, which
had a continual 'breathing' effect and was very difficult to collapse down to a fundamental
Gaussian mode. The trace shown here in figure 6.19 is a typical example as the observed
mode was so dynamic it was difficult to get a consistent measurement. In contrast to this,
the PPRTA exhibited an excellent mode which remained stable up to powers of—13.5 W.

If the behaviour of the extracted idler power is measured over an extended period of time
the instability of the thermal lens in the PPLN crystal becomes much more evident. Figure
6.20 shows traces from such an experiment measured over a period of three hours. These
traces were measured using a thermal power meter attached to an 8-bit digital storage

adapter which took a sample every 10 seconds, and so any short-lived effects are lost due to

the time response of the power meter and the relatively wide time spacing of the samples.
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Figure 6.20 shows that the power stability of the PPRTA system was roughly twice that of
the PPLN SRO. The poor performance of the PPLN system is due to the unstable thermal
lens in the PPLN crystal and also thermal currents caused at the ends of the crystal

produced by air that was heated by the oven and rapidly accelerated over these surfaces.
Since the PPRTA was operated at room temperature this factor is not a problem in the
PPRTA system. Without a doubt, the thermal lens formed in the PPLN is the most

significant factor in the output stability of the device.

PPLN PPRTA

1 2 3
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240
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Figure 6.20: Cong term idler stability of the two devicespumped at 12 W.

We know that relaxation oscillations affect ICSRO's pumped internal to Nd:YV04 lasers,
so to ascertain if they were present in this system we looked at the pump field rejected off
the back of the beamsplitter using a fast photodiode [10] connected to an oscilloscope [11]
while perturbing the pump field using a mechanical chopper inserted into the cavity
between the Nd:YV04 crystal mount and the aperture. The traces obtained for the PPLN

system are shown in figure 6.21.

These traces show relaxation oscillations 50ns wide, 500ns apart, which were present at all
times. Most of the applications of these types of device would require that these
oscillations either be removed, or controlled in some way. It was decided to try to quench
the oscillations by placing a piece of KTP in the cavity between the aperture and the
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intracavity lens (as postulated in chapter 5). As the KTP was rotated in its mount the
relaxation oscillations were seen to be significantly damped, but not completely quenched.
This was thought to be due to the fact that the KTP was not introducing enough damping
into the system. A crystal with a higher such as PPKTP may have a more successful
outcome.
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Figure 6.21: Relaxation oscillation seen in the PPLN system. The blue trace shorn the
behaviour when the OPO was offand the red trace when the OPO was on.

Another attempt was made to quench the relaxation oscillations by using a setup that would
reduce the interferometric feedback effects that are caused when a small amount of the

pump light is resonated in the SRO cavity. This setup is shown in figure 6.22.

Figure 6.22: TRO setup used to reduce interferometricfeedback effects.
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The pump field rejected from the upper-left face of the beamsplitter in this system was

focussed onto a fast photodiode to determine the transient dynamic behaviour of the two

devices: one using PPLN and the other using PPRTA as the nonlinear crystal. The results
obtained can be seen in figure 6.23.
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lck
; t Tele JL . 0 Auto

Figure 6.23: Transient dynamics of the intracavitypumpfieldfor the PPLN and PPRTA
ICSROspumped at 12 W. Roth traces have a time base of5 ms/div.

As we can see from figure 6.23 the intracavity pump field in the PPLN device exhibited a

continuous train of pseudorandom relaxation oscillation pulses, but the circulating field in
the PPRTA was seen to be cw over extended periods of time.

While intracavity devices of this type that employ laser gain media with long upper-state

lifetime are fundamentally stable, they are extremely sensitive to the onset of relaxation
oscillations if the cavity is perturbed. One source of such perturbations in this device was

due to interferometric feedback of the pump field off the beamsplitter by way ofmirror M3
in figure 6.17 (original setup). In this scenario even the PPRTA system was seen to suffer

quite severely from relaxation oscillations. However, with this feedback reduced by

including M4 of figure 6.22 the OPO was seen to exhibit excellent transient stability. We

postulate that the oscillations still present in the PPLN device are caused by the "breathing"
of the pump and signal mode through the erratic thermal lens formed in the PPLN crystal
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and also thermal currents at the ends of the oven in which it was held which had sufficient

effect to trigger the onset of the pulse trains observed.

Finally, we shall look at the tuning characteristics of the PPRTA ICSRO. (The tuning
characteristics of the PPLN crystal used were measured previously and are shown in figure

6.24.)

Tuning of the signal and idler with the PPRTA system was restricted to varying the
temperature of the crystal due to the PPRTA crystal having only one grating written upon

it. The PPRTA crystal was mounted upon a thermo-electrically stabilised copper block as

stated earlier in section 6.3.1. This resulted in being able to vary the temperature of the

crystal over the range 10 to 100 °C. The red sum-frequency mixed light produced by non-

phase matched mixing of the pump and signal was measured in order to obtain the signal
and idler wavelengths since the diagnostics available in the laboratory were insensitive to

the mid-infrared idler, and only partially reliable at the near infrared signal. The results are

shown in figure 6.25.

Crystal Temperature (°C)

Figure 6.24: Temperature tuning ofthe PPLJSl crystal used [1],
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It can be seen from figure 6.25 that the idler tuned over the range 3538 to 3404nm (133

nm) and the signal 1522 to 1548 nm (26 nm) when the crystal was tuned over the

temperature range of 10 to 100 °C. The PPRTA idler tuning rate with temperature of ~1.5
nm/°C is comparable with the PPLN idler tuning rate of ~2.1 nm/°C.

Three sets of theoretical temperature tuning curves are overlaid on the experimental values
shown in figure 6.25. The solid lines use the Sellmeier equation of Fenimore [9] and the

dn/dt expression of Karlsson [12]. The dotted line uses the Sellmeier equation of Fradkin-
Kashi [13] and again the dn/dt expression of Karlsson [12]. It was observed that the signal
and idler wavelength pair predicted by the Sellmeier equation of Fradkin-Kashi at room

temperature was in excellent agreement with experimentally observed results. The full

expression for the refractive index as a function of temperature and wavelength is given

below, along with the coefficients that were calculated, in equation (6.4).
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Figure 6.25: Temperature tuning ofthe PPRTA crystal used.
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n
x

A + + - FA2 +{T- rt){GA'x3 + HA'2 + IA71 + j) 0~4}
/ \ 2 f \ 2 u ' '

(6.4)
where

A=2.182064 F=0.008921

B=l.307519 G=-l.45046

C=0.228244 H=4.88661

D=0.354743 I=-4.52143

E=9.0190959 J=0

and rt is room temperature, T is crystal temperature and n>: the refractive index at Ax.

6.4 Conclusions

Two ICSROs based upon PPLN and PPRTA and pumped internal to a high power diode

pumped Nd:YV04 laser have been demonstrated. The PPRTA exhibited comparable

power performance in terms of extracted idler even though it had a lower nonlinear
coefficient and was shorter in length when compared to the PPLN crystal used. The
PPRTA system also gave superior spatial and temporal performance, most likely due to its
relative immunity to thermal effects.

Due to its dependence upon both the diode pump power and the circulating field
estimation of the thermal lens induced in the Nd:YV04 crystal proved to be a non-trivial
matter. Since this parameter is continually changing as the input pump power is increased,
and more circulating field is output coupled through non-linear down conversion,

optimisation of the cavity at a single pump power is much preferable when attempting to

gain a meaningful measurement of extracted idler as a function of diode pump power.
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It is crucial in a system such as this to have careful cavity design and robust performance in
the face of thermal lensing in intracavity elements. The poor thermal performance of
PPLN in comparison to PPRTA was recognised to be due to its susceptibility to thermal

lensing due to its higher absorption coefficient at 1.064 pm and larger refractive index

dispersion with temperature.

The thermal lensing effect which the PPLN crystal suffered from resulted in poor spatial

stability of the sum-frequency mixed light and the circulating pump field. These effects
also caused sufficient perturbation to the pump and signal cavities to result in driving the

pump laser into a continuous stream of relaxation oscillations. The PPRTA ICSRO also
suffered from relaxation oscillations, although not to such an extent. Attempts to quench
these relaxation oscillations using a second nonlinear crystal (KTP) did not work due to not

enough of the intracavity field being downconverted and hence not providing sufficient

damping to the relaxation oscillations. Use of another periodically-poled material may

provide a solution.

In the PPRTA device a new cavity design with the inclusion of a fourth mirror resulted in
the device operating in the absence of relaxation oscillations for extended periods of time.
It is believed that this is due to the elimination of interferometric feedback effects. This

setup was also employed in the PPLN system, but due to the 'breathing' of the pump and
signal modes through the ever changing thermal lens induced in the PPLN crystal and also
thermal currents at the ends of the oven in which the crystal was held, pulse trains of
relaxation oscillations were observed.

It was not possible to calculate the down-conversion efficiency of this system due to the
dynamic nature of the pump cavity as the diode pump power was increased. Although this
system with its present cavity design failed to give comparable down conversion powers as

that extractable at the pump wavelength with an appropriate choice of output coupling, the
—250 mW of idler output power demonstrated by the PPRTA system holds promise,
especially if some of the temporal flaws are addressed.
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An upper limit was found to the useful amount of pump power for devices like the ones

described in this chapter: Above 10 to 12 W of diode pump power no increase was seen in
the amount of extractable idler power, in fact in both cases studied here the idler power

actually was reduced beyond these pump powers.

The temperature tuning of the PPRTA ICSRO yielded less tuning in the idler than with the
PPLN system, although a grating choice for the PPRTA for application specific

wavelengths should make this a relatively minor problem. In fact, this reduced rate of

change of idler with crystal temperature relaxes the tolerance on the crystal temperature

servo-loop in applications requiring stable idler wavelengths. Development, by

manufacturers, of multiple/fanned gratings upon a single chip of PPRTA will enable very

broad tunability to be achieved, comparable with tuning ranges demonstrated by similar
PPLN systems.

It was decided that down-scaling the power in the PPRTA system may hold the key to

some of these problems (a 1 W PPLN system has already been demonstrated [1]) and this

system shall be discussed in Chapter 7.
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Chapter 7:3W Nd:YV04 PPRTA system

In the previous chapter we discussed the upper limits that were placed on the pump power,

and in a similar manner it would be useful to know what the lower limits are. A low power

system based around PPLN has already been demonstrated [1] and here we shall investigate
a PPRTA device pumped internal to a low power Nd:YV04 diode laser.

In this chapter the high power system demonstrated in Chapter 6 shall be power scaled and
a PPRTA device capable of delivering over 65 mW of tunable idler power shall be
demonstrated. I should like to state at this point that this work has been published [2],

The diode pumped Nd:YV04 laser head and optical coupling telescope between the pump

source and Nd:YV04 crystal employed in this system was designed by D. Stothard

(University of St. Andrews), to whom due recognition and gratitude is given. The
Photonics Innovation Centre based in the Department of Physics and Astronomy here in
St. Andrews is also acknowledged for providing the diode driver which comprised the

power supply and the temperature controller.

7.1 Diode characterisation and laser pump head

Firstly we shall describe the laser pump head, which includes the pump source, coupling

optics and laser gain medium. The laser diode pump source used in this system was

characterised, the thermal lens induced in the Nd:YV04 crystal by the absorption of the

pump field measured and finally the power at optimum output coupling measured.

The pump head of this system comprised a 3 x 3 x 1 mm, 1% doped r-cut Nd:YV04 crystal

[3], pumped by a thermoelectrically stabilised 3 W, 200 x 1 pm facet area, 808 nm c-

packaged diode laser [4], The pump light from the diode was coupled into the Nd:YV04

crystal by means of two lens which were anti-reflection coated for 808 nm on both of their
surfaces (see figure 7.1). The temperature of the laser diode was stabilised using a servo-
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locked peltier device. The diode was mounted on an indium washer which was in turn

mounted on to an aluminium block. This aluminium block was adhered to the peltier
device by means of thermal bonding compound, and provided a thermal interface for the
thermistor as near to the diode as possible to measure the temperature for the servo-locked
stabilisation. The spectral emission of the laser diode was measured using an optical

spectrum analyser, and the trace obtained can be seen in figure 7.2. The spectrum was seen

to be ~2 nm wide, centred on 808 nm which is a good match for the wide absorption
bandwidth of the peak absorption line in Nd:YV04 [5],

Collimating optics
in aluminium block

M,

3W laser

diode on

aluminium

block

3 s
Nd:YV04
crystal in
copper holder

Figure 7.1: leaserpump head design.

The c-packaged laser diode is an extremely simple device, consisting of a brass block upon

which the semiconductor diode is mounted. The block serves as a substrate for the diode

and also as the electrical anode. The electrical pumping requirements are affected by the

simplicity of the device: The entire mechanical assembly is at anode potential since the
diode is not isolated from the mechanical system in which it is situated. This can

complicate the drive electronics as the current source must be floating with respect to the

optical bench and other diagnostic instruments due to the risk of short-circuiting the diode.
Destruction of the diode could also result from any electrical fault on the mains to which
the driver is connected, due to the potential for large voltage spikes traceable to the finite
resistance of the neutral line to earth. For this reason, a custom-built isolated, low noise,

constant current source was designed and built to preclude these problems.
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Figure 7.2: Spectral emission ofthe laser diodepump source.

The open nature of the laser diode design makes it an important factor that no part of the
mechanical system into which the diode was mounted could come into contact with, and
cause damage to the facet, causing catastrophic diode failure. Another factor of the simple,

open nature of the c-packaged design is that the diode temperature should not be allowed
to fall significandy below room temperature and reach dew point. The risk of catastrophic
facet damage due to the build up of condensation at particularly low temperatures is very

high, although running laser diodes at reduced temperatures has significant benefits to their

operation lifetime. This build up of condensation is not a problem faced by users of more

sophisticated devices which are generally encased in a hermetically sealed container with an

inbuilt peltier device.

The spectral overlap between the diode emission and the Nd:YV04 absorption is very

important, so the operation temperature of the laser diode was not an arbitrary choice. The
spectral characteristics of the diode were shown in figure 7.2, and it can be seen that the
linewidth of the diode is approximately 2 nm. If this is compared to the peak absorption
line in the Nd:YV04 an excellent spectral overlap can be observed, and the diode may be
tuned to this peak absorption line in the gain medium by varying the operation temperature
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of the diode, due to the band gap of the semiconductor diode being a function of

temperature. The tuning is achieved by scanning the temperature of the laser diode until a
minimum in transmission through the Nd:YV04 chip is observed.

The diode wavelength was found to tune at a rate of ~0.3 nm/°C, with peak absorption

occurring in the Nd:YV04 for a temperature of 40 °C (see figure 7.3) where only 6.5% of
the incident pump light was transmitted, giving an absorption coefficient of ~3 cm"1. This
is in reasonable agreement with the expected absorption coefficient of 4 cm"1 [5], The small

discrepancy may be due to an uncertainty in the exact doping concentration of neodymium
in the yttrium orthovanadate host.
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Figure 7.3: Transmission through Nd:YV04 as afunction of temperature.

The power characteristics of the laser diode can be seen in figure 7.4, which shows output

power as a function of input current. It can be seen that the device had a threshold of 0.6A
and once above this point, the power increased at a rate of ~0.5 mW/mA.

The light emitted from the facet of the diode was highly divergent in the plane

perpendicular to the facet due to the disproportionate dimensions of the diode emission
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area. To make the best use of the emission from the laser diode for efficient pumping of
the laser gain medium, the emitted light had to be captured and focussed down to a tight

spot. This was achieved in this system by means of two lenses [6] which were anti-
reflection coated on all surfaces and mounted in an aluminium block. The first of these

two lenses collimated the emitted light and the second focussed it to a tight spot. The

designers of the laser pump head already determined the spacing of these lenses. Even with
these coupling optics, the nature of the pump mode will not be perfectly symmetric, with
the pump waist being much greater in one direction than the other. This could only be
rectified by the use ofmore complex beam shaping optics.
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Figure 7.4: Diode outputpower as afunction ofinputpump current.

The position of the beam waist was determined very simply but effectively once the 1.064

|im laser was up and running. This was achieved by varying the position of the Nd:YV04

crystal, which was on a small translation stage, until a maximum in the 1 |im output was

observed. We saw that even with the disparity in the pump volume shape, an excellent
1.064 |tm spatial mode quality is still achievable.
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7.1.1 lpm laser cavity and thermal lens induced in Nd:YV04

The Nd:YV04 crystal used was AR coated and HR coated on the pumped side for 808 nm

and 1.064 pm respectively, and AR coated for 1.064 pm on the intracavity surface. The c-

axis was aligned parallel to the polarisation of the pump diode so as to ensure full

absorption of the incident pump light and to correctly polarise the intracavity field for the
excitation of the nonlinear crystal.

With the diode pump head characterised, a range of 1.064 pm output couplers were used to

form the 1 pm laser cavity and facilitate a measurement of the optimum output coupling
and also a means of optimising the position of the Nd:YV04 crystal. A selection of 200
mm radius of curvature output couplers were positioned to form a cavity length of 190
mm. The optimum output coupled power for each, for an input power of 3 W, is shown in

figure 7.5. We can see from this figure that the output power was optimal at ~5% output

coupling, with little variation in output power as the output coupling was varied about this
value.

1.8 -|

1.6

1.4 H

u 1.2 -
4)

£
a i-o
3
a,
4->

3
o

0.8

0.6

0.4-

0.2-

5 10 15

% Transmission

20

Figure 7.5: Optimum output coupling. Here the laser waspumped at 3W.
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Figure 7.6 shows the 1 (am output power for output coupling values of 2% and 5%. We
can see that a maximum output power of ~1.5 W was obtained for a pump power of 3 W
at 5% output coupling.
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With the gain medium in place and the diode tuned to 40 °C for maximum absorption in
the Nd:YV04 crystal, the thermal lens induced in the crystal by the input pump power was

measured.

To measure the thermal radius of curvature induced in the laser gain crystal by the diode

pump light, a similar method was employed as with the 15 W pumped system discussed in
the previous chapter. A 2% piano output coupler was used to form a the laser cavity, so as

to ensure that the intracavity beam waist would be incident upon it for all thermally induced
radii of curvature in the Nd:YV04 crystal. We observed that at full pump power of 3 W,
the effective induced radius of curvature in the Nd:YV04 crystal was ~100 mm.

To give confidence to this value, another simple method was employed. Here a piano

output coupler was used to form the 1 jum laser cavity, and then this output coupler was
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pulled back from the laser gain medium until the laser cavity went unstable. This distance
between the Nd:YV04 crystal and the piano output coupler gives a simple, yet effective
measurement of the induced thermal lens. This method produced a value of ~80 mm.

This parameter was then used to aid in the design of the pump cavity for the ICSRO, which
is the subject of section 7.2.

7.2 ICSRO based on PPRTA

The design criterion laid down for this system was identical to that for the 15 W system

outlined in chapter 6. This was namely a sufficiendy small beam radii of the pump and

signal fields mode matched at the centre of the nonlinear crystal, stability of the two fields
in the presence of thermal effects which manifest themselves as power applied to the

system is increased, and good mode matching between the circulating field and the diode

pumped volume in the laser gain media.

The experimental configuration of the device is shown in figure 7.7. The focussed diode

pump enters the Nd:YV04 crystal via the 1 (tm high reflector. As stated above, the thermal
lens induced in the laser gain crystal by the diode pump light gives this high reflector an
effective radius of curvature of ~80 to 100 mm.

Figure 7.7: Experimental configuration ofPPRTA ICSRO.
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The common mirror, M2 and the outboard mirror, M3, defined the SRO cavity. Mirror M,
was a concave high reflector with a radius of curvature of 100 mm and was coated for high

reflectivity (R > 99.9%) for both the pump and resonant signal fields. Mirror M3 was a

concave high reflector also with a radius of curvature of 100 mm and was specified to be

highly reflecting (R > 99.9%) at the signal wavelength only. The near concentric SRO

cavity was discriminated from the pump cavity by a dichroic beamsplitter that was AR

coated for 1.064 pm and broadband highly reflecting for the signal wavelengths centred on

1.5 |tm. The transmission of the beamsplitter for the idler wavelengths was ~45%. The
common mirror, M, was specified to be highly transmissive (T > 90%) at the idler

wavelengths, and the residual reflectivity of mirror M3 at the idler wavelengths was < 5%,

ensuring minimal idler feedback and therefore singly-resonant operation.

A lens, L, was also included in the pump laser cavity, defined by the common mirror M2
and the piano-coated Nd:YV04 crystal, to help eliminate any effects on the pump laser of
thermal lensing in the PPRTA crystal (although these would be very small compared to

those experienced in the high power system discussed in the previous chapter). This lens
also allowed for independent control of the pump waist in both the Nd:YV04 and PPRTA

crystals.

The positions and characteristics of the various components within this setup are shown in
table 7.1. Where the displacement of an element is stated, this is taken to be the distance
from the back of the Nd:YV04 crystal holder to the centre of said element.

The PPRTA crystal used in this system is the same crystal as used in the 15 W system of

chapter 6. It was a 20 mm long crystal with a 10x3mm aperture and had only one grating

period written upon it of A=39.6 pm. The crystal was triple-band AR coated for the

pump, signal and idler wavelengths.

The pump field was focussed down to form a waist of ~30 pm (calculated) and the signal
field to form a waist of ~50 pm (calculated) in the centre of the PPRTA crystal. These
waists were positioned so as to be coincident in the centre of the nonlinear crystal.
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Optical element PPRTAICSRO

Mirror, Mp -ROC 00

Nd:YV04 crystal: -dimensions
-doping

4x4x7 mm

1%
Lens: -focal length

-displacement
50 mm
216 mm

Nonlinear crystal: -dimensions
-no. gratings
-grating period
-temperature
-displacement

20 x 10 x 3 mm
1

39.6 pm
R.T.

276 mm

Mirror, M2: - ROC
-displacement

100 mm
391 mm

Table 7.1: Parameters of the PPRTA ICSRO system.

Using the expression for SRO threshold derived in chapter 4, namely

{np.ns.ni.sQ.c'i\r\v2p + T;
Pth =

A.co^cOj.d212 ,hm
(7.1)

where np and «, are the refractive indices of the crystal at the pump, signal and idler,
and T are the pump and signal waist sizes, C0S and op the angular frequency of the signal
and idler waves, d is the nonlinear coefficient, / the crystal length, hm is the confocal

parameter and finally as is the signal cavity round trip loss.

Assuming a ~3% signal cavity round trip loss, SRO threshold can be expected to occur at

~14 W for this PPRTA device.

7.2.1 Cavity alignment

The alignment procedure of this system closely resembled that of the high power ICSRO
outlined in the previous chapter. Adjustment of both the pump and signal cavities in this
device was particularly simplified, due to the very large aperture of the PPRTA crystal (3 x

10 mm).
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7.2.2 SRO operation

With the pump and signal cavities aligned and optimised, the ICSRO was operated and
characterised. The operation thresholds for the pump laser and the SRO were attained at

diode laser input powers of 100 mW and 1.1 W respectively. The corresponding circulating

intracavity pump field at SRO threshold was measured to be 15 W, which is in line with
theoretical expectation.

Figure 7.8 shows the power characteristics of the device. In this figure, the one-way

extracted idler power is shown along with the intracavity power for the SRO being both
'on' and 'off. A slight movement of the PPRTA crystal so as to be sufficient to switch off
the OPO without otherwise misaligning the cavities achieved the latter case. At the
maximum diode power of 3 W the extracted idler was 33 mW (one-way), and was measured

to be at a wavelength of 3.52 pm.

Figure 7.8 also shows the anticipated clamping of the intracavity pump field [7] at the value
associated with the OPO threshold. Imperfect clamping and a roll-off of the intracavity

pump field even in the absence of SRO oscillation are believed to be due to thermal effects
in the Nd:YV04 degrading the pump-field mode-quality at the higher intracavity fields. At a
diode-laser pump power of 3 W, the intracavity field changes by 4.5 W when the SRO
comes into operation. This difference when multiplied by the parasitic loss of the pump

cavity approximates to the power down-converted by the SRO. This latter is estimated as

220 mW based on a (measured) extracted idler wave power of 66 mW, hence implying that
the round-trip parasitic loss of the pump laser cavity is about 5%, consistent with the
known parameters of the cavity optics.

It can be shown that, for given pump-laser and SRO thresholds and assuming a linear rise
in total down-converted power with external input power (implying no thermal effects), the
down-converted power is given by [7]

(7.2)
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where amx is the slope efficiency of the pump laser with optimum output coupling for a

given parasitic loss.
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from the diode-laser (W). The open black diamonds and solid black squares refer to the i'RO

oscillating and not oscillating respectively.

For the present system we observed that <3^= 0.2, with Pin=3 W, PthSRO=1.6 W, PthL=0.1
W giving a result of PDC=260 mW, compared to the value of 220 mW observed in practice

(see above). To improve the efficiency of the SRO we need to reduce PthSRO to a value of
around 0.5 W (so maximising PDC in equation (7.2) above for pumping at 3 W); for

example, by using a longer crystal or double passing the idler. The observed value for CTmax

is also poor compared to attainable values (0.4 to 0.5) of slope efficiency associated with
basic Nd:YV04 lasers; reductions in the losses of the additional intracavity optical
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components would improve on this value. A penalty is also paid due to residual thermal
effects.

The temperature tuning of this crystal was carried out in the system discussed in chapter 6,
and the results can be seen in figure 6.23. Varying the crystal temperature over the range

10-100 °C, resulted in tuning ranges of 1.52 to 1.54 |tm (+0.2 nm/°C) and 3.54 to 3.41 pm

(-1.4 nm/°C) for the (resonant) signal and (non-resonant) idler waves respectively. The use

of other periods is anticipated to extend spectral coverage from 1.5 to 5 pm in view of the
known transmission properties of RTA.

Relaxation oscillations in the intracavity geometry are more complex than in the simple Nd
laser since two cavities (pump-wave and signal-wave cavity), coupled through the

nonlinearity, are now involved. It has been shown in both experimental and theoretical
studies that this results in significant increases in both oscillation frequency and damping
time [8]. The greater damping time coupled with the ease with which oscillations are

triggered in PPLN-based devices, due, we believe, to thermal effects, can result in such
oscillations persisting for much of the operating time of the PPLN SRO.

In the present device, however, we observed a total absence of relaxation oscillations. This
is illustrated in figure 7.9, which was obtained by monitoring the pump and idler fields of
the PPRTA SRO while a mechanical chopper in the pump-laser cavity induced relaxation
oscillations by repeatedly interrupting the pump-field. The pump-field shows the
characteristic relaxation oscillations associated with the basic Nd laser, which occur and

damp away before the pump field reaches the intensities required to bring the SRO above
threshold. However, when the SRO does subsequently come above threshold (indicated by
the rapid rise in the idler field intensity) no further relaxation oscillations occur. This
absence was further confirmed by monitoring the temporal behaviour of the idler output
under steady-state conditions and for extended time periods.

We believe this is to do with SHG in the nonlinear crystal, as discussed in chapter 5 as a

mechanism for ridding the system of relaxation oscillations. Enough green is being

produced to damp the oscillations, but it is not so much that it upsets the system. The total
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amount of green light being produced by the nonlinear crystal was measured to be 1.7 mW.

This would correspond to a tiP of ~ 0.05, and, as was shown in Chapter 5, this is enough to

damp out the relaxation oscillations very effectively.
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Figure 7.9: Plot showing the temporal behaviour ofthe intracavitypump-field (arbitrary units) and
the idler outputpower (arbitrary units)following the switching of thepump-laser cavityfrom low-f)

fcero circulatingpump-field) to high-Q (unobstructedpump-laser cavity) at time t—0.

The spectral profile of the idler wave was found to mirror that of the pump wave, but
shifted to the lower frequencies, indicating that the resonant signal wave was of a single-

frequency as shown in figure 7.10. We measured an instantaneous linewidth of ~2 GHz
for the central peak of the idler wave spectral profile (see figure 7.11), equal to the
measured width of the central peak of the pump wave profile. This measurement of the
linewidth was limited by the instruments available. The idler frequency showed a passive

stability over time of around +/-25 GHz about the centre of the phase-match bandwidth

(calculated to have a full-width to half maximum gain of 780 GHz), a value that we

anticipate could be readily improved by etalon control of the signal cavity resonance.
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Figure 7.10:At low resolution we can see that the SFM emission has a similar structure to ,

pump spectrum, indicating a single mode signal.
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Figure 7.11:At high resolution the transfer ofthe multi-modepump spectrum to the SFM emission
is apparent, and we expect similar transfer ofpump spectralproperties to idler emission.
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Although the aperture of the PPRTA crystal was some 10 x 3 mm, operation of the SRO
was possible over only a small and specific area of this aperture, limited to some 2x1 mm

in size, indicating a clear need for improvement in crystal poling techniques in this class of
material. A map was created for the area of the crystal that worked and is shown below in

figure 7.10 and 7.11. This work was done in collaboration with I. Lindsay.
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Figure 7.10:Maps showing the laser outputpowerfrom the crystalfor (a) the TRO being offand

(b) the SRO being on.
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Figure 7.11: Maps showing the idlerpowerproduced over the PPRTA crystal, (a) showing the
whole crystal aperture and (h) showing a 'close-up' of the main area involved.

7.3 Conclusions

In conclusion we have demonstrated a compact all-solid-state CW intracavity SRO based
on a Nd:YV04 laser and using PPRTA as the nonlinear crystal. Threshold was reached at

diode-laser powers as low as 1.1 W, and in excess of 65 mW was generated at 3.52 (xm for
diode-laser powers of ~3 W. Use of PPRTA minimises thermal lensing and avoids

photorefractive damage, allows room temperature operation, and, very importantly, avoids
troublesome relaxation oscillations. The performance characteristics of the present device,
while demonstrating the practicality of the intracavity design, also point ways forward to yet

more efficient devices in the near future.
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Chapter 8: Conclusions
The field of cw intracavity optical parametric oscillators (cw ICOPOs) is a comparatively
new area, and there is not a large amount of literature on the topic. In this chapter we shall
draw this thesis to a close by reviewing the major results obtained and drawing conclusions
from the work that has been presented. Possible avenues for future refinements in this
field shall also be outlined.

8.1 Summary of results and conclusions

The main motivation behind the work carried out during this course of research was to

build an ICOPO around the already well established Nd:YV04 laser. A lot of research has

already been carried out on diode pumped Nd:YV04 lasers and they are known to be

efficient sources of the 1 pm laser emission that is required for the pumping of these OPO

systems.

In chapter 2 we looked at the background of the laser diode; their development over the

past 45 years, operational lifetime and spectral properties. We then moved on to discuss
the pumping of solid-state lasers using these diodes, our gain media of choice (Nd:YV04)
and some of the pumping schemes that are employed in DPSSLs.

From what was discussed in this chapter it was clear to see that laser diodes are an excellent
choice for the pump mechanism in all but the most high power solid-state systems.

Perhaps the main impact of diode lasers in terms of performance is the overall system

efficiency. This is rooted in the excellent spectral overlap that is achievable between the
diode emission and the absorption bands in the laser gain media, in our case the Nd

absorption bands at 809 nm. Flash tubes have, in fact, a higher electrical to optical
conversion efficiency, but only a small fraction of this light is absorbed by the laser gain
media. Other advantages of the diode-pumped systems are that they have much longer
lifetimes and higher reliability.
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The directionality of the emitted light from a laser diode allows designs with good spatial

overlap between pump radiation and low order modes in the laser resonator, which in turn

leads to a high-brightness laser output. This directionality of the diode output and also the
small emitting area, compared to flashlamp pump sources, have made it possible for whole
new classes of solid-state lasers to be designed, such as end-pumped systems, microchip
lasers and fibre-coupled lasers such as the pump source used in our device in chapter 6.

In chapter 3 the field of nonlinear optics was introduced. Beginning with the origins of

nonlinear optics and the frequency mixing process that results from the x,(2) interaction, the
chapter then moved onto providing an overview of the process of phase-matching. The
idea of quasi-phase-matching as an extremely flexible tool for the implementation of high

gain nonlinear devices was also introduced, and the requirements it places on laser pump
sources in terms of acceptance parameters discussed. The tolerances of these QPM
materials to bulk errors were then discussed. It was concluded that although small
deviations from the ideal design criterion result in significant reductions in the efficiency of
a device, production technologies are such that these do not represent a serious restriction
on their use in nonlinear devices. Finally the fabrication of QPM materials was discussed,

along with the properties of the two materials used during the course of this research,
PPLN and PPRTA.

Chapter 4 started by looking at the process of optical parametric generation, the basis of
the optical parametric oscillator. We then moved on to look at some of the various types

of optical parametric oscillators that have been demonstrated, concentrating on the
continuous-wave intracavity singly-resonant oscillator (cw ICSRO). We saw that this type

of OPO exploits the field available inside the cavity of a laser to reach the, normally

debilitating, high thresholds required for operation of an SRO [1-3]. Finally the steady-state

theory of the ICSRO as derived by Turnbull [4] was outlined and the subsequent

optimisation analysis re-expressed in terms of experimentally measurable power levels.

Basing an ICOPO around an already well researched type of laser (diode-pumped
Nd:YV04) enabled us to explore some of the upper and lower limits in terms of pumping a

singly-resonant oscillator (SRO), i.e. i) How far we can usefully scale up the system
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(chapter 6); ii) How far we can scale down the SRO system to get a miniature device
(chapter 7).

One issue connected to using a Nd:YV04 laser to pump an OPO internal to a laser cavity is
relaxation oscillations. This problem is a serious one for practical applications, so a

solution does need to be found to stop these effects from pervading throughout the

system. We initially addressed this problem in chapter 5 by introducing the idea of using
second harmonic generation (SHG) to damp out this effect without too much detriment to
the intracavity pump field obtainable. In chapter 6 we attempted to damp the relaxation
oscillations in the high power PPLN device by placing a KTP crystal inside our system.

This worked to a certain extent, but not very effectively as the relaxation oscillations were

seen to be reduced, but they were still present in the system. In the high power PPRTA
device a new cavity design with the inclusion of a fourth mirror resulted in the device

operating in the absence of relaxation oscillations for extended periods of time. It is
believed that this is due to the elimination of interferometric feedback effects. This setup

was also employed in the PPLN system, but due to the 'breathing' of the pump and signal
modes through the ever changing thermal lens induced in the PPLN crystal and also
thermal currents at the ends of the oven in which the crystal was held, pulse trains of
relaxation oscillations were observed. In chapter 7 the parasitic SHG generated in the
PPRTA, along with the elimination of the interferometric feedback effects was enough to

damp the relaxation oscillations completely, and a total absence was observed [5], This
result was attributed to the lower susceptibility of PPRTA to thermal effects which results
in the device being insufficiently perturbed to trigger relaxation oscillations under normal
conditions.

There is a lot of significance to the scaling-up of the ICOPO system which was carried out

in chapter 6, as it was seen that beyond 10 to 12 W of pump power no increase in output

was obtained. Two ICSROs based upon PPLN and PPRTA and pumped internal to a high
power diode pumped Nd:YV04 laser, capable of delivering up to 300mW of tunable idler

power were demonstrated [6], The PPRTA exhibited comparable power performance in
terms of extracted idler even though it had a lower nonlinear coefficient and was shorter in

length when compared to the PPLN crystal used. The PPRTA system also gave superior
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spatial and temporal performance, most likely due to its relative immunity to thermal
effects.

Due to its dependence upon both the diode pump power and the circulating field
estimation of the thermal lens induced in the Nd:YV04 crystal proved to be a non-trivial
matter. Due to this parameter continually changing as the input pump power is increased,
and more circulating field being output coupled through non-linear down conversion,

optimisation of the cavity at a single pump power is much preferable when attempting to

gain a meaningful measurement of extracted idler as a function of diode pump power.

It is crucial in a system such as this to have careful cavity design and robust performance in
the face of thermal lensing in intracavity elements. The poor thermal performance of
PPLN in comparison to PPRTA was recognised to be due to its susceptibility to thermal

lensing due to its higher absorption coefficient at 1.064 pm and larger refractive index

dispersion with temperature.

The thermal lensing effect which the PPLN crystal suffered from resulted in poor spatial

stability of the sum-frequency mixed light and the circulating pump field. These effects
also caused sufficient perturbation to the pump and signal cavities to result in driving the

pump laser into a continuous stream of relaxation oscillations. The PPRTA ICSRO also
suffered from relaxation oscillations, although not to such an extent, as described

previously.

It was not possible to calculate the down-conversion efficiency of this system due to the

dynamic nature of the pump cavity as the diode pump power was increased. Although this

system with its present cavity design failed to give comparable down conversion powers as

that extractable at the pump wavelength with an appropriate choice of output coupling, the
>250 mW of idler output power demonstrated by the PPRTA system holds promise,

especially if some of the temporal flaws are addressed.

The temperature tuning of the PPRTA ICSRO yielded less tuning in the idler than with the
PPLN system, although a grating choice for the PPRTA for application specific
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wavelengths should make this a relatively minor problem. In fact, this reduced rate of

change of idler with crystal temperature relaxes the tolerance on the crystal temperature

servo-loop in applications requiring stable idler wavelengths. Development, by
manufacturers, of multiple/fanned gratings upon a single chip of PPRTA will enable very

broad tunability to be achieved, comparable with tuning ranges demonstrated by similar
PPLN systems.

There are a lot of superiorities in using PPRTA as our nonlinear crystal, for example mode

quality, temporal stability and an absence of photorefractive effects thereby allowing room

temperature operation. It was decided that a miniature version of the PPRTA system may

hold the key to some of the problems experienced in the high power device, and this is the
research that was discussed in chapter 7.

Chapter 7 concentrated on down-scaling the device and a miniaturization of the ICOPO

system was carried out. A low power PPLN ICOPO device had already been demonstrated

[7], and in this system the PPLN crystal was replaced by PPRTA. Despite a smaller
nonlinear coefficient compared to PPLN (17 to 7.7 pm/V ) a respectable amount of
tunable idler power (65 mW) was able to be extracted from the device [5].

We demonstrated a compact all-solid-state cw intracavity SRO based on a Nd:YV04 laser
and using periodically-poled PPRTA as the nonlinear crystal. Threshold was reached at

diode-laser powers as low as 1.1 W, and in excess of 65 mW was generated at 3.52 pm for
diode-laser powers of ~3 W. Use of PPRTA minimises thermal lensing and avoids

photorefractive damage, allows room temperature operation, and, very importantly, avoids
troublesome relaxation oscillations.

The spectral profile of the idler wave was found to mirror that of the pump wave, but
shifted to the lower frequencies, indicating that the resonant signal wave was of a single-

frequency. An instantaneous linewidth of ~2 GHz was measured for the central peak of
the idler wave spectral profile, which was equal to the measured width of the central peak
of the pump wave profile. This measurement of the linewidth was limited by the
instruments available. The idler frequency showed a passive stability over time of around
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+/-25 GHz about the centre of the phase-match bandwidth (calculated to have a full-width
to half maximum gain of 780 GHz), and it is anticipated that this value could be readily

improved by etalon control of the signal cavity resonance.

One downside to using the PPRTA was the quality of the crystal. Though it wasn't evident
in the high power system, it did cause a certain amount of difficulty in the low power

device.

Although the aperture of the PPRTA crystal was some 10x3 mm, operation of the SRO
was possible over only a small and specific area of this aperture, limited to some 2x1 mm

in size, indicating a clear need for improvement in crystal poling techniques in this class of
material.

The performance characteristics of this device, while demonstrating the practicality of the

intracavity design, also point ways forward to yet more efficient devices in the near future.

8.2 Future directions

The issue of the crystal quality in the low power PPRTA system is a problem that would
need to be addressed before a device of this type could be used for a practical application,
but this should be solvable by refinement of the manufacturing methods.

Also, the availability of PPRTA is a problem: It is not readily commercially available and so

despite all its positive properties it will not be much good for future research unless this is
rectified. One solution to the availability issue would be to use PPKTP as the nonlinear

crystal since it is now widely available. A drawback with this solution, however, is that you
would have more limited spectral coverage into the far infrared compared with PPRTA and
PPLN.
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Probably the most obvious applications for this type of device would be mid infrared

spectroscopy, environmental monitoring of pollutants of interferometric surface inspection.
These kinds of applications would require a single frequency output in order to produce
reasonable resolution. This implies that the pump field resonating within the ICSRO
would need to oscillate on a single longitudinal mode, resulting in a single frequency idler.
This improved spectral quality could be achieved by insertion of an etalon in the pump

cavity to introduce loss to all but one of the longitudinal modes and so forcing the device
to produce a single frequency idler output.

Other engineering improvements and refinements to the system would hopefully help to

increase the amount of extractable idler power to several 10s to 100s of mW. An obvious

step to increasing the output power would be to use a higher power diode, but as we saw in

chapter 6, there are certain upper limits to this. Further refinement of the system however

may result in a lifting of this limit. An improvement in the crystal quality may also result in
an increased output power.

The use of hermetically sealed containers which contain the ICSRO system could also be
an answer to improving the output of the device. In these sealed units the SRO would be
contained in a nitrogen or helium atmosphere, thereby negating air currents and IR

absorption in air which may lead to reduced performance of the system.

Double passing the idler is another improvement which should lead to an increase in the
extractable idler power. It should also lead to a decrease in the required pump power to

reach SRO threshold. This method is, however, very demanding on multi-layer coatings
which are required on both the beamsplitters and the mirrors. Unfortunately the required

coatings are extremely difficult to get hold of, as was discovered during the course of this
research when we tried to carry out this refinement.
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8.3 Summary

In this thesis several singly resonant optical parametric oscillators pumped internal to

diode-pumped solid-state lasers based upon Nd:YV04 have been investigated. We have
seen that due to the intracavity pumping technique these devices are capable of delivering
10s to 100s of mW of cw tunable idler output from compact geometries since they require

relatively low pump powers to reach threshold. Diode-pumped solid-state laser technology

developments, quasi-phase-matched materials and the implementation of the intracavity

technique, along with simple, inexpensive components result in straightforward and cost-

effective devices.
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Numerical model of relaxation oscillations

A-l Introduction

Here we present the numerical model used to analyse relaxation oscillations, which was

solved using Mathematica.

By following the single frequency analysis in chapter 5, the three rate equations for the

pump power, upper state population and signal power become

p.-s- oN

1 + x
i (g-l-jf)j

1 + X
(A.1)

NJ =
1 + x + N . - (n . -P -x)

(A.2)

p=-(p.A (A.3)

The equations are normalised such that the upper state population, N ■ pump power, P^, and
signal power, Pr are equal to unity in the steady-state.

The pump field rate equation is then modified to accommodate the nonlinear loss, and now

yields

aNJ t (tr-l-x)P
p p1 + X 1 + X

(A.4)

Please note that the parameter x is denoted as k in the Mathematica workbook.
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A-2 Mathematica workbook

Presented here is the Mathematica workbook that was used to solve the numerical analysis.
It should be noted here that the original version of this program was written by M. H.

Dunn, but has been modified by myself for this work.

The parameters used in this notebook shall now be defined:

Ts = signal cavity lifetime

Tp = pump cavity lifetime
Tu = upper state lifetime

ctj = pumping rate (no. of times above laser threshold)
k = x = clamping constant

5p — magnitude of up-conversion effect

Shown below is the program that was used. The parameter that was varied to get the

differing effects of the SHG was 5p. This parameter was set to values of 0, 0.05 and 0.1,
and the effects are shown in figure B.l, B.2 and B.3 respectively.

The numerical values from the plots were also exported to a table which could then be

opened in other programs, in this case Origin.

Ps S starting conditions for pump, signal and population inversion
N:
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es = .0004;

rp = .00022;
eu = 1 ;

aj = 10;
k = .79;

<5p = 0.1;
psO = 1.1;

FpO = 1.0;
njO = 1.0;

Eql =
NDSolve[{ps' [x] == (ps[x] / es) * (pp[x] - 1) ,

FP' [x] == ((EP[x]) / tp) * (nj [x] *crj/ (1 + k) -1- (aj -1-k) *ps[x] / (1+k) -6p*pp[x]) ,

nj ' [x] == (1 + k - nj[x] -k*pp[x] *nj[x]) / eu, ps[0] == psO, FP[0] == FPO, nj[0] ==njO},
{ps[x] , pp[x] , nj[x]}, {x, 0, .03}, JfexSteps-> 500000 ]

Plot[Evaluate[ps[x] /. Eql] , {x, 0, 0.03}, PlotRange->All]
Tablet Evaluate [ps[x] /• Eql] , {x, 0, 0.03, 0.00001}]
TableForm[%]

Export["relax.dat", %, "Table"]
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Figure B.l: Relaxation of thepump and signalfields due to aperturbation in the signalfield,
but with no SHG damping effects.
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Figure B.2: Relaxation oscillations being damped in thepresence ofa nonlinear loss (5P —0.05).
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Figure B.2: Relaxation oscillations being damped in thepresence ofa nonlinear loss (SP —0.1).
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