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Abstract

The work contained in this thesis concerns the design, development and
implementation of robust diode-pumped solid-state mode-locked lasers as a platform
for nonlinear optical frequency conversion experiments. One objective is to create
an ultrashort-pulsed source that is tunable between A=600nm and A=700nm,
since currently no other laser gain media exists that covers this region of the

electromagnetic spectrum. This novel source is intended for application to multi-

photon imaging.

The first demonstration of additive pulse mode-locking of a diode-pumped
Nd’*:YVO, laser operating in the near-infrared is presented and the source
characteristics compared to a similar system that is mode-locked using a saturable
Bragg reflector. Although the additive-pulsed mode-locked laser demonstrates
higher peak power, it is observed to be less robust due to vibrational intolerance.

Therefore, the saturable Bragg reflector mode-locked laser is chosen as the basis for

frequency conversion experiments.

This source is used to develop an efficient picosecond-pulsed ultraviolet laser that is
intended to pump an optical parametric oscillator to realise tunable visible radiation
in the wavelength region of interest. Using a resonant enhancement method to
generate the third harmonic of the near-infrared laser, an average power of 320mW at
A=355nm 1is measured, with a peak power of approximately 68W. However,
experiment and calculation proves this to be insufficient to reach the oscillation

threshold of the proposed optical parametric oscillator to realise a visible tunable
SOurce.

The near-infrared laser is also used to obtain mid-infrared radiation by use of a quasi-

phase-matched optical parametric oscillator. An average power of 1W tunable from

A=1460-1601nm 1s achieved. This is mixed with some fundamental radiation in a

nonlinear medium to generate radiation that is tunable from 1 =610 to 650nm. This

system 1s presented with emphasis on suitability for multi-photon imaging.
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Chapter One

Introduction

1.1. Introduction

This chapter provides the background and motivation for the research presented in
this thesis, with reference to existing applications and possible improvements. An
overview of the strategy adopted to fulfil the project aims is presented. This is

followed by a brief synopsis of the structure of each chapter and the principal
arguments and results.

1.2. Technological background

Since the first demonstration in the 1960’s [1, 2], the laser has undoubtedly become
one of the most significant developments in optical technology. With progress of
materials and methods, the versatility of the laser leads to an increasingly attractive

device for many applications due to reliability, efficiency, flexibility and cost. For
example, coherent photonic solid-state devices and optical fibre technology have

revolutionised the telecommunications industry by the introduction of low-cost,
high-bandwidth solutions [3]. Another example of the use of solid-state lasers is in
high-density data storage, where devices such as the CD-RW have led to compact,

reliable and rapid means to access and record information [4].

However, many applications call for laser sources with strict requirements for
optimum performance, such as pulsed emission or a system that generates radiation

at a particular wavelength. Neither of these problems are trivial. For example, a

sizeable majority of all-solid-state lasers presently emit in the near-infrared region of



the electromagnetic spectrum [5], yet sources that operate at other wavelengths are

desirable for a number of applications. For instance, it is well known that the ideal

operational wavelength of optical systems for telecommunications systems is 1.55um
to minimise dispersion [6], but few laser gain materials emit at this wavelength [5].
A similar problem exists for data storage. The quantity of information that may be
stored optically may be increased by use of a shorter-wavelength coherent source to
read and write data. Although semiconductor laser diodes that emit red light are
currently used, the capacity of an optical disk could be increased significantly by the

use of an ultraviolet source [7]. Therefore, there is presently much research into new

laser gain materials and methods to reach wavelengths not covered by existing

media.

One of the characteristics of a laser source is the high magnitude of electric field
exhibited. When such a source is incident on matter, the atomic response can no
longer be described linearly and nonlinear effects are evident. This effect is
enhanced significantly by use of an ultra-short (<ns) pulsed laser to pump the
nonlinear optical material, due to the high peak electric fields exhibited by such a
source. By exploiting this electric field, nonlinear optical devices that emit at

wavelengths outside of the near-infrared wavelength regime have been demonstrated

when pumped with a mode-locked near-infrared laser [8, 9]. Such nonlinear optical

frequency converted lasers may be designed to yield a fixed or tunable wavelength

coherent source of ultra-short pulses.

Advances in nonlinear optical materials and their pump sources has enabled the
introduction of efficient frequency converted sources which generate over 1W of

average output power [10] and sources which are widely tunable over the ultraviolet

[11], visible [12] and infrared regimes [13]. It is these developments which have led
to the motivation of this research.



1.3. Motivation

The research described in this thesis is concerned with the design and development
of efficient and ultrafast all-solid-state laser sources that operate in wavelength
regions not covered by conventional crystalline laser gain materials, with emphasis

on a tunable source that emits from A =600nm to 700nm. This wavelength region is

of interest as it is not covered by solid-state gain media but has applications for

multi-photon imaging.

This i1s achieved by first developing a robust picosecond-pulsed diode-pumped
Nd**:YVO, high-power laser which serves as a pump to nonlinear optical media. By
using lithium triborate and periodically poled lithium niobate crystals respectively,
nonlinear optical frequency conversion via sum-frequency mixing and optical
parametric oscillation generates two unique sources that operate in the ultraviolet and
mid-infrared wavelength regimes. Further sum-frequency mixing experiments are

then employed to generate radiation that is tunable between
A =615nm and 4 = 640nm.

1.4. Thesis outline

In Chapter Two, an overview of mode-locking of diode-pumped solid-state lasers is
given. A discussion of resonator design and pump schemes is presented. A Synopsis
of crystalline gain medium properties is given, with an emphasis on the
characteristics of Nd**:YVO,. An introduction to mode-locking is also presented,

along with the advantages of developing such a source for nonlinear optical
frequency conversion experiments.

Chapter Three describes a diode-pumped Nd**:YVO, laser, mode-locked using an

additive-pulse method. An overview of additive pulse mode-locking is presented

with an historical background of the technique. Using a 17W semiconductor diode

laser bar as the pump source for a Nd**:YVO, crystal, average output powers of



1.1W were observed at the emission wavelength of 4 =1064nm, with a repetition

frequency of 90.7MHz. Pulses of 2.7ps duration were obtained using the additive

pulse mode-locking technique. This pulse duration corresponds to a peak power of

4.5kW. Mode-locking stability and mechanical sensitivity of the laser are also

discussed, with reference to the system requirements for ensuing nonlinear optical

frequency conversion experiments.

Chapter Four concerns the mode-locking of a diode-pumped Nd**:YVO; laser using
a saturable Bragg reflector (SBR). An overview of semiconductor saturable

absorbing mirrors with emphasis on the SBR is given, along with the fundamental
principals of operation. Experimental results are also presented. Using a
semiconductor diode laser bar of 17W average power to side-pump a Nd**":YVO,
crystal, average output powers of 4.4W were observed at a repetition rate of
235MHz, at 4 =1064nm. With inclusion of the SBR, pulses of 33ps duration were
measured using a second-harmonic autocorrelator. The attributes of the laser
correspond to a S567W peak power. A brief comparison between the characteristics

of the APM laser described in the previous chapter and SBR mode-locked laser is

presented, and the consequence of using each laser for nonlinear optical frequency

conversion experiments is discussed.

Chapter Five is an overview of nonlinear optical frequency conversion. The

fundamental theory is described, as are methods of increasing conversion efficiency.

This chapter ends with a discussion of the properties desired of nonlinear materials
for optical frequency conversion.

Chapter Six involves the mathematical model of singly resonant enhancement

cavities, specifically for second and third harmonic generation. The treatment

includes a brief review of resonant nonlinear optical frequency conversion and

related design considerations when applied to a real pump source. Using the SBR

mode-locked laser outlined in Chapter Four as a pump source, theoretical conversion
efficiencies of 30% are predicted when utilising a two-crystal singly resonant

enhancement cavity to generate the third harmonic at 1=355nm. This is greatly



increased over the calculated conversion efficiency for single-pass third harmonic
generation, which, for the same materials, is significantly less than 5%. The
simulation of the two-crystal resonant enhancement cavity is also realised
experimentally. A discussion is presented on the nonlinear materials used, and
specific model parameters for the experimental configuration are considered.
Conversion efficiencies >11% were measured in a generated average power of 0.5W.
With the pulse duration estimated at 20ps duration which, given a repetition rate of
235MHz, corresponds to a peak power of 68W. The application of this ultraviolet

source as the pump to a BaB,0O, optical parametric oscillator is also considered in
this chapter.

Chapter Seven considers a periodically-poled lithium niobate (PPLN) optical
parametric oscillator (OPO), synchronously pumped by the SBR mode-locked laser
described in Chapter Four. A background of OPO theory with a brief introduction to
quasi-phase-matching is presented, with further investigation on the properties and
fabrication of PPLN. Experimentally, 1W of average output power was observed at
the signal wavelength, which was tunable via temperature controlling from 1.4-

1.6um. Given a measured pulse duration of 34ps duration at a repetition rate of

235MHz, this corresponds to a peak power of 125W. The signal output from the

OPO 1s then mixed with some radiation at the fundamental wavelength in nonlinear

potassium titanyl arsenate (KTA) to generate tunable light from
A=615nm to A = 640nm.

Chapter Eight presents the conclusions of the work presented, along with a summary
of the principal results.
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Chapter Two

Mode-locked Diode-pumped Solid-state Lasers

2.1. Introduction

The solid-state laser was first demonstrated by Maiman in 1960. By using active
chromium ions implanted into a sapphire crystal that was placed between two
mirrors to create a feedback loop, emission of coherent infrared radiation was

observed when the crystal was optically pumped [1]. However, the first laser source

was not truly all-solid-state, as the gain medium was excited using a flash-lamp.

The notion of an all-solid-state laser was reported by Newman in 1963. He proposed
the use of a GaAs p-n junction to optically pump crystalline Nd**:CaWO, [2]. At
this time, semiconductor diode lasers were of little interest, exhibiting poor beam
quality and pedestrian output powers, often operating at cryogenic temperatures.
However, given significant developments in this research area, semiconductor diode
lasers with average output powers in excess of 600W at room temperature are now
commercially available [3]. These high-power, high-brightness solid-state lasers are
ideal sources to optically excite solid-state gain media due to their directional and

quasi-monochromatic nature. Using such a configuration has resulted in robust and

reliable all-solid-state lasers which exhibit long (>10° hours) lifetimes and good

mechanical stability.

This chapter presents the background to the technology and techniques involved in

the design of all-solid-state lasers. A brief outline of active gain media is presented,

followed by a synopsis of the advantages of crystalline gain medium excitation via

semiconductor diode lasers. A description of pump geometries and resonator

stability is also given. The properties of one gain medium, Nd*:YVO,, are



described with a discussion on the suitability of this medium for mode-locked

operation. An outline of the principles behind mode-locking are also presented,

along with the motivation for using an ultrafast-pulsed laser.

2.1.1. Solid-state lasers

The gain medium in solid-state lasers is a crystalline dielectric host material, doped
with active ions. This gain crystal is generally optically pumped and, for a truly
solid-state system, is performed by a semiconductor diode laser. The advantages of

the solid-state gain medium over the fluidic alternatives focus on their low-

maintenance nature due to increased mechanical and vibrational stability.

The active ions implanted into the crystalline host are generally rare-earth, such as
neodymium or erbium, or transition metals, such as titanium or chromium. The rare-
earth elements possess an electronic structure of the form 4£'5s?5p°5d°6s’, where N
depends on the element. When the rare-earth element is introduced to the host
medium, the two 6s electrons and one of the 4f electrons are used for ionic binding.

Due to screening effects from the 5s? and 5p° electrons, the electron-phonon coupling

is very weak. This results in very sharp transition lines.

The opposite is true for transition metal based gain media. The electronic structure
of the transition metals, unlike the rare-earth elements, allows the 3d states to interact
strongly with the crystal field of the host material. This results in broad absorption

and emission bands, the latter giving rise to laser sources emitting tunable radiation.

The absorption and emission properties of crystalline gain media, as described above,

are also dependent on the host material chosen. This is reflected by analysis of
different materials as shown in table 1. For example, neodymium when implanted

into Y3AlsO12 (YAG) has different absorption and emission properties than when

implanted into YLiF4 (YLF). The choice of gain medium is then dependent on the
application.



The defining properties of the host material must also be considered in the design
process of the laser system. For example, oxide materials have a tendency to be

harder whereas glass hosts have poor thermal properties [4]. This may influence the

choice of material and pump source. For example, a glass host material would be

unsuitable for a high-power application since it cannot withstand high pump powers.

Matenal Absorption Emission Pump diode
Wavelength Wavelength (nm) | material
(nm)

Nd’":YAG [5,6] _ 1064 GaAs/AlGaAs

Nd**:YLF [5] 793, 797 =1.047 GaAs/AlGaAs
=1.053

Nd"":YVO;, [6] _ 1064 GaAs/AlGaAs
VAT o[

Table 1. Wavelength properties of laser gain materials and the associated

semiconductor diode laser pump materials.

2.2. Method of excitation

Pumping of gain media is usually performed by two means — optical or electrical.
Electrical pumping involves current flow in the gain medium and is most suitable for
semiconductor materials. Optical pumping makes use of a continuous wave or
pulsed light source to excite the gain material. The pump radiation may also be
either coherent or incoherent. Incoherent pumping uses output from a high power
lamp source to excite the atoms from the ground state. However, such sources have
several disadvantages over coherent pumping. Coherent pumping utilises another

laser to create a population inversion within the gain medium. With semiconductor

lasers becoming increasingly available at high powers with continuous wave, room

temperature operation, these devices are preferable to the alternative incoherent

sources used in optical excitation.
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Incoherent pump sources typically operate over a wide wavelength range (>10° nm).

This leads to many undesirable eftects. Typically, a gain material will only absorb
over a narrow wavelength region compared with the emission of the incoherent
source. This leads to absorption of unwanted radiation within the crystal, which may
contribute to heating effects such as thermal lensing. In comparison, diode lasers

have a narrow linewidth and many are operational at a wavelength matching that of

the crystal absorption.

Brightness, defined as the power per unit area per unit solid angle, is also an

advantage of coherent pump sources. Due to the highly directional nature of a laser

beam, the peak intensity of a focussed beam is several orders of magnitude greater

than that of an incoherent source of the same average power.

Diode lasers covering wavelength regions of A=405nm to A=10um are

commercially available [9, 10]. However, many diodes in this region have no
application as pump sources due to poor optical properties or no crystalline media
with absorption bands at these wavelengths. Generally, laser diodes for optical

pumping fall between 2 =650nm and A =980nm, which provides the semiconductor

industry with impetus to provide high-power, high-brightness lasers at these
wavelengths.

Laser diodes also provide flexibility. Emission wavelength can be altered by
changing the diode material, but also by temperature controlling, albeit to a lesser
degree. For GaAs/AlGaAs devices, the wavelength varies as approximately
0.3nm/°C [11]. Temperature stabilisation (and cooling) generally ensures a longer

operational lifetime of the diode under manufacturer specified limits.

2.2.1. Diode Pumping

Semiconductor diode laser pumping has been shown to be a high efficiency means of

excitation. However, the diode laser type employed is dependent on the gain

11



medium and laser requirements. Wavelength, as described by table 1, and brightness

are obvious requirements, but power is also a factor. Five main types of pump

diodes currently exist: single stripe, diode array, diode bar, stacked bar and fibre

coupled.

The diode bar is the basis of the most powerful semiconductor lasers, with output
powers 1n excess of 15W. In this device, many arrays of “stripes” form the active
region. This device is typically 1cm long, emitting in a fast-diverging elliptical
beam. This structure is the foundation for the diode stack. An array of diode bars

forms a large emitting region that may generate over 600W of average power [3].

Such structures are ideal for transverse pumping, which will be described in § 2.3.2.

A variation of the diode bar is the fibre-coupled device. These devices are based on
the high-power diodes as described, but the output is coupled into fibre optic cables.
The main disadvantages of these devices are power limitations and poor beam
quality through highly divergent output. Output powers typically do not exceed SOW

for this reason. They do, however, permit flexibility within pump schemes and are

best suited to longitudinal pump geometries, as described in § 2.3.1.

2.3. Pump Schemes

One of the most fundamental considerations in the design of an efficient optically
pumped laser is to ensure a good overlap between the pump and oscillating modes
within the gain medium. Therefore, to make full use of the output from the devices
described previously, the output must be used in conjunction with appropriate pump

geometry to ensure a good match with the cavity mode. Again, this depends on the

gain medium geometry and system requirements.

Two types of optical pumping configurations exist: longitudinal (or end) pumping

and transverse (or side) pumping.

12



2.3.1. Longitudinal Pumping

Longitudinal pumping involves tight focussing of the pump radiation into one end of

the gain medium to excite the lowest-order mode. This is described in figure 1 by
use of a simple two-mirror resonator around a crystalline gain medium. Most
frequently, a single pump beam is collimated using an external element and directed
into the end of a laser rod through a cavity mirror, as shown. Output from diode bars

and stacks are difficult to use in this geometry, owing to their large beam diameter

and associated difficulties in obtaining a focussed beam over the length of the gain
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Figure 1. Schematic representation of longitudinal pumping of a crystalline gain

medium. More than one focussing element may be used to focus the pump radiation

into the end of the gain material.

Fibre-coupled devices have large divergences, but may be compensated by using a

spherical focussing element when the gain medium is short, such as thin disk lasers
[12]. The elliptical output from the diode array and single stripe structures may be

corrected to a circular beam by use of cylindrical lenses or anamorphic prisms.

2.3.2. Transverse pumping

Transverse pumping 1s most frequently applied to slab and thick rod (>1mm) lasers

and most often uses diode bars and stacks to generate high power lasers. The

advantages of this system is the ease of power scaling by adding more diode lasers,

13



efficient coupling of the pump mode into the laser mode and reduction of localised

heating within the gain material through less stringent focussing requirements.

Figure 2. Schematic representation of transverse pumping.

2.4. Resonator design

The simplest resonator design comprises of two plane mirrors that reflect the
stimulated emission from the gain medium and create a feedback loop. Such a basic
cavity is widely used with various gain media but in reality more than two mirrors is
common practice to create a good overlap between the pump and cavity modes, or
allow for the introduction of additional elements into the cavity. The resonator

design depends on the system requirements, pump geometry and laser operation. It

Is vital, however, that a stable resonator is created to ensure a high efficiency
process.

The general structure assumed for an open resonator is two spherical mirrors
separated by a distance L, as shown in figure 3. Using a ray transfer matrix

approach, a condition for the cavity stability may be calculated.

14



Ml ' MZ

Figure 3. Schematic representation of open resonator. This consists of two mirrors

of radn of curvature R, and R,, separated by a distance L.

Using this method, the propagation of a ray along a distance L in air may be

described using the ray transfer matrix system to yield [13]

4
O<.1——£](1-—LJ<1. (2.1)
\_ RI Rz

This method can also be used to account for the inclusion of intracavity elements

such as lenses, gain media and Brewster surfaces. Several software programs to
evaluate optical systems exist that employ the ray transfer matrix approach, but that

employed here is a simple and adaptable in-house MathCAD program.

2.4.1. Brewster surfaces and astigmatic compensation

Brewster-angled gain crystals are often used in solid state lasers to minimise loss that
occurs due to the partial reflection of beams at the crystal surface and is of particular

use In mode-locked lasers, where such reflections may cause etalon effects and

disrupt mode-locking.
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One drawback of using a Brewster-angled surface in a cavity is the resulting

astigmatism. This astigmatism is caused by the fact that the effective thickness of

the rod is different in the sagittal and tangential planes [13].

One simple method to correct for this astigmatism is by implementation of an ofi-

axis mirror. The radius of curvature of a mirror of radius R at an angle of incidence

@ is given by

2:[(;12 ~1)n? +1)‘3‘] -

Rsin(0)tan(g) = —-—-=, (2.2)
n

where R is the radius of curvature of the mirror, » is the refractive index of the gain

medium and ¢ is the gain medium thickness. This relationship may then be used to

calculate the mirror offset angle to compensate for astigmatism that results in a

circular output beam from the cavity.

2.5. Laser gain materials

Solid-state lasers are devices that do not have a gas or liquid gain medium. Two
types of solid-state laser exist: semiconductor diode lasers and those based on
optically active ions introduced into a crystal host, known as a doped insulator laser.
Although very high output powers are observed in single element semiconductor
diode lasers, these devices are inflexible and have inferior beam properties to those
based on the crystalline material. The doped insulator laser may be engineered to
provide wider wavelength tunability and spectral purity, delivered in a single TEMgg
mode. Such properties are of significance for a number of applications, including

pumping nonlinear optical materials, therefore the doped insulator laser forms the

focus of this research.
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Doping of crystalline hosts with optically active rare-earth ions results in an
increasing choice of gain medium which results in discontinuous laser operation over
a range of 0.7-2.9um [7]. The most-used solid-state gain media are based on

neodymium dopants and as such will form the basis of this discussion.

2.5.1. Neodymium based lasers.

Neodymium (Nd) based lasers make very attractive sources for various applications,
from low-power continuous-wave sources for surgery [14] to high-energy pulsed
systems for micro-machining [15] and ultrashort-pulsed high-power lasers for
pumping nonlinear materials [16]. As a dopant, trivalent neodymium may be
introduced to an ever-increasing range of host materials. The dopant concentration is
generally limited to around 1% (with glass as the exception) due to cross-relaxation
at higher dopant levels, which subsequently reduces the capacity of energy storage
[17]). The most prominent of these host materials is Y3AlsO;s (YAG), which is an
attractive choice for a host medium. When doped with neodymium, it is
mechanically stable, has a gain bandwidth capable of supporting ultrashort pulses

[18] and absorbs at a wavelength readily associated with commercially available
GaAs/AlGaAs pump diodes [5].

Depending on the application, however, it may be advantageous to employ other host
materials. For a high-power source, crystals based on a glass host medium, such as

Nd’*:glass, are not suitable due to a low melting point [7]. However, for generation
of ultrashort pulses, Nd**:glass can deliver pulses as short as 60fs [19], when used in
conjunction with a suitable mode-locking mechanism. This is due to the disordered

nature of the material, which gives rise to a broader spectrum and consequently
shorter pulses.

Occasionally, a trade-off between these two properties may be needed. Nd’*:YVO,,

for example, compromises pulse duration, but permits high average powers.

Nd**:YVO, is one such material and forms the basis of the work in this thesis.
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2.5.2. Spectroscopic properties of Nd*":YVO,

Nd’":YVO; is a four-level laser system, with the energy level positions as shown in
figure 4. Neodymium ions in the ground state absorb photons and are raised In

energy to one of the pump bands. The states in these bands have lifetimes on the

order of 107™® seconds, and the atoms drop to the upper lasing level by radiationless
transitions that take place on a picosecond scale. The upper laser level, *Fi/». has a
fluorescent lifetime of about 90 us. Given suitable excitation, a population inversion
develops and in a resonant cavity, oscillation occurs, with the population being
driven to the lower laser level. This level is very close to the ground state, and

excited atoms rapidly return to the ground state by another radiationless transition.

4 Weak pump bands

vT— Radiationless
| Strong pump bands transitions
| (790-820nm)

Energy (cm')

1064 nm

41111'2
Lp

Figure. 4. Energy level diagram of Nd*":YVO,.

The energy associated with radiationless transitions as well as the thermal and other

optical cavity energy absorbed by the rod all add to the internal energy of the laser

rod. It the gain medium temperature is too high, the lower laser level is thermally

populated by atoms from the ground state, and the rate of transition from the lower

laser level to the ground state is greatly reduced. This destroys the population

inversion and quenches lasing. Thus, cooling to maintain a proper temperature is
important in Nd**:YVO, lasers.
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Compared with Nd**:YAG and Nd**:YLF for diode laser pumping, Nd**:YVO,
lasers possess the advantages of lower dependency on pump wavelength and
temperature control of a diode laser, wide absorption band, higher slope efficiency,

lower lasing threshold, linearly polarised emission, shorter upper-state lifetime,

larger cross-section and single-mode output [20].

These properties indicate that Nd°*:YVO; is a good gain medium for a mode-locked
laser and that the material can support pulses as short as 1ps. One advantage of this
material is the polarised nature of the output, which is advantageous in pumping
nonlinear optical materials. It is therefore this gain medium that 1s chosen as the

basis for the work in this thesis. The principal optical properties are shown in table 2.

Emission wavelengths 914nm, 1064 nm (high gain), 1342 nm

Crystal class Positive uniaxial, n, =n,=n,, n, =n,

n,=19573, n,=2.1652, @ 1064nm
n,=19721, n,2.1858, @ 803nm
n, =2.0210, n, =2.2560, @ 532nm

Sellmeier Equation (for pure YVO4 | 2=3,77834+0.069736/(1% - 0.04724) -

0.0108133 12

n?=4.59905+0.110534/(1* - 0.04813) -
0.0122676 12

Thermal Optical Coefficient

T
Stimulated Emission Cross-Section | 25.0x10™ cm” , @1064 nm

Table 2. Electronic properties of Nd°*:YVO, (1.1% Nd>) [21].

crystals)
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2.6. Generation of ultra-short pulses

Under normal operation, a laser resonator will support a large number of axial
modes. This number will depend on the resonator design, gain excitation and gain
medium properties. These modes are generally of random phase. However, an

element may be introduced into the cavity that will force these modes to oscillate in

phase. The result is the generation of pulses of radiation, less than 10”s in duration.

This procedure is known as mode-locking [22].

The time varying electric field at any point in a laser resonator may be expressed as
E(t)= ) E, expli(@, + nAw)t + ¢, (1)), (2.3)

where n is the nth axial mode, @, is the central oscillation frequency, Aw is the

axial mode spacing and ¢,(t) and E, are the phase and amplitude of the »th mode,

respectively.

In a continuous wave laser the phase ¢ (¢) varies randomly with time, however if the

phase difference between the nth and »n-1th modes is zero, the modes will then

coherently superimpose. This leads to a well-defined output in both the time and

frequency domains. Under this condition where N modes circulate and, for

simplicity, E, =1,

N Sin(NAa)r)
E@®) = ZNexp[i(a)0 +nAw)t] = eXp[i(wnt)]—n—-(—&%)-t—. (2.4)
n=N sin
2 2 )
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The corresponding expression for intensity I(¢) is

. {NAax]
Sl | ——
2

—:-;-(-E&—)—. (2.5)
SIfl | —
2

I¢)=E@W).E"(H) =

As the modes superimpose, the intensity scales as N, therefore it is important to use

a material with a broad gain bandwidth. This results in an enhancement in the peak

power that is related to the pulse duration by

9 average
Ppeak = 51_ AU ’ (2.6)

where J7 1s the pulse duration and Ao is the repetition rate of the laser. It is this
peak power which makes mode-locked sources an attractive alternative to continuous

wave lasers for frequency conversion experiments, which will be discussed in later
chapters.

The pulse duration 7 and pulse bandwidth éw are related by

Stéw =k, 2.7)

where k depends on the pulse shape. This is known as the time-bandwidth product.
For a Gaussian pulse shape, k =0.414, but for a sech® profile, k =0.315. A table of

time-bandwidth products for different pulse shapes may be found in reference 23.

2.6.1. Historical overview of mode-locking

The first demonstrations of mode-locked lasers were using ruby [24] and helium-

neon [25] gain media. Both systems delivered pulses in the picosecond regime.
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Since this time, however, the development of novel gain media capable of delivering
ultrashort pulses and new mode-locking techniques has enabled the generation of

low-maintenance high-power all-solid-state devices over a range of wavelengths and

pulse durations.

An important advance in the area of mode-locking was the realisation of the
saturable absorber as a modulation device and led to the first sub-picosecond devices
when used in conjunction with a continuous wave dye laser [26]. However, dye
lasers are notoriously difficult to handle and thus an alternative was sought in the

form of a mode-locked solid-state laser.

Few solid-state materials at this time were of sufficient gain bandwidth to support
ultrashort pulse generation. This problem was overcome with the emergence of

materials such as Ti:sapphire and Nd’*:YAG. However, mode-locking of these

lasers was not a trivial problem.

The saturable absorber used in the dye laser was a slow saturable absorber. This

slow saturable absorption mechanism is described by New in reference 27. The
leading edge of the pulse is absorbed by the saturable absorber whilst the trailing
edge 1s shaped by gain saturation. This means that only a single edge of the pulse is

absorbed and therefore device recovery time is negligible. However, the

comparatively low gain of the solid-state lasers means that a fast saturable absorber,
capable of shaping both sides of the pulse is required.

One such means 1s described by Mollenauer [28]. The laser resonator was coupled
using a beamsplitter mirror to an external resonator containing an optical fibre.
Using an interference effect between pulses at the beamsplitter and correcting for the
phase by controlling the length of the external resonator, a fast saturable effect was

observed. This technique is known as additive pulse mode-locking (APM) and will
be discussed in greater detail in Chapter Three.
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Another significant development in the generation of ultrashort pulses was the
discovery of Kerr-lens mode-locking (KLM) by Sibbett et al. [29]. Using a self-

focussing effect inside the gain medium, pulses shorter than 5fs have been observed
in Ti:sapphire [30].

Both the APM and KLLM lasers have disadvantages. Although self-starting, such
lasers are extremely sensitive to vibration and change in resonator length. The APM
system, for example, requires complex electronics to ensure locking of the external

resonator length to within a half-wavelength. These problems were largely

overcome by the use of semiconductor materials as fast saturable absorbers.

The first laser to use such materials was a Ti:sapphire system. By employing an
external cavity with a nonlinear quantum-well mirror, pulses of 2ps duration were

realised without stabilisation or dispersion compensation, allowing a 2mm tolerance

in cavity length and pulses over a 50nm wavelength range [31]. This method 1s

known as coupled-cavity resonant passive mode-locking (RPM).

Progress in semiconductor growth led to monolithic - semiconductor devices that
comprised of both the reflecting mirror and quantum well structure that acted as fast

saturable absorbers. This eliminated the need for an external cavity since these

devices could be placed into the laser resonator due to the highly reflective nature.

This family of devices is known generically as the semiconductor saturable

absorbing mirror, or SESAM. These devices will be discussed in Chapter Four.

2.7. Conclusions

A background to diode-pumping of solid-state gain media has been presented. A
comparison between the types of pumping and semiconductor diode lasers has been
given, 1n context with a discussion on pumping methods. A synopsis of laser gain

media with emphasis on Nd’*:YVO, has been presented, due to the suitability of this

material as the basis for a high-powered mode-locked laser. A review of the
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motivation for mode-locking and associated techniques has also been presented.

This will be explored further in the following two chapters.
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Chapter Three

Diode-pumped Additive Pulse Mode-locked Nd°":YVO,

laser

3.1. Introduction

As discussed in § 2.6, the mode-locked diode-pumped solid-state laser 1s an intense,
compact and efficient source of ultrashort pulses. These systems are ideal for
nonlinear optical frequency conversion experiments due to the high peak power that

arises from the pulsed nature of the source. The following two chapters concern

alternative approaches to the experimental realisation of a high power mode-locked

laser source.

Mode-locking techniques fall into two principal categories: active and passive.
Active mode-locking techniques depend upon modulation by a driving force, such as
an acousto-optic modulator placed within the resonator that periodically changes the
gain or loss within the laser cavity with reference to the round-trip time of the cavity.
This modulation frequency is fixed and therefore such lasers are largely inflexible
and intolerant to cavity length detuning. Passive mode-locking techniques, such as
saturable absorption, use a passive intracavity element that requires no external
influence, but responds in a nonlinear manner to the intracavity field. This gives rise

to a reliable and flexible mode-locking technique. Additive pulse mode-locking

(APM) is one-such type of passive mode-locking, and is described here for the case
ofa Nd’*:YVO; laser.

An overview of APM is presented, in context of previous results using this

technique. The diode-pumped laser resonator features are given, followed by the
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characteristics of the external resonator. The results of this system are presented,

along with a discussion on the suitability of the source for nonlinear optical

frequency conversion experiments.

3.2. Historical review of additive pulse mode-locking.

The primary reason for using the passive APM method is due to the commercial
availability of the necessary components. This eliminates the requirement for
specially engineered mode-locking elements.  Furthermore, APM has been

successfully demonstrated in other neodymium-based materials, generating pulses

close to that prescribed by the gain bandwidth of the material.

Mollenauer and Stolen first realised mode-locking using a nonlinear element in an

external resonator in 1984. Their configuration consisted of a synchronously-
pumped mode-locked colour-centre resonator operating at 4 =1.5pm, coupled using

a semi-transparent mirror to an external cavity which contained a length of single-
mode polarisation preserving fibre. They observed a pulse compression effect,
reducing the pulse duration from 2ps to 210fs. This pulse shortening was thought to
be the result of group velocity dispersion. As broad noise pulses propagated through

the fibre, they experienced negative group velocity dispersion, forcing the laser to
produce narrower pulses. In the case of Mollenauer and Stolen, the process
continued until the pulses in the fibre retained their shape on double propagation

through the fibre. This was reported in the eponymous soliton laser publication [1].

This concept was reviewed by Blow and Wood in 1988 [2]. They proposed that
negative group velocity dispersion was not a necessary condition for APM to occur,
but that shorter mode-locked pulses could be achieved by coupling a laser to an
external resonator containing any element which responds nonlinearly to an incident
optical field. This theory was the basis for the first APM laser by Goodberlet et al. in
1989. They demonstrated an additive pulse mode-locked picosecond/femtosecond

Ti:sapphire laser [3]. This technique has since been extended to other matenals,
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including colour centre lasers [4], thulium-doped fibre ring lasers [5] and Nd*":YAG
6] and Nd’":YLF lasers [7].

3.3. Basic theory of additive pulse mode-locking

A full treatment of the mechanisms underlying pulse-shortening in additive pulse

mode-locking is provided by Ippen et al. [8].

The basic design of an additive pulse mode-locked laser is shown in figure 1. An
external resonator 1s coupled via a beam-splitting mirror of reflectivity r to the laser

resonator. The lengths of the external resonator and the laser cavity are matched

such that the peak of two pulses may overlap at the beam splitter. It is this beating

effect which gives rise to pulse shortening.

Figure 1. Schematic diagram of APM laser. The laser resonator output coupler, with
reflectivity r, is the point of interference between the reflected and the transmitted
fields. The external resonator contains a nonlinear element, in the form of an optical

fibre. The inherent loss of the system is also considered. The monitor beam is used

to determine the optimum external cavity length.
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The expressions for the reflected and transmitted fields at the beam-splitting mirror

are given by

b, =ra,+V1-r’a, (3.1)

and

b, =1-r*a, -ra,, (3.2)

where a,,a,,b, and b, are the field amplitudes and » is the beamsphtter reflectance,
as shown in figure 1. The field b, propagates through the optical fibre (twice, in

practice) and, after being subjected to a loss L, propagates as a, .

The auxiliary cavity contains a nonlinear element, such as an optical fibre, which has

an intrinsic loss, determined by an attenuation factor L. With the external resonator

of fixed phase, the round-trip time may be neglected such that
a,(t) = Lexp[-i(¢ + D)o, (1), (3.3)

where ¢ is the linear phase shift that results if the cavity lengths are not matched and

® is the phase shift that results from the nonlinearity of the fibre and is expressed as
O =x«l|a,O]" ~a,(0) ], (3.4)
where « is dependent on the length and nonlinearity of the nonlinear element.

By expressing b,(f) as a function of a,(f) and inserting the result into (3.1) and

(3.2) where ¢ is constant,
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b, = l {1 + I—exp[i (¢ + (lil')]}a2 (3.5)
1-r? L
and
1 1 :
a, = {r +—expli(g + (I))]}«a2 : (3.6)
1-r* L

The reflection coefficient of the external resonator, I, is

1 r (@ + D
r:..’i:w (3.7)

Q0 oy -E—exp[i(gﬁ + ®)] |

Under the assumption that the loss of the nonlinear element L <<I, the reflection

coefficient I' may be expressed as
I ={r+L{1-r*)exp[-i(¢ +D)]}. (3.8)
If the nonlinear phase shift @ is small, I" can be described by

=r+L(1-r*)exp(-ig).(1—-id). (3.9)

In order to treat every physical value of |T'|, ¢ = i-{;-. At ¢ = —-7-25, the reflection

coefficient is described by
IT|zr+L0-r*)o. (3.10)

This simple relationship indicates that the reflection coefficient is maximum at the

pulse centre, which results n a significant decrease in the pulse duration. It is
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therefore possible to use this effect to achieve continuous wave mode-locking of a

laser source.

3.4. Design of diode-pumped APM Nd**:YVO, laser

The laser resonator was a diode-based side-pumped Nd’*:YVO, system as shown
schematically in figure 2. A 1cm long 17W diode bar (OPC-A020-809-CS/L)
collimated in the fast-axis by a fibre microlens was used to pump a 12-mm long
Brewster-Brewster 1.1 atm. % Nd**:YVO, parallelepiped crystal in the sagittal plane,
supplied by Casix. The diode bar was mounted on an oxygen-free copper base with
Teflon insulation at the base. The copper region was water-cooled to 15°C, which
corresponded to a diode laser output wavelength of 4=808nm. This matches the
peak absorption wavelength of Nd**:YVOy. A side-pumped geometry was chosen to
maximise the coupling efficiency of the pump spot into the cavity mode as discussed
in Chapter Two, as well as enabling a simple means of power scaling by the addition
of further pump diodes. The crystal was anti-reflection coated on both side faces by

the crystal supplier to increase coupling of the pump radiation into the crystal. The

crystal was held in a spring-loaded oxygen-free copper mount to allow expansion of

the crystal due to thermal loading, whilst permitting a close contact. This mount was

water-cooled to 15°C, which was enhanced by use of indium foil on the contact
areas.

The pump radiation was focussed into the gain using an f=+80mm uncoated
spherical lens. The lens was mounted on two translation stages to permit small
adjustments to the vertical and horizontal positioning, with respect to the pump laser
and crystal. The power after this lens was measured to be 14W.

The pump region within the crystal was a 250um-thick layer, chosen to minimise
- undesirable thermal lensing effects and to ensure TEMy, laser output. This was

measured using a CCD and imaging optics. A highly reflecting mirror of 75mm

radius of curvature was placed behind the crystal to reflect some of the radiation not
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absorbed on the first pass back into the gain medium. The radiation absorbed by the
crystal was estimated to be 10W.

P_=17W
to beamsphtter
R=90% (@1064nm
wedged output coupler T obisdiode
500mm ROC v .
75mm ROC ~ mirror \g f—+50mm <l
Mirror HR@1064nm \ Phase-matched
HR@808nm ‘ KTP
| *_ 590mm ROC
Plane mirror i
HR@1064nm AP —

Plane marror
HR@1064nm

e =4+80mm

100mm ROC uncoated lens
MITTOT
HR@1064nm 17W diode bar

Figure 2. Schematic representation of laser resonator. A single 17W diode laser bar
side-pumped the Nd’":YVO, crystal. Using a 10% transmitting wedged output
coupler, 1.7W of average power was generated at A =1064nm. A phase-matched

KTP crystal is used to generate second harmonic radiation, which is a monitor for the

external resonator length.

The resonator was designed to overlap the pump volume to the cavity mode.
Astigmatic-compensation was achieved using the expression in § 2.4.1 to provide a
circular output beam. In accordance with the definition of peak power in § 2.7, a
long cavity length 1s desirable to increase the peak power. Therefore, the resonator

constructed had a length of over 1.5m, corresponding to a repetition rate of

90.7MHz. The evolution of the mode through the cavity is shown in figure 3,
calculated via a MathCAD simulation.
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Figure 3. Evolution of mode radius through laser resonator. The laser mode in the

crystal is approximately 250um by 590um. (Calculated via MathCAD simulation).

With the exception of the output coupler, the cavity mirrors were all wedged and
highly reflection coated for the oscillating wavelength of A=1064nm. A wedged

output coupler of 10% transmission at the oscillating wavelength was used in this

configuration. Mirrors without a wedge were found to introduce etalon effects that

were detrimental to mode-locking performance.

With 14W pump power, continuous wave output of 1.7W was measured with a
threshold of 600mW of pump power. Each of the 500mm radius of curvature mirrors

(supplied by Casix) contributed to a loss of approximately 0.2% and therefore
reduced the overall efficiency of the laser.

Using a CCD array, the near and far-field of the laser beam was determined to be

almost diffraction limited, with M°~1.1. With the cavity as specified, TEMy,

operation was achieved at a repetition frequency of 90.7MHz. The output from the

laser oscillator was observed to be horizontally polarised, due to the birefringent

nature of Nd**:YVO, and the inclusion of a Brewster-cut gain medium.
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The output from the laser resonator was then incident on a 70/30 beamsplitter,

reflection coated for use at A=1064nm. This resulted in two beams of 1.1W and

0.6W respectively. The 0.6W beam was used as mput to the external resonator,

while the 1.1W formed the output beam. This 1s shown in figure 4.

f=+6.5mm
1.1W Output spherical lenses
AR/AR@1047nm
Plane mirror
HR@1064nm
Resonator /1 T
70/30 50 ¢cm polansation PZT
BS retaining single
mode fibre .
Monitor wilhne

Figure 4. Schematic diagram of external resonator. The laser output is subject to a

70/30 beamsplitter, and 0.6W is coupled into the external cavity. This radiation 1s

launched into a polarisation-preserving single-mode fibre at an efficiency of 60% and
the output is focussed onto a plane highly reflecting mirror at normal incidence. This

mirror is attached to a piezoelectric transducer (PZT) with an applied ramp voltage

which permits fine-tuning of the cavity length.

The 0.6W beam was focussed into a standard 50-cm long single-mode polarisation-
preserving fibre. This focussing was achieved using a f=+6.5 mm spherical lens

(Thorlabs C170TM-B), anti-reflection coated for use at 4 =1047nm. The fibre ends
were wedged to prevent feedback to the laser resonator. The output from the fibre
was collimated using an identical f=+6.5 mm spherical lens. Both lenses were

located in 3-dimensional translation stages to optimise the launch efficiency and

collimation of the fibre output.

The output power measured after the fibre was 365mW, corresponding to a
throughput efficiency of 60%. The collimated output radiation was then incident on

36



a plane mirror that was highly-reflecting at A=1064nm placed at normal incidence
which retro-reflected the radiation along the fibre. This was located on a
piezoelectric transducer (PZT) with an applied voltage, which allowed fine-tuning of
the resonator length. The monitor adjacent to the beamsplitter was used to find the
point where the radiation reflected from the plane mirror on the PZT was launched
back down the fibre. The external resonator length was designed to match the length
of the laser resonator at a ratio of 1:1. Using a spurious output from a laser cavity

mirror as shown in figure 2, it was possible to determine the length matching point

by detecting an increase in second harmonic power.

This was achieved using a single spherical lens of f=+50mm and a critically phase-
matched 5x5x3mm KTiOPO4 (KTP) crystal and fast photodiode. When an increase
in second harmonic was detected (corresponding to an increase in peak power and

therefore demonstrating mode-locked operation of the laser), the cavity length was

locked via stabilising electronics.

3.5. Results

Self-starting APM was observed with the cavity length stabilised at a ratio of 1:1

with the laser resonator. Pulse durations of 2.7ps were routinely measured at an
average power of 1.1W via second-harmonic autocorrelation using a Smm long
MgO;:LiNbO; crystal, heated to 50°C for phase-matched operation. A typical pulse

duration measurement is shown in figure 5. Pulses of this duration correspond to a
measured peak power of 4.5kW at a repetition rate of 90.7MHz. The measured pulse
duration is comparable to that demonstrated in Nd**:YVO4 by Krainer et al. [10], but
the repetition rate of their semiconductor saturable absorber mirror mode-locked
laser is 77GHz, which is unsuitable for nonlinear optical frequency conversion
experiments. In addition, the output power of their high-repetition rate laser was

measured as 65mW, which is considerably less than the average power of the APM
laser.
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Figure 5. Background-free second harmonic autocorrelation of mode-locked
Nd**:YVO; pulse and best sech® fit. The autocorrelation was performed using a

phase-matched MgO,:LiNbO; crystal. The FWHM of the measured pulse 1s 4.1ps,
corresponding to a pulse width of 2.7ps.

At comparable output powers, Agnesi ef al. demonstrated longer pulses of 7.9ps

duration using the same gain medium but employing a nonlinear mirror mode-
locking method [11].

A typical pulse train is shown in figure 6. The ripples observed at the base of the
pulse train are a feature of the photodiode detector. The pulses are separated by

approximately 2ns, which corresponds to the 90.7MHz repetition rate of the laser.

The pulse spectrum was also measured, as shown in figure 7. The spectral

bandwidth was measured using a home-made scanning Fabry-Perot interformeter,

and yielded a spectral width of 162GHz, resulting in a time-bandwidth product
ATAv=0.44.
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Figure 6. Pulse train from APM laser. The pulse separation is approximately 2ns.

The ripples at the base of the pulse train arise from the detector and are not a feature
of the pulse.

1062 1063 1064 1065 1066
Wavelength (nm)

Figure 7. Spectrum of the output from APM laser. The FWHM, measured using a
Fabry-Perot interferometer (2GHz resolution), is 0.57nm (162 + 23 GHz). It is noted

that the peak of the spectrum 1s not at the emitting wavelength of the laser. This is

due to a calibration error of the spectrometer and is not a feature of the laser.
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Based on the theoretical model and experiments of Braun and Kirtner [11, 12] a
factor of three reduction in the pulse duration is possible if the crystal were placed at
the end of the resonator, which would take the measured pulse duration to 1ps. This

corresponds to the shortest accessible pulse duration, given the 0.96nm gain
bandwidth of Nd”*:YVOs.

An increase in the generated output power is observed by using a coated lens to focus
the pump radiation into the Nd’*:YVO, crystal, as well as replacing the 500mm

radius of curvature cavity mirrors with those of higher reflectivity. By doing so in a

comparative system, output powers of greater than 4W were routinely achieved.

Further improvements of the focussing optics for the optical fibre would also

increase launch efficiency and reduce the mode-locking threshold.

No Q-switching or relaxation oscillations were observed when the cavity length was

electronically locked. This is attributed to the properties of the Nd**:YVO, crystal
which are favourable for mode-locked operation.

The external resonator length had to be stabilised to within a half-wavelength of the
laser resonator in order for stable mode-locking to occur, due to the interferometric
nature of the APM mechanism. When the cavity length was locked, mode-locking

was observed to be stable over several hours of operation. The electronically locked

laser was also extremely sensitive to vibration. Such disturbance resulted in the

cavity length changing and therefore the laser ceased to mode-lock. For this reason,

the system was not deemed sufficiently stable as a platform for nonlinear frequency
conversion.

Additionally, investigation into using alternative lengths of optical fibre in the

external resonator and thereby inducing a different magnitude of nonlinearity would
affect the pulse duration.
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3.6. Conclusions

In conclusion, a self-starting additive pulse mode-locked diode-pumped Nd’*:YVO,

laser has been demonstrated. A linearly polarised average power of 1.1W with a
repetition frequency of 90.7 MHz, delivered in pulses of 2.7ps duration was
measured. This leads to a generated peak power of 4.5kW. Possible areas of

improvement to the system were recognised and discussed.

Although 4.5kW of peak power is certainly adequate for nonlinear optical frequency
conversion experiments, the sensitivity to vibration did not lead to a robust platform.

Consequently, an alternative mode-locking technique was investigated in the form of

using a saturable Bragg reflector mode-locking device. This is discussed in the

following chapter.
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Chapter Four

Saturable Bragg Reflector Mode-locked Diode-pumped
Nd**:YVO, laser

4.1. Introduction

Although a coherent source of ultrashort pulses was demonstrated in the previous
chapter, the mode-locked output was extremely sensitive to mechanical and
vibrational perturbation. This is clearly undesirable for nonlinear optical frequency

conversion experiments, since the conversion efficiency is dependent on the peak

intensity of the pump source.

This chapter adopts a fast saturable absorber in the form of a saturable Bragg
reflector (SBR) as the passive mode-locking element. These engineered solid-state

passive devices are flexible, reliable, have fast recovery times, and can cope with
very high intracavity electric fields.

This chapter is concerned with the mode-locking of lasers using semiconductor
saturable absorbing mirrors, with emphasis on the saturable Bragg reflector.

Experimental results of a SBR mode-locked diode-pumped Nd&**:YVO, laser are
presented and compared to those obtained in Chapter Three.
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4.2. Saturable absorbers

Saturable absorbers fall into two categories: fast and slow, depending on the gain
medium used. Slow saturable absorbers are employed for high gain matenals, such

as dye lasers, where the pulse shaping is a result of both the saturable absorber and
the gain dynamics.

However, for low-gain solid-state materials, the pulse shaping results solely from the
effect of the saturable absorber. Therefore, a device with a fast recovery time is

desired, namely a fast saturable absorber. A full description of fast saturable

absorption 1s provided in reference 1.

A fast saturable absorber performs modelocking by initially capitalising on
intracavity noise. Where a broad noise pulse is incident onto a saturable absorber,
the leading edge and the trailing edge of the pulse are absorbed, with the mid-section
transmitted. Therefore the saturable absorber effectively behaves as an intensity-

dependent switch. Since both edges of the pulse must be absorbed, a fast recovery
time 1s essential [2].

Specially engineered organic dyes were originally used as a fast saturable absorber
[3], but recently semiconductor devices in the form of the semiconductor saturable

absorbing mirror (SESAM) have been developed which outperform these dyes.

4.3. Saturable Bragg reflectors

Semiconductor materials have good characteristics for use as saturable absorbers.

They have very high nonlinearities and, depending on design, the response time can

vary from milliseconds to femtoseconds. They are also very low-maintenance

structures compared to the traditional liquid saturable absorbers. These simple
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devices eliminate the need for external resonators, resulting in a very stable mode-

locking technique.

4.3.1. Historical review of semiconductor saturable absorbing

mirror mode-locking

The first SESAM device was the anti-resonant Fabry-Perot saturable absorber (A-
FPSA) [4] and has been used to generate ultrashort pulses as short as 60fs In

Nd:glass [5], as well as demonstrating stable mode-locking in other materials as

diverse as Yb:YAG [6], Cr:LiSAF [7] and Ti:sapphire [8].

The operation of SESAM mode-locked lasers is not confined to the A-FPSA.
Further mmprovements in semiconductor growth led to the development of the
saturable Bragg reflector, or SBR [9]. This single-mirror fast saturable absorber
relies upon a quantum well as the modulation device. This eliminates problems

associated with cavity resonance to deliver stable ultrashort laser pulses. This

structure was first implemented in a continuous wave Cr**:LiSAF laser which
achieved 90fs pulses [10]. The simplicity of this structure has‘enabled mode-locking

of materials such as Cr*':YAG [11], Ti:sapphire [12] and erbium/ytterbium fibre
lasers [13].

Both the A-FPSA and SBR are good fast saturable absorbers, but the disadvantage of
the A-FPSA structure arises through manufacture. The A-FPSA device requires

post-processing, which is a source of considerable non-saturable losses. No such

processing of the SBR is required, therefore more efficient saturable absorption is
performed by this structure.
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4.3.2. Basic operation of saturable Bragg reflector

[f the energy of the incident photon is greater than that of the energy bandgap of the

material, an electron will be excited from the valence band to the conduction band,
forming free carriers. However, if the excitation energy is just below the conduction
band an electron-hole pair (exciton) will be formed. The production of excitons will
lower the absorption of the material on a fast scale (<ps). However, due to the
presence of high-energy phonons present in the lattice, the excitons will be short-
lived. The optical phonons interact with the exciton, which has a low binding energy
and will subsequently split into its electron and hole components. The electron will
recover via a radiative or non-radiative process on a comparatively longer
nanosecond scale, thus allowing the process to restart. This bi-temporal device
response 1s shown in figure 1. In order to let the device recover, however, the round-
trip time of the cavity must be sufficiently long (~ns). The fast component has been
found to perform the saturable absorption in gain materials that can support
femtosecond pulse durations whereas picosecond materials follow the slow response.

By engineering the slow component, it is believed that the device may be optimised,

leading to shorter pulses. This is currently under investigation [15].

- Fast response

— Slow response

;
8
g
i
<

Time elapsed

Figure 1. Response times of SBR structure (relative scale). The absorption occurs

over a very short period, but the recovery of the device is slow in co mparison.
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4.3.3. Design of saturable Bragg reflector

The SBR structure consists of a Bragg mirror to provide a high reflectivity of the
incident radiation and in the outermost layer, a quantum well structure is grown

which performs the saturable absorption as described previously.

For these experiments, the SBR device was grown for optimal performance at
A =1047nm at normal incidence, since the wafers were originally grown for another
application. Tight focusing of the incident radiation is imperative to increase the

field strength at the device sufficiently to invoke nonlinear interaction.

The Bragg mirror consists of 30-period pairs of alternating GaAs/AlysGag2As,
chosen to provide high reflectance (>99%) over a broad (70nm) bandwidth. The

saturable absorber consists of a single InGaAs quantum well, as shown in figure 2.

W
AlGaAs Bragg mirror Mo 22087518 Q

v

i

— 50nm —

Incident . ..

¥ L B GaAsP strain balancing layers
E In, ,,Ga, ,,As QW
| | GaAs

Figure 2. Schematic 3D representation of saturable Bragg reflector structure. A

single-quantum well structure is shown.
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A single quantum well is implemented to give rise to a larger modulation, thus
increasing the overall saturable absorption of the device while keeping other losses

minimal. The well-width and indium concentration were chosen specifically for

incident radiation at A=1047nm [16]. Further information on the design of these

structures may be found in references 17 and 18.

4.4. Diode-pumped saturable Bragg reflector mode-locked
Nd**:YVO, laser

Figure 3 shows a schematic diagram of the mode-locked Nd**:YVO, pump scheme

and resonator. The pump geometry is similar to that adopted in Chapter Three, but
using a coated lens to focus the pump radiation into the crystal. The pump source
was a 17W fast-axis collimated diode-laser bar (OPC-A020-809-CS/L), temperature
controlled for operation at 4 =808nm. The output from the array was focussed using

a spherical f=+80mm lens and side-pumped the Nd**:YVO, crystal. With this
configuration, the crystal was pumped in a thin layer of 250pum in the tangential

plane. This was comparable to the width of the laser mode within the crystal. In
order to maximise efficiency, a 7Smm radius of curvature mirror highly reflecting at

the pump wavelength was placed at a distance of 75mm from the centre of the crystal

on the opposite side from the pump source. This reflected radiation that was not

absorbed on the first pass back to the crystal. The crystal side faces were anti-
reflection coated at the pump wavelength.

The 12-mm long Nd**:YVO, gain medium crystal was Brewster-Brewster cut, with
the optical axis (c-axis) normal to the sagittal plane in order to exploit the high gain
cross-section and the lower thermal lensing of the extraordinary beam. The top and
bottom faces of the crystal were covered in indium foil and held in a spring-loaded
water-cooled oxygen-free copper mount. Cooling in the tangential plane generated a

lower temperature gradient across the crystal. The Brewster end surfaces of the

crystal were finished to laser quality. In order to suppress parasitic reflections,

49



ultraviolet cured optical glue (Norland NOAG61) was placed on the crystal surfaces as

shown in figure 4 [18]. This ensured a single circular beam output and reduced

overall loss of the system.

[n order to allow recovery of the SBR and access high peak powers, a resonator
longer than 0.5m was chosen. To eliminate astigmatic effects, the resonator was
designed with angular tolerance in mind, as described in Chapter 2.4.1. This
corresponded to a 4 mirror (inclusive of SBR mirror) cavity. This permitted

focussing of the laser mode into the gain medium to match the mode volume of the

pump radiation.
Output
75mm ROC
MITTOT W T . 500mm ROC
HR@808nm [ { \ mirror
=~ HR@1064nm

Peltier Heat

Nd*:YVO,

100mm ROC

uncoated lens
MIITor
HR@1064nm 17W diode bar

Figure 3. Schematic representation of SBR-modelocked Nd’*:YVOj, laser. Pulses of
Ar =33ps were measured at a repetition rate of 235MHz with 4.4W of average
power. The oscillating wavelength is 4 = 1064 nm, and the output is a TEMg, beam.

To minimise feedback, the rear surface of the SBR was scratched and attached to a

Peltier device to permit heating to tune the absorption of the quantum well to the
oscillating wavelength of the laser. All cavity mirrors wedged with a minimum of 1°
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and were specifically highly reflecting (>99.7%) at the oscillating wavelength of
A =1064nm, with the exception of the output coupler. The output coupler was a

plane mirror of 90% reflectivity at the oscillating wavelength and a 10° wedge on the
rear surface to eradicate etalon eftects. The evolution of the mode diameter is

described by figure 5. The mode radus on the SBR was calculated to be around

S0um. This tight focussing was required to increase the intensity of the laser to
decrease the mode-locking threshold. However, focussing too tightly was found to

damage the SBR structure, with an estimated damage threshold for the structure

discussed here on the order of 7 = 3x10° Wem™.
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Figure 4. Ray-tracing image depicting suppression of parasitic reflections by use of

optical glue [18].
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Figure 5. Evolution of mode diameter on propagation through resonator calculated
via MathCAD v6.0 program.
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4.5. Results

With 17W of pump power as described, an average power of 4.4W of radiation at
2 =1064nm was measured in a TEMy beam with a measured oscillation threshold

of 600mW. The repetition rate of the laser was 235MHz, which is a pulse separation
of 4.4ns, as shown in figure 6.

Signal (a.u.)

0

h I ————

Time (ns)

Figure 6. Mode-locked pulse train from SBR mode-locked diode pumped

Nd**:YVO, laser. The pulse separation was measured as 4.4ns.

The beam profile was confirmed by use of a charge-coupled device (CCD) camera 1n
both near and far field. The output was near-diffraction limited, with M*>~1.1. The
SBR was held at a constant temperature of 22 + 0.5°C using the Peltier control. The
pulse duration was measured with a non-collinear second harmonic generation
autocorrelator. Using phase-matched Mg,:LiNbO3 as the second harmonic crystal,

the pulse duration was measured to be 33ps, under the assumption of a sech’® pulse-
shape. This corresponds to a peak power of 567W,
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Figure 7. Pulse duration of SBR mode-locked Nd**:YVO4 laser.

Although the gain bandwidth of Nd**:YVO, of 0.96nm corresponds to possible pulse
durations of 1ps, the measured pulse duration was significantly longer. This is
attributed to the small modulation provided by the SBR structure. Also, the SBR
structure was originally grown for operation at 1 =1047nm and therefore is non-
optimal. Although these longer pulses do not have the advantage of the higher peak

powers, they are entirely suitable for pumping of nonlinear materials and have the

advantage over femtosecond pulses with regards to cavity length tolerances in optical

parametric oscillators. Pulse durations shorter than those presented here have been

measured in SBR mode-locked Nd**:YVO, lasers, but these sources Incorporate

saturable Bragg reflectors with strain relaxation. However, the pulse durations

observed in such lasers are typically 20ps, which is not greatly different from those
obtained using conventional SBR structures [19, 20].

The spectral output of the laser was also measured, with a typical pulse spectrum as

illustrated in figure 8. The spectrum was measured to be 16GHz, approximately 1.6
times bandwidth limited for a sech® pulse. It is noted that the peak of the pulse

spectrum does not correspond to the wavelength of the emitted radiation, due to a
calibration error in the spectrometer.
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Figure 8. Pulse spectrum of SBR laser output. The peak of the spectrum is not at the

wavelength of emission due to a calibration error. A spectral bandwidth of 16GHz

was measured.

Stable mode-locking was observed for average powers greater than 2W. At lower

powers, the output was subject to relaxation oscillations and Q-switched

modelocking.

Laser Average Repetition Pulse duration | Peak power
power (W) | frequency (MHZ) | (ps)
AR

Table 1. Comparison of APM and SBR laser characteristics.

The principal properties of the APM laser and SBR mode-locked laser are displayed
in table 1. The characteristic high peak power delivered by the APM laser is ideal

for frequency conversion experiments. However, as discussed in Chapter Three, the

APM laser is extremely sensitive to vibration, unlike the SBR laser. Additionally,
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the SBR mode-locked laser does not require complex cavity locking electronics.

Since a reliable platform 1is required, the SBR mode-locked laser was chosen as the

basis for further experiments.

4.6. Conclusions

In conclusion, a robust and reliable laser delivering 33ps pulses at a repetition rate of
235MHz with an average power of 4.4W was demonstrated. This corresponds to a
peak power of 567W. Although this is significantly less than the peak power
obtained from the additive pulse mode-locked laser described in Chapter Three, the
SBR mode-locked laser was considerably more tolerant to vibration, resulting in a

turnkey system. Therefore, it is the SBR mode-locked laser that forms the basis for

the nonlinear experiments that follow.
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Chapter Five

Nonlinear Optical Frequency Conversion

5.1. Introduction

The advent of the laser in the 1960’s opened up areas of research which were
previously inaccessible with incoherent sources of radiation. One such field 1s that
of nonlinear optics. Since the first experiment by P.A. Franken ef al. in 1961 [1], this
branch of optics has given rise to unique sources for a variety of applications. Using
second and third order properties which are exploited by using the large electric
fields generated by a laser, effects such as the Kerr effect, Raman scattering and
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