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Abstract 

This thesis concerns the application of two different, novel techniques to the design and 
in the operation of broadband, quasi-phasematched, ferntosecond, optical parametric 

oscillators with the aim of reducing the operational thresholds of such systems. 
The first technique was concerned with improving the overall efficiency of the 

parametric process by using chirped frequency conversion to extend the length of the 

nonlinear crystal while simultaneously maintaining a conversion bandwidth comparable 

to that of shorter crystals. Two experiments were performed using this technique, the first 

of which made use of a 20mm long crystal of aperiodically poled potassium titanyl 

phosphate (APPKTP) and demonstrated a record threshold of 14.4mW (Chapter 3). The 

second experiment (Chapter 4) involved the operation of an OPO using a 10mm crystal of 
lithium niobate (LN) with multiple lateral gratings designed to enable a direct comparison 
between chirped (APPLN) and unchirped (PPLN) operation to be made. 

The second technique concerned a photon recycling scheme as a route to 

increasing the energy efficiency of the parametric process by improving quantum 

efficiencies. A third experiment (Chapter 5) involved the building of an idler resonant 
OPO that used a PPLN crystal with two gratings arranged in tandem where the signal 

output generated in the first grating was used to pump the second grating producing an 
idler to match that produced in t6 first grating. This allowed two idler photons to be 

created for each pump photon destroyed thus improving the quantum efficiency. 
A fourth experiment was also carried out that made use of the APPLN OPO as a 

broadband source with which absorption spectroscopy on methane gas was performed at 

several different pressures ranging from 2bar to 25mbar (Chapter 6). This experiment 

was designed to test the principle of using an OPO rather than a thermal source to 

perform FTIR analysis of the transmitted beam and the idea was to identify specific areas 

where further work could be carried out to develop the technique into a viable alternative 
to using standard thermal FTIR spectrometers. 

i 



To Ben, for the past and for the future. 
Benjamin Price, 19/12/1922 - 18/4/1997 



Contents Page No. 

Chapter 1: An Introduction to Ultrafast Optical Parametric Oscillators 1- 27 

1.1 

1.2 
1.3 

1.4 

1.5 

Introduction 1 

1.1.1 Motivation I-9 

1.1.2 The Evolution of Ultrafast Optical Parametric Oscillators 9- 15 

1.1.3 A Summary of Ultrafast Quasi-phasematched Optical Parametric 

Oscillators is - 19 

A Review of Chirped Frequency Conversion 19 -20 
Reducing Operational Thresholds in Quasi-phasematched Optical Parametric 

Oscillators using Chirped Frequency Conversion 20 - 21 

Thesis Structure 22 - 24 

References 24 - 27 

Chapter 2: Theoretical Background 28 - 83 

2.1 Introduction 28 - 29 

2.2 Linear and Nonlinear Pulse Propagation 29 - 55 
2.2.1 Linear Dispersion 30 - 35 
2.2.2 Other Sources of Linear Dispersion 35 - 37 
2.2.3 The Duration-Bandwidth Product 38 - 39 
2.2.4 Temporal Measurements of Ultrashort Pulses 39 - 43 
2.2.5 Spectral Measurements of Ultrashort Pulses 44 
2.2.6 Simulation of Time-domain Pulse Measurements 44 - 46 
2.2.7 Nonlinear Pulse Propagation 47 - 48 
2.2.8 Self Phase Modulation 48 - 52 
2.2.9 The Nonlinear Schr6dinger Equation 52 - 55 

2.3 Electromagnetic Wave Theory 55 - 62 
2.3.1 Polarisation and the Nonlinear Tensor 56 - 58 
2.3.2 The Coupled Wave Equations 58 - 62 

2.4 Quasi-phasematching 62 - 74 
2.4.1 Conversion Bandwidth and the Figure of Merit 68 - 74 

2.5 Ferntosecond Optical Parametric Oscillators 74 - 81 

2.6 Conclusions 81 

2.7 References 81 - 83 

iii 



Chapter 3: A Femtosecond Optical Parametric Oscillator based on 
Chirped-pulse Frequency Conversion in KTP 84 -132 

3.1 Introduction 84 - 85 

3.2 Review of Aperiodically Poled Structures in Optical Systems 85 - 91 

3.3 Experimental Configuration - Design, Fabrication and Alignment 92 - 118 

3.3.1 Crystal Design Basics 94 - 96 

3.3.2 Material Choice, Grating Design and Experimental Preparation 97 - 99 

3.3.3 Cavity arrangement 99 - 101 

3.3.4 Pump-pulse Characterisation 102 - 105 

3.3.5 Alignment Procedure 105 - 118 

3.4 Experimental Results - Operational Characteristics 118 - 126 

3.4.1 Conversion Efficiency and Oscillation Threshold 119 - 122 

3.4.2 Tuning and Spectral Characteristics 122 - 125 

3.4.3 Time Domain Measurements 125 - 128 

3.5 Conclusions and System Improvements 128 - 130 

3.6 References 130 - 132 

Chapter 4: Comparison of Ferntosecond OPOs using PPLN 

and APPLN 133 - 183 

4.1 Introduction 133 - 134 

4.2 Pump Preparation and Characterisation 134 - 143 

4.2.1 Pre-chirping of the Pump-pulses 134 - 139 

4.2.2 Temporal Characterisation of the Pump-pulses 139 - 143 

4.3 Optical Parametric Oscillator Design and Construction 143 - 156 

4.3.1 Crystal Design and Mounting 143 - 147 

4.3.2 Cavity Design and Construction 147 - 150 

4.3.3 Alignment Procedure 150 - 156 

4.4 Comparison of OPO Characteristics Using Chirped and Unchirped 
Gratings 156 - 179 

4.4.1 Power Conversion 158 - 169 

4.4.2 Spectral Characterisation 169 - 176 

4.4.3 Temporal Characterisation 176 - 179 

4.5 Conclusions and System Improvements 180 - 182 

4.6 References 183 

iv 



Chapter 5: A Femtosecond Idler Resonant Tandem Optical 
Parametric Oscillator 184 - 250 

5.1 Introduction 184 - 186 

5.2 Review of the Tandem Optical Parametric Oscillator 186 - 204 

5.3 Experimental Set up - Design, Construction and Implementation 204 - 215 

5.3.1 Crystal Design and Mounting Arrangement 207 - 211 

5.3.2 Cavity Design and Construction 211 - 212 

5.3.3 Alignment Procedure 212 - 215 

5.4 Experimental Results and Operational Characteristics 215 - 247 

5.4.1 Spectral Domain- Phasernatching Plots and Experimental Data 215 - 239 

5.4.2 Temporal Domain- Pulse Durations 239 - 243 

5.4.3 Power Conversion Performance 243 - 247 

5.5 Conclusions and System Improvements 247 -249 
5.6 References 249 - 250 

Chapter 6: Mid-Infrared Absorption Spectroscopy of Methane Gas using a 
Broadband Ferntosecond Optical Parametric Oscillator 251 - 302 

6.1 Introduction 251 - 252 

6.2 Theory of Fourier Transform Spectrometry 252 - 259 

6.2.1 Wavenumbers and Spectral Resolution 258 - 259 

6.3 Review of the Use of Optical Parametric Oscillators in the Field of Fo urier 
Transform Infrared Spectroscopy 259 - 263 

6.4 The Optical Parametric Oscillator Pump Source 263 - 270 

6.4.1 Adaptation of the Pump Source from a Previous System 264 - 267 

6.4.2 Alignment Procedure 267 - 270 

6.5 Acquisition of High Resolution Spectra 270 - 299 

6.5.1 Experimental Set-up 271 - 275 

6.5.2 Complete Results and Summary 276 - 299 

6.6 Conclusion and Future Developments 299 - 302 

6.7 References 302 

Chapter 7: Conclusions 303 - 310 
7.1 Technical Conclusions 303 - 307 

7.2 General Conclusions and Future Developments 307 - 310 

7.3 References 310 

Publication list 311 - 312 

V 



Chapter 1: An Introduction to Ultrafast Optical Parametric Oscillators 

Chapter 1: An Introduction to Ultrafast Optical 

Parametric Oscillators 

1.1 Introduction 

1.1.1 Motivation 

1.1.2 The Evolution of Ultrafast Optical Parametric Oscillators 

1.1.3 A Summary of Ultrafast Quasi-phasematched Optical 

Parametric Oscillators 

1.2 A Review of Chirped Frequency Conversion 

1.3 Reducing Operational Thresholds in Quasi-phasematched Optical 

Parametric Oscillators using Chirped Frequency Conversion 

1.4 Thesis Structure 

1.5 References 

1.1 Introduction 
This chapter presents an introduction that explains the motivation behind the work 

described in this thesis, introducing the basic motivations of the project such as the 

improvement of conversion efficiency and threshold, and outlining our method used to 

reduce operational thresholds. A general historical review of the optical parametric 

oscillator (OPO) is presented along with a more focused technical overview of the 

development of the ultrafast quasi-phasematched (QPM) OPO. Also included is a review 

of the state-of-the-art systems reported worldwide at the time of writing and an overview 

of the rest of the thesis giving brief details of the contents of each chapter. 

1.1.1 Motivation 

In recent years there has been significant attention paid to the development of ultrafast 

diode pumped solid state (DPSS) laser sources as cheaper and more compact alternatives 

to the expensive and bulky systems currently in use. Some of the media that are suitable 

for direct diode pumping, such as CrUSAF, are capable of producing outputs that are 

very similar in terms of pulse durations and wavelength coverage to that of a Ti: sapphire 

laser, except with lower output powers. As a result these sources are attracting a lot of 

interest from the industrial sector as well as the academic sector and the research field is 

rapidly expanding. Developments are generally focusing on the miniaturization of these 
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Chapter 1: An Introduction to Ultrafast Optical Parametric Oscillators 

systems with the aim of producing highly compact and robust ultrafast sources for a 
fraction of the cost of the currently favoured systems. An increasing number of small 

companies are being created from academic research groups carrying out the research 

around the world and their aim is to take advantage of this industrial interest by providing 

some of these new laser systems. Two such European companies are 'High Q-Lasers' 

from Austria and 'GigaTera' from Switzerland, who have both gained significant benefit 

from the research conducted by their parent groups. High Q-lasers sells the more 

traditional DPSS laser systems along with some of the recently developed miniature 

models. One particular model, the UC, has a base size of (180mm. x 100mm x 55mm) 

and is capable of producing an output of 100mW at 1.06gm with pulse durations of less 

than 200fs and a repetition frequency of 70MHz making it a truly compact source of 

ultrafast radiation. GigaTera has concentrated on high repetition frequency sources with 

one unit, the ERGO, producing an output of I OmW with pulse durations in the range of I- 

10ps at 1535nm and a repetition frequency of IOGHz. This model is specifically aimed at 

the telecommunications market for use in the development of wide bandwidth, multiple 

channel telecommunications systems but it also is applicable to an array of measurement 

and testing applications. Despite the current decline of the telecommunications sector the 

industry appreciates the massive benefit these ultrafast sources can offer the development 

of dense wavelength division multiplexing (DWDM) [1] and optical time division 

multiplexing (OTDM) [2] systems. Lucent technology has already demonstrated a 110 

channel WDM system based on a fenitosecond laser [3] and companies like 'High Q 

lasers' and 'GigaTera' are positioned to justify the time and money already invested in 

the research and development of the cheap, compact, high repetition frequency sources. 
The applications of ultrafast lasers can be separated into those that fully exploit 

the high time-resolution of the source and those that benefit from other aspects like high 

peak power or high repetition rates. Concentrating on the first category of applications, 
here an ultrafast laser is used like a camera that takes a picture of a fast event, allowing 
the viewer to study the situation captured in detail. However, for the camera to take a 

useful and well-defined image the shutter speed needs to be quicker than the event itself 

or the detected image will be blurred. This basic principle is generally true so that in 

order to study a dynamic event you need an even faster event with which to strobe it and 

so obtain a measurable outcome that is frozen in time. For example many biological and 

chemical processes occur on timescales of the order of a few picoseconds or less, so in 

order to study these processes in detail ultrafast sources are necessary. These studies 
enable us to gain a better understanding of certain biological and chemical reactions that 
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could enable the development of more effective drugs and delivery methods for medical 

treatments. Semiconductor material development is also another area in which ultrafast 

sources are used to image materials and study processes such as carrier dynamics, 
I 

offering a way of devising and improving the performance of these materials. To do this 

time resolving techniques are needed that can be used to study these dynamical processes 

with ferntosecond resolution and so we need practical and reliable sources of ultrafast 

pulscs to make the measurements. Depending on the characteristic recovery time of a 

process, ultrafast lasers with repetition frequencies from ]kHz to IOOMHz are used. 

Figure (1.1) shows a schematic representation of some of the more common application 

areas that make use of ultrafast sources showing the approximate range of durations and 

repetition frequencies that are utilized by the fields. The diagram only covers some of the 

more popular sources and is in no way exhaustive, for a more detailed description of the 

areas of application please refer to reference [4]. 

I Psec 
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Fig. ]. 1: A schematic of'some of the more col? "noll applications qj'ultrafast sources along with their 

particular requirements in terms ofpulse duration and powers1repetition frequencies. 

The remaining and perhaps larger set of applications makes use of many of the 

other properties of ultrafast pulses such as their high peak powers, broad spectral 

bandwidth and short coherence length. Looking at the peak powers available it is easy to 

see that ultrafast sources offer substantially higher peak powers with modest average 

output power due to their short pulse durations. This allows nonlinear processes to be 
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efficiently driven by the high intensity pulse trains without leading to thermal damage 

resulting from high average powers. As a result applications such as multi-photon 

absorption microscopy [5,6] and optical coherence tomography [7,8] arc possible via 

nonlinear processes such as two photon absorption (TPA) and parametric conversion that 

can use low-avcrage power ultrafast systems. Other industrial applications like 

techniques for processing materials such as cutting and hole drilling make use of ultrafast 

pulses as high precision machining tools. For example cutting high explosives requires a 

non-thcrmal mechanism for machining to avoid explosions and so it is not possible to use 

CW or even ns lasers as they operate by thermal mechanisms. Ultrafast sources on the 

other hand have an almost negligible thermal effect due to their short duration and so can 

be used for the cutting and shaping of explosives [9]. Another machining technique is 

hole drilling and most materials benefit from the use of ultrashort pulses as they offer a 

high precision technique with a noticeable reduction in thermally associated material 

damage like a heat-affected zone and re-cast formation [10]. Most of the unwanted 

damage to a material machined using a CW or ns laser is due to thermal effects, which 

can be significantly reduced by using particular ultrafast sources. Table (1.1) below lists 

some selected specific applications along with some of the corresponding ultrafast source 

ýequirements. Again, the list is not an exhaustive one but it gives the reader an insight 

into the specifics of some particular applications. A whole thesis could be written on the 

applications themselves and how they benefit from by using ultrafast sources so for more 

details on the specific applications pleased refer to the listed references. 

Application 
Pulse 

Duration 
Ppeak Paverage Wavelength 

Repetition 

Frequency 

Two-photon absorption imaging [I I] 120fs 312W 3mW 1250m-n 80MHz 

Distance metrology [12] 180fs I. IkW IOMW 780+1560nm 50MHz 

2-Photon polymerisation [ 13] 150fs 913W lOMW 780nm 76MHz 

DVtrDM systems [14,15] 90fs -15kW -50mW 1550mn 37.6MHz 

optical Coherence Tomography [ 16] 50-400fs 1.5-1 IkW 45mW 830nm. 80MHz 

Laser Micromachining [17] loofs 50OMW 50mW 780nm IkHz 

THz Imaging [ 18] 250fs 16MW 1W 830mn 250kHz 

Nonlinear Frequency Conversion [19] 11 Ofs -95kW I 
800mW 765nm 76MHz 

Table 1.1: Some common applications of ultrafast laser sources along with some of the more common 

ultrafast Properties useful to that application. 
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Chapter 1: An Introduction to Ultrafmt Optical Parametric Oscillators 

The range of fields that can make use of ultrafast sources explains the large amount of 
interest in the development of sources and gives some indication of the industrial interest 

in this technology. Considering the relatively young age of ultrafast optics and the 

scientific and financial benefit already introduced it is hardly surprising that the further 

development of this field is of significant interest to the scientific community and the 

world as a whole. 
in terms of laser gain media the near-infrared/visible region of the spectrum has 

an abundance of materials that can be used to produce a wide range of output 

wavelengths with various bandwidths and powers to match the needs of ultrafast 

applications. When it comes to ultrafast sources it becomes a simple matter of locating 

the appropriate source with the necessary wavelength and bandwidth to produce 

ultrashort pulses. Due to the methods used for ultrashort pulse production (generally 

called modelocking) a form of the bandwidth theorem arises that places a restriction on 

the spectral and temporal characteristics of transform limited pulses. The time-bandwidth 

product is given by equation (1.1): 

AzA v ýý 0.4 (1-1) 

where A -r is the pulse duration, Av is its bandwidth and the constant is dependent on the 

pulse profile. Therefore shorter pulses require a broader bandwidth to allow their 

generation. In the near-IR region (700 - 1000run) of the spectrum there are several laser 

media with the appropriate emission bandwidth necessary to support ultrashort pulses and 

one of the more popular materials is titanium doped sapphire as it is a high gain medium 

capable of supporting ultrashort pulses over a large tuning range. Concentrating on 

longer infra-red wavelengths (A > LOgm) a problem arises because the laser sources that 

are available in this region generally have more limited tuning and cannot readily be used 
for ultrashort pulse production over wide wavelength bands. As a result the infrared 

region of the spectrum suffers from a lack of ultrafast sources, which has restricted the 

development of applications despite the importance of this region to medical and 

communication applications. 
Some of the more commonly used ultrafast gain media are presented in the figure 

below along with their emission profiles and the wavelength regions over which they 

have been shown to generate ultrafast outputs. The coloured profiles at the top of the 

figure represent the emission regions of the sources and the coloured bands at the bottom 

of the figure represent the regions over which the sources have been modelocked. 
Several factors determine the regions where modelocking has been demonstrated such as 

the overlapping of the absorption and emission regions limiting the output range of the 
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source and absorption bands due to atmospheric or intra-crystal absorption. All of these 

factors have contributed to restricting the ranges over which different media have been 

modelocked and produced ultrafast outputs. As can be seen from Figure (1.2) the most 

versatile source to date is the Ti: sapphire [20] which has been shown to modelock over a 

300-400nm region making it a very useful visible to near-IR source. Coupled with the 

high gain of the medium it becomes evident why Ti: sapphire lasers have become the most 

common sources for visible to near-IR ultrafast applications requiring high average power 

(-I Watt). Other sources such as Cr: LiSAF [21], and Cr: LiSGaF [22] have similar sized 

emission bandwidths but modelock over a much smaller wavelength range. Cr: Fosterite 

[23,24] is another useful gain medium with its emission bandwidth centred at around 

1/tm and covering a broad region of around 300-400m-n just like Ti: sapphire but to date it 

has only been modelocked over a small range of wavelengths. At longer wavelengths 

Cr: YAG [251 and Er: Fibre [26] lasers are popular sources covering the 1.5Am region but 

again both have only been modelocked over a relative narrow wavelength region. 

-\ /-ýCr: Forsterite4 Ti: sapphirel/Xý'\ 

: YAG5 

r: LiSA 
Er: fibre6l 

-0 MG) 0 

600 Boo 1000 1200 1400 1600 

Wavelength (nm) 

Fig. 1.2: A schematic illustration of the spectral coverage and confirmed modelocked coverage of several of 

the more common ultrafast gain media around the near to mid infrared region of the spectrum. 

Elsewhere in the near to mid infrared there remains a distinct lack of laser sources with 

the bandwidth necessary to support modelocked pulse trains and as a result research fields 

and applications within this region of the electromagnetic spectrum suffer from a lack of 

practical ultrafast sources. There has in recent years been some interesting research into 

the development of an infrared equivalent to Ti: sapphire, Cr: ZnSe [27], which exhibits an 

6 



Chapter 1: An introduction to Ultrafast optical parametric ()scillators 

emission spectrum ranging from 1.8 -3 gin making it more than sufficiently broadband in 

theory to support ultrafast pulses. There have been some problems with the development 

of this material because its absorption spectrum requires that it is pumped at -1.8gm, 

which is a difficult wavelength at which to find a suitable pump source and further 

research is needed before this material can be developed into a useable ultrafast gain 

medium. 
The lack of broad bandwidth sources in the near to mid IR region drove the optics 

community to develop alternative methods of producing ultrafast pulses and today one of 

the favoured techniques is parametric frequency conversion. Parametric frequency 

conversion makes use of nonlinearities in certain materials to generate an output that has 

similar temporal characteristics to the pump sources. By using ultrafast pump sources 

femtosecond or picosecond outputs can be generated that are generally highly desirable as 

they show high spatial and spectral quality and very large tuning ranges. Schemes such 

as the ultrafast optical parametric amplifier (OPA) and optical parametric oscillator 

(OPO) have been demonstrated and are highly versatile, robust sources of ultrafast near 

and mid-infrared radiation with uses in applications such as semiconductor spectroscopy 

and microscopy, the telecommunications industry and many of the applications listed 

above. The process of parametric frequency conversion in an OPO is particularly 

attractive because it offers high repetition frequency tuneable pulses but conventionally it 

requires high pump powers to allow the conversion to take place. As a result high 

powered ultrafast sources such as Ti: sapphire ffs) or Nd: YLG (ps) are necessary to pump 

such OPOs, so although OPOs are important sources of ultrafast IR radiation they are still 

bulky and complex systems. In this context, any developments in pump sources in terms 

of their size, cost and portability could in principle be inherited by the OPO, making the 

entire system smaller, cheaper and more versatile. - Ultimately this could allow ultrafast 

sources to maintain the same spectral coverage but with a reduced cost and size. This 

vision encounters a problem in that the high operational thresholds of current OPO 

systems are too high for new compact but lower power DPSS femtosecond lasers to be 

considered as viable pump sources. The output power of these compact sources is of the 

order of the operational threshold in conventional ultrafast OPOs and as a result any OPO 

output will be small and of limited use for most applications. In order to gain maximum 

benefit from the development of these new compact sources, techniques need to be 

developed that address the problem of the high operational thresholds in ultrafast OPOS. 

The issue of OPO thresholds is not a trivial one and is perhaps best illustrated by 

considering equation (1.2), which describes the efficiency of the conversion process: 
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77 OC 12 sinC2 
Akl 
2 

where 1 is the crystal length and Ak is the wave vector mismatch between the pump and 

converted frequencies generated by the interaction in nonlinear crystal. The argument of 

the 'sinc' function, Ak1/2, gives the bandwidth of the efficiency curve and defines the 

range of wavelengths that can be efficiently converted by the crystal and contribute to the 

gain of the generated output pulses. For a fixed wave-vector mismatch (see Chapter 2 for 

a detailed analysis of phasematching) any change in the crystal length will result in a 

change in the bandwidth of the efficiency curve; a reduction in length will see a 
broadening of the conversion bandwidth and an increase will see a contraction. Similarly, 

for a fixed crystal length, any change in the wave vector mismatch will result in a change 
in the conversion efficiency, a reduction of the mismatch will see a broadening of the 

conversion bandwidth and an increasing in the mismatch will result in a contraction. So, 

in order to maintain the same efficiency in the conversion process, the argument in 

equation (1.2) needs to remain constant meaning that the relationship between the crystal 

length and its conversion bandwidth is inversely proportional. As mentioned previously, 

ultrafast pulses are inherently broadband due to the modelocking requirements and so for 

an efficient parametric conversion process in an ultrafast OPO a short crystal is necessary 

to allow the whole bandwidth of the pump pulses to be converted. But equation (1.2) 

indicates that short crystals offer low efficiency and will therefore have naturally high 

thresholds. This results in a conflicting requirement that dictates the need for a 

compromise when determining the appropriate crystal length and available gain based on 

achieving efficient broadband conversion of the pump pulses. It is frequently the case 

that conversion of the entire pump pulse is favoured over increased crystal length in order 

to maintain the conversion efficiency as current pump sources offer more than sufficient 

power to overcome the operational thresholds and produce a useful output. For the new, 

compact but lower powered sources to replace the higher powered pumps operational 

thresholds in OPOs need to be reduced to a level where the OPO could be pumped several 

times above threshold to produce large enough outputs to be useful. So any reduction in 

threshold would need to address the issue of the efficiency of the conversion process and 
how to get more gain out of the system. 

In this thesis I will describe work that addresses this issue of high operational 
thresholds in ultrafast OPOs and evaluates novel techniques designed to reduce threshold 

values to the point where lower powered, diode pumped, compact, ultrafast laser sources 

can be used as pumps. The immediate benefit provided by this approach is that the 
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laser/OPO system could become smaller, cheaper and more robust, increasing its 

attraction as a practical tuneable source of near to mid-IR radiation. 
Before I outline the approach adopted herein I will describe the major milestones 

in the historical development of the ultrafast OPO in order to explain the major issues that 

are encountered in developing a low threshold ultrafast OPO. 

1.1.2 The Evolution of the Ultrafast Optical Parametric Oscillator 

Since the first lasers were built in the early sixties [28,29] there has been an ongoing 

search for gain media to cover as much of the electromagnetic spectrum as possible. 

Very early on it became obvious that in certain spectral regions, such as the visible, 

sources were abundant and today these regions are well populated with a diversity of 

different sources offering a range of wavelengths and bandwidths. Other regions such as 

the near and mid-infrared on the other hand have suffered from a lack of sources due to 

the limited number of materials with the necessary energy structure to allow efficient 

pumping and laser emission. This lack of gain media presented problems in the scientific 

community because some of the most useful and interesting applications required sources 

in this region. Many applications are today flourishing due to the presence of the near to 

mid-IR sources that only became available in the last 10-20 years and these include 

spectroscopy, remote sensing of atmospheric pollutants, photochemistry, semiconductor 

analysis, microscopy and telecommunications. 

The development of broadly tuneable near to mid-IR sources has been slow, as it 

has necessitated the emergence and development of new ultrafast-pulsed laser sources 

and new developments in materials and non-linear optics. Modem techniques based on 

parametric frequency conversion and quasi-phasematching (QPM) today form an integral 

part of many practical tuneable laser systems. Parametric frequency conversion is a 

process originating in radio and microwave frequency techniques where it was first 

proposed in 1960 by Louisell [30]. In simple terms it can be thought of as a 3-wave 

frequency-mixing event that occurs in a nonlinear medium due to its particular nonlinear 

susceptibility. In aX 
(2) 

nonlinear process no energy exchange with the medium takes 

place and so the 3-wave frequency-mixing event must satisfy the law of conservation of 

energy, described by equation (1.3): 

CO3 = Co 2 +Q)l (1.3) 

with C03 > C02 > Col. The highest frequency, 0)3 is called the pump frequency and is used 

to generate two lower frequencies, C02 and CO, , called the signal and idler. 
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Conventionally there has always been some ambiguity between which of these two 

generated frequencies is called the signal and which is called the idler. One convention 

defines the signal as C02, the higher of the two generated frequencies which defines the 

idler as the lower of the two generated frequencies, Col. The other convention defines the 

signal as the generated frequency of most interest making the idler the frequency of lesser 

interest. For the purposes of this thesis the first of these two conventions will be used 

throughout, namely that the signal is the higher of the two generated frequencies (C02) 

and the idler will be the lower (Col). In many applications it is common for only one of 

the two generated frequencies to be utilised in some way and the unused frequency is 

simply ignored. 

There are several fundamental differences between the two parametric frequency 

converting devices mentioned above that make each of them useful to particular situations 

and applications. The first device is an OPA where the nonlinear crystal is seeded by a 

tuneable but weak input at 0)2 and the use of a strong pump source means that high-gain 

single pass amplification is possible. This approach allows a high level of tuning in the 

outputs but requires very high pump powers to achieve significant conversion. This 

device will not be considered again in this thesis and so will not be discussed further. The 

second device is the OPO and is the focus of all of the work discussed in this thesis. The 

main differences between an OPA and an OPO are that in an OPO, no seed is used to 

stabilise the parametric conversion process and a cavity is placed around the nonlinear 

crystal to allow one (singly-resonant) or both (doubly-resonant) of the generated outputs 

to resonate. In an OPO quantum noise within the cavity acts as the seed for the 

conversion process allowing much lower powers to be used to achieve efficient 

conversion but this results in a reduction in the tuning range in comparison with an OPA. 

However because parametric conversion is aX (2) 
process and a non-resonant effect, very 

wide tuning is possible from both OPAs and OPOs without the restriction to fixed 

electronic energy levels encountered by laser frequency conversion. Using the 

convention mentioned above where the signal frequency is higher than the idler frequency 

(0)2 > O)l ) it is obvious that both signal and idler singly-resonant OPOs are possible and in 

these circumstances the non-resonant frequency exits the cavity after a single pass of the 

nonlinear crystal while the resonant frequency sees many passes of the crystal. 
The first OPO was successfully demonstrated in 1965 by Giordmaine and Miller 

[311 using the well known nonlinear material lithium niobate, LiNb03 and not 
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surprisingly the potential of this new type of highly tuneable oscillator was immediately 

recognized by the scientific community. Unfortunately due to severe limitations in the 

availability of appropriate gain media with the necessary nonlinear properties the 

development of the OPO into a useful tool was slow. Although the required 

nonlinearities could be found in a whole range of materials the very fact they were 

nonlinear meant that they required very high pump intensities to access them, which were 

not readily accessible at the time from the available pump sources. As well as the issue of 

available pump powers the few crystals that could be used in OPOs were severely 

restricted due to the proximity of their damage thresholds to common operational 

thresholds. Any available source that could pump the crystals with enough power to 

produce a useable output was also likely to approach the damage threshold of the crystal. 
Common crystals used in the 1970s and throughout the 1980s were potassium dihydrogen 

phosphate (KDP)[32,33], P-Barium. Borate (BBO)[34-36] and urea [37-39], all of which 

were easily damaged by the high-powered, relatively long-duration, Q-switched pulsed 
laser sources available at the time. As these were the only sources capable of producing 

the necessary powers to overcoming the high operational thresholds of the crystals the 

typical OPO during the 1970s and 1980s was more of a curiosity than a useful research 

tools. Before the OPO could evolve into an industrially useful tool as well as an 

academic one more optically robust materials were needed and shorter pulsed pump 

sources would need to be developed. Shorter pulses offer higher peak powers and allow 

nonlinear crystals to operate at lower average pump powers reducing the risk of 

permanent damage by operating well below their damage threshold. Therefore suitable 

pulsed pump sources would need to be developed before the OPO could mature into 

something more than a research curiosity. 

The 1970s and early 1980s saw very little development in the OPO, as it was 

necessary to wait for the development of broadband high-powered pump sources before 

any substantial improvements in OPO efficiency could be seen. The most significant 
development was the introduction of synchronous pumping of the nonlinear crystal within 

the cavity, where the repetition rates of the pump laser and the OPO were matched. In a 

synchronously-pumped system the converted pulse travels around the OPO cavity and 

arrives back at its starting point (within the crystal) at the same time as the next pump 

pulse arrives and the resonant pulse is therefore further amplified. The converted pulses 
therefore see further gain on each cavity round trip which results in an improved 

conversion efficiency and, in high Q cavities, a reduced operational threshold. The first 

synchronously pumped OPO was demonstrated in 1972 [32] but as the thresholds were 
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still too high the only pumping schemes capable of achieving the necessary peak powers 

for pumping ultrafast OPOs came from what became known as Q-switched modelocked 

lasers [40-42]. These pump sources produced short bursts of ultrashort modelocked 

pulses (around the picosecond range) contained within a longer Q-switched envelope (of 

the order of gs - ns), which in turn produced similar pulse trains from the OPO. As these 

were not truly continuous sources they were of limited use to many applications such as 

ultrafast spectroscopy and microscopy. The efficiency of these OPOs is limited because 

early pulses in the Q-switched pulse train are not converted, as several cavity roundtrips 

are necessary for the OPO to reach threshold. As a result only a small section of the Q- 

switched pulse train is efficiently converted and the whole build-up sequence has to be 

repeated with each new Q-switched pulse train, reducing the efficiency of the process and 

meaning that the pump lasers needed to be high powered. So again the full potential of 

the OPO was impeded by these pumping schemes and could not develop fully until pump 

sources were found that could be continuously modelocked offering an uninterrupted 

sequence of ultrafast pulses. 

In the 1980s the OPO saw a large amount of development as pulsed sources and 

material techniques improved and a large number of materials were identified as possible 

candidates for OPO crystals. However ultrafast OPOs were still restricted to the Q- 

switched schemes discussed above and pumping using truly continuous ultrafast pump 

sources was not demonstrated until the late 1980s, although this was preceded by the 

development of synchronously-pumped picosecond OPOs using Q-switched Nd: YAG 

systems [42-44]. In 1988 the first truly CW synchronously-pumped ultrafast OPO 

appeared when a picosecond CW-modelocked synchronously-pumped OPO was reported 

by [45]. In this demonstration the OPO cavity contained a nonlinear crystal of 

BaNaNb5015 which was pumped by a continuous train of picosecond pulses from an 

actively modelocked Nd: YAG laser. This was quickly followed by the first ferntosecond 

CW-modelocked synchronously-pumped ultrafast OPO demonstrated by a group at 

Cornell [46] in 1989. The fenitosecond system was based on bireffingently 

phasematched potassium titanyl phosphate (KTP), but due to KTP's low nonlinearity it 

required a high pump power to reach threshold. The restricted power of the available 
fenitosecond pump sources at the time meant that an intracavity-pumping scheme was 

necessary in reference [46] to overcome threshold. This situation changed in the early 

1990s with the introduction of the Ti: sapphire laser which was capable of producing 

continuous sequences of fenitosecond pulses with substantially higher peak powers than 

anything seen previously [20]. Not long after this the first Ti: sapphire pumped 
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continuous-wave ferntosecond OPO [47] was reported with average powers far in excess 

of those previously seen, hundreds of milliwatts rather than the few milliwatts obtained 

using dye laser pumping. It was from this point onwards that the ultrafast OPO became a 

viable research tool for the near to mid-infrared spectral region and there was a concerted 

effort to find other nonlinear materials offering alternative output powers and tuning 

ranges. Soon equally tuneable and powerful OPO systems based on new crystals such as 

rubidiurn titanyl arsenate, (RbTiOAsO4) [48] caesiurn tita'nyl arsenate, (CsTiOAsO4) [49] 

and potassium titanyl arsenate, (KTiOAsO4) [50] were reported and the OPO started to be 

recognised as a highly versatile source of tuneable infrared radiation. 
With these developments the main prevailing issue for the ultrafast OPO was to 

become that of tunability and operational efficiency. The compromise discussed in 

Section 1.1.1 between crystal length (or more correctly gain length) and wave vector 

mismatch (phasematching condition) introduced a limitation in terms of the crystal choice 

and the potential output powers. In the early demonstrations of ultrafast OPOs 

birefringent phasematching (BPM) was used and allowed the output from the OPO to be 

tuned by angularly adjusting the crystal and physically altering the interaction path within 

the crystal. One of the major problems with birefringent phasematching was that it relied 

on finding favourable propagation geometries and so was limited to only certain materials 

and pump wavelengths. To obtain appropriate converted output wavelengths the crystal 
had to be carefully angled to produce the exact output wavelengths. Furthermore, 

Poynting vector walk-off and the dependence of the effective nonlinearity on the 

propagation angle both reduced the efficiency of BPM crystals. New phasematching 

techniques would be needed to obtain further improvements in ultrafast OPOs and allow 

more fields of study to benefit from their development. 

An alternative phasematching method, first proposed by Armstrong [5 1] in 1962 

and called quasi-phasematching (QPM), was implemented in an attempt to overcome the 

material issues and offer a more versatile method of achieving pbasematching within the 

nonlinear conversion process. Today QPM is the preferred method of phasematching for 

ultrafast OPOs as it is allows a larger choice of materials to be used and offers 

engineerable phasematching through appropriate crystal design; however it does not 

remove the compromise between bandwidth and conversion efficiency discussed in 

Section 1.1.1. The gain profiles in a parametric conversion process are shown below in 

Figure (1.3) for the cases of a perfectly phasernatched (e. g. BPM) interaction (Ak=0), a 

non-phasematched interaction (Ak = ; r//,, ) and a quasi-phasematched interaction 
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(Ak =± irll, ), where 1, is the coherence length of the gain medium. In the case of a 

perfectly phasernatched interaction the generated wave sees gain throughout the crystal 

but in the non-phasematched case sees low gain that has an oscillatory character with a 

period of twice the coherence length, Ic, of the process. This effect is due to the 

conversion process generating an output that sees periodic back-conversion whereby the 

generated output is reconverted in the reverse direction to the pump wave. The greater 

the phase mismatch the greater the amount of back-conversion until the phase mismatch 

reaches 7r when all of the forward converted output is cancelled out by the back-converted 

output resulting in no net gain. The principle of QPM is to periodically re-phase the 

electric field in the gain medium at every point where back-conversion starts and allow 

the process to see a further forward conversion step. This ensures that the conversion is 

always in the forward direction and that the generated output always sees gain as it 

propagates through the crystal. Although the gain does not build up so rapidly as in the 

perfectly phasernatched case, QPM is more favourable as it allows the phasernatching 

conditions to become a feature of the crystal design rather than a feature of the material 

chosen. When it was first proposed the QPM technique was not a feasible option as the 

original idea had been to simply stack wafer thin crystals on top of each other, alternating 

the field alignment each time. However, by the early 1990s, lithographic techniques had 

developed that allowed the fields of ferroelectric crystals to be periodically reversed after 

fabrication [521 and so QPM crystals could be made. The only restriction was that the 

nonlinear material needed to be ferroelectric, thus limiting the choices of materials for 

QPM arrangements. The first successfully demonstrated quasi-phasematched 
ferntosecond OPO was reported in 1997 by groups at Cornell and Stanford Universities 

[53] and used the original OPO material, lithium niobate (LN), in a periodically-poled 

arrangement now known by the abbreviation PPLN. 

QPM has made it possible to access the higher nonlinearities seen in ferroelectric 

materials, which has allowed the operational thresholds of fenitosecond OPOs to be 

greatly reduced as it enabled the exploitation of the largest coefficient of the nonlinear 

tensor, d33. However despite these advantages periodically poled materials see an 
increase in group velocity mismatch between the generating and generated waves when 

compared directly to the birefringent case, therefore maintaining the necessary temporal 

overlap in QPM crystals is harder than in BPM crystals of the same length. So, although 

an overall improvement is seen by using QPM, the original issue of the necessary 

compromise between the crystal length and its phasernatching bandwidth still remains 

and has in fact been made harder by periodically poling the gain medium. 
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Fig. 1.3: The gain profile seen by the generated waves in a phasematched, quasi-phasematched and non- 

phasematched nonlinear crystal. 

The following sub-section reviews the progress in QPM ultrafast OPOs, highlighting the 

important milestones in their development. 

1.1.3 A Summary of Modern Ultrafast Quasi-Phasematched Optical 

Parametric Oscillators 

The introduction of the technique of QPM has revolutionised the whole field of 

parametric frequency conversion as it enables the conversion wavelengths to become a 

matter of crystal design rather than material property. The use of periodic field reversal 

in the nonlinear crystals made it possible to select the output wavelength from the OPO 

by introducing a controllable extra term into the wave vector matching equation given by 

the grating period of the field reversal in the structure (see Chapter 2 for more details). 

As mentioned already, QPM removed the need to use birefringence to phasematch the 

interaction and allowed the conversion process to gain access to the largest nonlinear 

coefficient in the nonlinear tensor, d33. Through the technique of periodic poling, any 

ferroelectric material possessing a suitably high d33 coefficient becomes a suitable 

candidate for an OPO crystal. The initial demonstration of parametric conversion in 1965 

by Giordamaine and Miller [3 1] used the material lithium niobate (LiNb03) because of its 

relatively high gain coefficient and for the same reasons it was the material of choice for 

the first ultrafast QPM OPO due to its high d33 value and its ferroelectric properties. The 
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first demonstration of a QPM OPO was made in 1995 [54] using a 15mm. long crystal of 

PPLN pumped by a lOOkHz repetition frequency, Q-switched Nd: YAG nanosecond 

pulsed laser. The system produced nanosecond pulses tuneable from 1.4 - 4. Ogm with a 

maximum output power of 220mW with an average pump power of I W. From this point 

onwards the development of QPM OPOs was swift and only two years later in 1997 QPM 

OPOs entered the ferntosecond regime when groups at Cornell and Stanford [53] 

demonstrated a high repetition rate ferntosecond OPO system also based on PPLN. This 

system, pumped by a 8IMHz, 85fs, 1.6W Ti: sapphire laser, used a 800gm long crystal of 

PPLN to produce pulses as short as 60fs with a maximum output power of 155mW and 

the signal tuning from 1.12[tm to 1.50gm. In the field of QPM OPOs PPLN has shown 

great promise and is still a very popular nonlinear medium today but despite all of its 

benefits PPLN exhibits several undesirable characteristics that make it unsuitable for 

some applications. A high operational temperature (typically > 800C) makes the systems 

more complex as they require temperature controlling and monitoring equipment and 

other performance characteristics such as increasing absorption beyond 5.5gm makes it 

unsuitable for applications that operate above these wavelengths. The need to maintain 

PPLN well above room temperature is principally to avoid photorefractive damage but 

offers the possibility to temperature tune the output and increase the system's tuning 

capabilities. Despite these minor drawbacks, PPLN-based QPM OPO systems are still 

highly favoured and are widely used today in the many important areas of research 

because they are very powerful, robust and highly tuneable systems. Ultrafast PPLN 

systems have demonstrated outputs tuning out as far as 7.3gm [55] past the 6gm 

absorption window and by using amplification techniques it would be possible to produce 

output in these regions with powers of many watts. PPLN OPOs can be pumped by a 

range of ultrafast pulsed sources including high powered visible systems like the 

Ti: sapphire laser [56], near IR solid state systems such like the Nd: YLF laser [57] and IR 

fibre systems such as a Yb: fibre laser [58]. Recent developments have seen PPLN OPOs 

used as pump sources for other systems such as OPO systems based on the material, 

ZnGeP2 or ZGP [59] and material techniques have been introduced that allow room 

temperature operation such as doping with magnesium oxide [60]. MgO: PPLN OPOs 

have undergone significant development recently but have a major drawback in having a 

lower gain coefficient and hence a higher operational threshold. The introduction of the 

magnesium oxide into the lattice structure reduces the effective nonlinearities making it a 

slightly more difficult system to pump than the original PPLN systems. 
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Despite its ongoing popularity and development PPLN is not the only material 

used in QPM systems and other widely used BPM materials such as potassium titanyl 

phosphate (KTiOPO4 or KTP)[61] and rubidium titanyl arsenate (RbTiOAS04 or 

RTA)[62] are also commonly used in the periodically-poled form. Both of these 

materials offer certain characteristic properties not available in PPLN. Importantly both 

KTP and RTA have higher photorefractive damage thresholds allowing room temperature 

operation without any doping making the fabrication process cheaper, quicker and more 

straightforward. Perhaps the biggest drawback to using PPLN is the fact that it can only 

be fabricated with small apertures (typically a maximum of - 0.5mm in width is possible) 
because of its high coercive field and so pump focusing needs to be very tight to allow 

efficient coupling into the crystal and an efficient conversion process. The limited mode 

area means there is an' increased risk of crystal damage in high-powered pumping 

schemes and it can make mode-matching between the pump and resonant modes more 
difficult. KTP and RTA have lower nonlinearities than lithium niobate but can be poled 

to larger aperture sizes [63]; for example KTP, has a much smaller coercive field 

(2kV/mm) than PPLN (2lkV/mm) allowing it to be fabricated with larger aperture sizes 
(3mm. wide apertures have been demonstrated, [64]) making it more suitable for high 

energy pumping schemes and easier to mode-match. The first periodically poled KTP 

OPO was demonstrated in 1998 by a team in Ankara, Turkey [65] and used a 8mm long 

crystal pumped by modelocked Ti: sapphire laser operating at a repetition rate of 76 MHz 

with pulses of 215fs. The OPO had an operational threshold of 150mW and produced a 

maximum output power of 140mW with 650mW of input power; the signal tuned from 

1.05gm to about 1.231im and demonstrated a pump depletion of 69%. This 

demonstration proved that PPKTP OPOs were viable alternatives to PPLN systems and 

they had the added bonus of requiring no temperature control equipment. 
Other alternatives to both KTP and lithium niobate have been investigated, 

including the above mentioned RTA, which all offer different operational features making 

them more practical options in some cases than both PPLN and PPKTP. For RTA the 

lower ionic conductivity makes it easier to pole than both PPLN and PPKTP and the 

higher transmission characteristics in the 3-5gm region [66] makes it a more favourable 

option for frequency down-conversion applications. The first PPRTA system was 
demonstrated in 1997 by a group at St Andrews [67] and used an 2mm long crystal 

pumped by a 84 MHz, Ti: sapphire laser operating at 830nm with an output of 100fs 

pulses giving an average power of 1.2W. The system demonstrated tuning from 1.06pm 

to 4.5ýtni (restricted by the cavity mirror coatings) with signal and idler powers reaching 
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the hundreds of milliwatts for pulse durations in the range of 120fs. PPRTA OPO 

systems are therefore useful alternatives to both PPKTP and PPLN OPOs depending on 

the requirements of the application. 
There are many isomorphs of the titanyl arsenates and titanyl phosphates that can 

be used in the periodically poled geometry for parametric frequency conversion processes 
in OPOs and OPAs and in other applications such as planar waveguides in integrated 

optics [68]. Both the titanyl phosphates (XTP, where X is an appropriate element) and 

the titanyl arsenates (XTA) show a lot of potential as host structures for nonlinear crystals 

for use in parametric frequency conversion processes and there are a lot of possible future 

material developments that could produce new materials of interest in the development of 

OPOs, however currently the emphasis needs to be on developing the existing QPM 

materials to offer reduced operational thresholds so they can be pumped by the new 

compact DPSS sources discussed in Section 1.1. 

over the years advances in QPM fabrication techniques have allowed several 

important characteristics of the crystal design to be altered and systems to be developed 

that provide larger tuning ranges or multiple output frequencies. For example, being able 

to engineer multiple lateral grating structures in a single crystal [69] has allowed OPO 

systems to operate over significantly extended wavelength ranges without any changes to 

the crystal or pump sources being necessary. Fine control over the individual period 
lengths within QPM gratings has enabled conversion methods based on chirped frequency 

conversion [70]. The aperiodic poling of the QPM structure in a crystal can be exploited 

to offer a wider pump conversion bandwidth by varying the poling period along the 

crystal and this is the starting point for the development of the concepts used in this work 

that address the issues of improved conversion efficiency and broad conversion 

bandwidth. Before we move onto considering chirped-crystal frequency conversion it is 

relevant to give details on the state of the art QPM OPO systems to date and these are 
briefly summarised in Table (1.2) below. The table lists the important properties of each 

of the systems containing operational characteristics of both the pump and OPO itself at 

threshold, the materials used in each system and the cavity configurations adopted. 
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Pump Pulse Information OPO Characteristics at Threshold 

Ref. Rep. Rate Poverage Ppeak Cavity 
%P (nm) ATP (fs) Epulse Material 

(MHz) (MW) (kW) Design 

[53] 793 85 81 580 84.2 7.16nJ PPLN Sw 

[56] 800 2000 76 18 0.118 237pJ PPLN Sw 

[581 1056 270 54 21 1.44 389pJ PPLN Sw 

[71] 1047 2800 105 54 0.184 514pJ PPLN Sw 

[72] 800 90 81 65 8.9 802pJ PPLN Sw 

[73] 1047 4000 120 7.5 0.0156 62.5pJ PPLN Ring 

[74] 745 150 76 25 2.2 329pJ KTP Ring 

[65] 758 215 76 150 9.2 1.97nJ PPKTP Ring 

[67] 830 100 84.2 265 31.5 3.15nJ PPRTA Sw 

[75] 870 1000 80.5 17 0.211 2lnJ PPLN Sw 

Table 1.2: This table gives operational details ofsome of the state of the art opticalparametric oscillator 

systems around at the time ofwriting. It also includes some earlier systems to give an insight into how the 

operational characteristics have changed over the years. 

1.2 A Review of Chirped Frequency Conversion 

This section outlines the approach investigated in this work for achieving high efficiency 

and low threshold ferntosecond conversion in an OPO. Before describing in detail our 

approach I will introduce the field of frequency conversion using aperiodically poled 

nonlinear crystals and its development to the point where we can apply it in OPO design. 

Advances in QPM fabrication techniques have enabled aperiodically poled structures to 

be produced with the necessary precision to permit the use of aperiodically poled crystals 

in the control of chirped ultrafast pulses. 

In this context a chirped pulse has a local carrier wavelength that varies linearly 

across the extent of the pulse. The first theoretical proposal for using chirped frequency 

conversion in ultrafast OPOs was in 1997 by a group at Stanford university California 

[76] who described how its use in a SHG QPM OPO would allow the pulse to not only 

experience second harmonic conversion but also a compression effect. The idea was to 

use a chirped fundamental pulse to generate a second harmonic pulse in an aperiodically 

poled crystal where the crystal aperiodicity matched the chirp of the fundamental pulse. 

Using this principle it was possible to convert all of the pump pulse wavelengths at 

appropriate points within the crystal at a time determined by the group velocities and 

conversion positions of the wavelengths. This way it was possible to convert all of the 

fundamental pulse wavelengths into the second harmonic at a coincident point in time 

allowing either stretching or compressing of the second harmonic pulse depending on the 
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orientation of the chirps in the crystal and pump pulses. This principle was used to 

demonstrate pulse compression in a crystal of aperiodically poled lithium niobate 
(APPLN) by the same group at Stanford [70] later that year. A 5cin long PPLN crystal 

was used to convert the chirped output of an erbium doped fibre laser at the fundamental 

wavelength of 1560nm with a duration of l7ps to near-transform-limited second 
harmonic pulses at 780nm with a duration of II Ofs. In similar work in 1999 a group at St 

Andrews [77] also demonstrated simultaneous second harmonic generation and pulse 

compression but this time in KTP using an RTA OPO as the pump sources, showing that 

it was possible to use this technique in KTP as well as lithium niobate. In this work the 

input RTA pulses were compressed from 290fs at 1.25gm to 120fs at 632nm. by a 630ýtm 

crystal of aperiodically poled KTP (APPKTP) producing an output of l20mW. In 2000 

the technique of chirped frequency conversion was used for the first time in an OPO by 

reference [78] to produce pulses with only 5 optical cycles at a wavelength of 3gm in a 

imm long crystal of APPLN. 

Frequency conversion using aperiodically poled crystals is still a young technique 

but it has already shown promise as a useful method for both compressing and expanding 

pulses during second harmonic generation, which could find many uses in research. In 

the following section I discuss the extension of the concept to make it compatible with 

achieving efficient broadband conversion in ultrafast OPOs. 

1.3 Reducing Operational Thresholds in Quasi-phasematched Optical 

Parametric Oscillators Using Chirped Frequency Conversion 

A simplistic approach to reducing operational thresholds in OPOs would be to increase 

the length of the nonlinear crystal used but, on its own, an increase in the crystal length 

would in fact cause a reduction in conversion efficiency because the conversion 
bandwidth is reduced due to its inverse relation to crystal length (equation 1.3). One 

solution to the bandwidth problem is to chirp the period of the crystal and so permit a 
broader range of wavelengths to be phasematched, allowing the bandwidth lost by 

increasing the length to be regained. In practice this means varying the grating period 

within the crystal to allow a range of wavelengths to be phasematched and creating a 
'linearly chirped' or aperiodic grating structure. In this way it is possible to both increase 

the crystal length and maintain the conversion bandwidth so allowing the efficiency of the 

process to be improved. The range of grating periods is chosen to correspond to the 

bandwidth of the pump pulse and the pump is stretched to a duration comparable to the 
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temporal walk-off time between itself and the resonant OPO signal pulse. In these 

circumstances all of the frequencies within the pump pulse are phasernatched at some 

point in the crystal meaning that all of the pump pulse can be converted to the signal 

allowing all of the available wavelengths to contribute to the process significantly 

improve the conversion efficiency. Figure (1 . 4) illustrates the approach where the longer 

wavelengths found in the trailing end of the pump pulse are converted at the beginning of 

crystal where the grating period has been designed to phasernatch longer wavelengths. 

The converted wavelengths have a faster group velocity than the pump and will exit just 

as the shorter wavelengths found in the leading edge of the pump pulse are converted by 

the matched grating period at the exit of the crystal (see Fig. 1.4 below). 

If the pump and crystal chirps match exactly then the entire range of wavelengths 

in the pump pulse can be converted by the crystal. If the entire length of the crystal can 

be utilized and the complete range of wavelengths present in the pump pulse can be 

converted then the process of parametric conversion becomes significantly more efficient 

than previous methods. 
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Fig. ]. 4: Schematic representation of the principle of chi, -pedfrequency, conversion in a chirped crystal. 

This proposed approach is not entirely new having been utilized before in 

parametric conversion processes to aid pulse compression In second han-nonic generation 
[70] and in the production of few cycle ferntosecond pulses [78]. However, the difference 

here is that a substantial chirp is used on the pump pulse to improve the conversion 

process and allow for longer crystals to be used, giving the potential to substantially 

lower the threshold of operation. 
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1.4 Thesis Structure 

The remainder of this thesis is organised as follows: 

Chapter 2 is an analytic review of the mathematical concepts relevant to the 

nonlinear optics of OPOs including the introduction and development of formulae and 

techniques needed to understand the work from a theoretical prospective. It will 

introduce the basic principles of linear and nonlinear pulse propagation and present the 

coupled wave equations explaining how they govern parametric frequency conversion 

processes. An analysis of nonlinear interactions will be described giving examples for the 

two materials used in this thesis, potassium titanyl phosphate and lithium niobate. A 

review of dispersion for linear and nonlinear pulse propagation will be given including 

definitions, mathematical formulae and a review of how to calculate and compensate for 

dispersion. Phasematching is considered in some detail including a basic discussion 

regarding birefringent phasernatching (BPM) and a more comprehensive review of quasi- 

phasernatching (QPM). The basic mathematical model for the case of QPM is presented 

concentrating on the commonly adopted concept of periodic poling with details on how to 

calculate the period for QPM and aperiodic poling for chirped operation. Phasernatching 

diagrams will be presented including their calculation and their application in designing 

an OPO system. A brief review of fabrication techniques for QPM structures will be 

given describing how they have developed since their introduction in 1993 [52]. Finally 

fenitosecond OPOs will be considered in some detail including the key factors that 

influence their performance including temporal walk away, the need for synchronism, 

central acceptance bandwidth, crystal length and cavity design. 

Chapter 3 will be a presentation of the work from the first experiment involving 

the Ti: sapphire pumped system with a 20mm. crystal of aperiodically poled potassium 

titanyl phosphate. I will report the operational characteristics of our system including 

some of the alignment issues we faced due to the length of the crystal prior to achieving 

oscillation. The operational discussion will include the tuning range, pump depletion and 

efficiency measurements such as the extraction and conversion efficiency, the dispersion 

calculations and the threshold value. The systems performance, especially the threshold, 

will be compared alongside those of other competitive ultrafast QPM OPOs. Lastly a 

review of the system's operational merits including recommendations on possible ways to 

improve operation and further reduce the operational threshold will be given. 
Chapter 4 presents a comparison in operational characteristics between chirped 

and unchirped frequency conversion in a single OPO based on a multiple grating crystal 

of periodically poled lithium niobate. A detailed outline of the construction of the OPO is 
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given including: preparation of the pump pulses along with the appropriate 

characterisation, designing of the OPO crystal structure, simulations performed to design 

the OPO cavity and alignment procedure used to achieve operation. The comparison 

itself was concerned with the performance of the OPO in terms of the power conversion 

and the spectral and temporal characteristics. All of the comparisons involved at least 

one of the three different chirped gratings along with the single unchirped grating within 

the crystal's structure and the experiments involved both orientation of the crystal. Slope 

efficiency, threshold values, pump depletions, spectral tuning and autocorrelation data is 

presented and various comparisons in the results are made. 
Chapter 5 will present another technique for producing broadband outputs, which 

is based on an idler-resonant tandem OPO where the crystal was designed with a double 

longitudinal grating to improve the pump-idler conversion efficiency. In this design the 

non-resonant output from the first grating is used in the second grating to produce a 

further gain at the wavelength. This can potentially improve the quantum efficiency of 

the conversion process by a maximum factor of two provided that the entire signal 

produced by the first grating is converted by the second grating. This is, in effect, 

recycling the signal that would otherwise be discarded and using it to improve the 

quantum efficiency of standard OPO operation. The operational characteristics of this 

system will be presented with a comparison between tandem and non-tandem operation 

and a discussion of the merits of this principle. The tuning curves, slope efficiency, pump 

depletion and threshold values will be presented for the system along with the QPM plots. 
These will be discussed in detail along with some interesting observations present in the 

data and ideas for improvements to the systems operation. 
Chapter 6 presents the results from an experiment that makes use of a 

ferntosecond OPO based on chirped-frequency conversion to produce a broadband 

tuneable idler output covering the 3-4gm region of the mid-infrared region of the 

spectrum. This output is then used as the source around which an interferometer was 

built to enable FTIR absorption spectroscopy to be carried out using methane gas held at 

several different pressures ranging from 2bar down to 25mbar. The results of this 

experiment include large spectral coverage and a high-resolution transmission spectrum 

retrieved using a very basic setup and demonstrates the advantages of using ferntosecond 

systems in specific applications such as FTIR in place of conventional broadband thermal 

sources. Both the absorption spectra of the individual idler pulse measurements and the 

entire transmission spectra covering the complete tuning range of the OPO are presented 
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and hindsight based ideas are presented suggesting how the system could be improved for 

future work. 
Chapter 7 will review the experimental techniques presented in the thesis 

including all of the results achieved and the problems that were overcome. The merits of 

the techniques used will be considered including the most important application areas 

likely to benefit directly from the developments. The conclusions in this chapter will 

examine areas where it may be possible to make improvements to the systems and 

speculate on future developments that could arise from the work carried out herein. 
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2.1 Introduction 

The main sections of this chapter concern the mathematical development of concepts such 

as nonlinear pulse propagation and electromagnetic wave theory, both of which are 

necessary in order to understand how modem ultrafast OPOs operate. In addition, 

specific techniques such as quasi-phasematching and chirped frequency conversion are 
discussed at a level appropriate to understanding subsequent experimental chapters. The 

mathematical development includes expressions for various operational characteristics 

such as OPO threshold and bandwidth, pulse measurements and the fundamental theories 

of self phase modulation and dispersion. 
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This chapter begins with a description of the basic mathematical form for ultrafast 

pulses. Equation (2.1) presents a mathematical expression of the electric field of an 

arbitrary pulse in the time domain, E(t): 

E(t) = A(t)exp(i w. t)+ c. c 

where A(t) is a complex amplitude function used to modulate the carrier field of the 

wave, coo is the centre frequency of the pulse and c. c implies the complex conjugate of 

the first expression. The basic shape of a pulse is determined by the function A(t) which, 

if allowed to be a Gaussian, gives the pulse the temporal profile shown in Figure (2.1). 

w 

Fig. Z I: Electricfteld of a Gaussian pulse showing the pulse envelope in black and thefield in red. 

The same pulse can also be expressed in the frequency domain by Fourier transfon-ning 

equation (2.1) as follows: 

0 
e(ai) fE(t)exp(- ico,, t)dt (2.2) 

where the meanings of all of the variables are the same as for equation (2.1). These 

descriptions allow a pulse to be expressed in both the temporal and spectral domains, 

each of which plays an important role in later descriptions of dispersion and nonlinear 

effects. 

2.2 Linear and Nonlinear Pulse Propagation 

When a dielectric material of neutral charge experiences an external electromagnetic field 

the individual atoms experience a dipole force that induces a separation of the bound 
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charges of that atom. As a result each atom develops a dipole moment and the sum of all 

the individual atomic dipole moments within a bulk medium is called the electric 

polarisation. Any pulse propagating through a dielectric medium (any material that can 

be electrically polarised) will induce a response in the atoms of the medium, which is due 

to the effect the field of the wave has on the electrons of the atoms, according to: 

p =Co 
(1)(w)e(co)+X (2) )2 + X(3) (03) [X (Co )e (Co (co)e(co) ........ (2.3) 

where P(w) is the electric polarisation defined as the net dipole moment per unit 

volume, ro is the electric permittivity of free space, 0) is the frequency of the 

electromagnetic field, e(w) is the spectral form of electric field as described by equation 

(2.2) andz(j)(w) is the ith-order frequency dependent susceptibility tensor of the 

dielectric medium. The exact description of how an intense pulse interacts with a 

medium depends on the strength of its electric field and the common approach is to 

consider the linear response due to the first term of equation (2.3) separately from the 

nonlinear response arising from the higher order terms. Both linear and nonlinear 

interactions are considered in the following sections with the fundamental effects arising 

from each type of interaction being reviewed in detail. 

2.2.1 Linear Dispersion 

Equation (2.3) is of fundamental importance because it forms the basis for the description 

of dispersive effects in isotropic dielectric media and is used to describe chromatic 
dispersion, the variation of refractive index with wavelength, which leads to the 

wavelength dependence of the pulse group velocity. For low intensity electric fields, 

such as those produced by a low powered CW laser source the higher order terms of 

equation (2.3) can be ignored and the equation reduces to the following linear expression: 

P(w) = so X( 1) (co)e(w) (2.4) 

Here, X(l)(co), is a complex scalar quantity that is responsible for refractive/dispersive 

effects (real part) and dissipative effects (imaginary part). Formally one can 

express X(l) (CO) in its complex form as: 

x W(oj) = ReIX(l)((o))+ i ImIX(l)(w)l (2.5) 
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The real part of X(l) (CO) is the origin of the linear refractive index of a medium, which is 

defined by equation (2-6): 

no (co) I +-R -ejX-(l-)(co-) 1 (2.6) 

where no(co) is the frequency dependent linear refractive index of the medium. The 

attenuation of a wave as it propagates through a medium can be calculated by using both 

the real and the imaginary part of X(l) (cv): 

a(CO)= (01MVI(CO)l 
no (co) c 

(2.7) 

where a(co) is the attenuation constant of the medium at the frequencyco. The 

attenuation constant of a medium indicates how the medium will interact with a 

propagating wave and indicates whether the medium will contribute energy (by emission) 

or remove energy (by absorption) from the wave. The material specific quantity, X(l)(CO), 

provides all the information necessary to evaluate how low intensity EM waves interact 

with a specific medium, however even for high intensity fields X(l) (co) still dominates and 

is therefore an important parameter regardless of the electric field strength. 

When considering linear dispersive effects, only Re4(1)1 is relevant and it is more 

intuitive to analyse the situation in terms of the wave's optical phase, which is directly 

related to the refractive index of the material by: 

no (w) co 
c 

(2.8) 

where L is the length of the medium and c is the speed of light in a vacuum. Considering 

a pulse, the effect of a medium on the pulse can be expressed in the frequency domain by 

the transformation: 

e(co; = e(w)exp(i y(co)) (2.9) 

where e(co)' is the complex pulse spectral amplitude after its propagation through the 

medium and e(co) is its complex spectral amplitude before the medium (see Equation 

(2.2)). To obtain a temporal description of the pulse equation (2.9) is inverse Fourier 

transformed into the time domain by: 
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27r 
fe(ü (2.10) E (t vý exp(iw t)dw 

-00 

and E(tý is now the temporal electric field of the pulse after it has propagated through the 

dispersive medium. 

The local variation in the spectral phase can be represented by the Taylor 

expansion: 

(P(co) =Y 
(coo)+ (co 

-COO 

A-2 
+I (Co 

_Coo 
)2 a2 

+ (Co 
_ Coo 

)3 a 
a3 

dC 6 J) 
3 ao) 

IWO 

2 T(o 
co 0 O)o 

where coo is the central frequency of the incident wave. Using this representation it is 

possible to relate individual terms of the Taylor expansion to distinctive dispersive 

effects. 

The first term, g(coo), describes a change in the phase of the central carrier 

frequency as it propagates through the material and has no effect on the pulse shape itself. 

The second term describes a linear phase ramp in frequency that corresponds to a 

temporal delay in the pulse as it travels through the medium with the first order 

differential constant defining a quantity called the group delay. The group delay, rg, 

defines the time a pulse spends in the medium: 

rg = 
(P 

= 
a Co 

Co. 
(2.12) 

which also defines the group velocity, Vg, of the pulse while propagating through a given 

length of the medium, L. This definition of group velocity is consistent with a slightly 

different approach in which the phase velocity of a wave is defined by: 

VP =(k 

where k is the wave vector and co its frequency and the group velocity is defined as: 

ak vg TCO (2.14) 

For the case of an electromagnetic wave propagating in a medium of refractive 

index, n(A), the group velocity can be expressed as: 
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a co c vg =-= 
ak 

n(A)-A 
an(A) 

aA 
where c is the speed of light in a vacuum, co is the wave frequency, A is its vacuum 

wavelength and n(A) is the wavelength dependent refractive index of the medium. This 

approach is useful when determining the difference in transit times of pulses of different 

wavelengths propagating through a nonlinear medium of length, L, based entirely on the 

group velocities of the pulse and the refractive index of the material. It is also useful as 

an experimental approach because group velocities can be calculated easily by using the 

Sellmeier equations to describe the wavelength dependent refractive index, n(A). 

Sellmeier equations have the general form: 

n2=, +_AIA2 ++ 
, 12 

-B, A2-B2 A2-B3 

where AI, 2,3 and BI, 2,3 are material dependent coefficients that are determined by 

experiment. 

The remaining higher order terms in equation (2.11) are grouped together to 

describe what is collectively called group delay dispersion (GDD), which is responsible 

for a whole host of phase altering processes that act on the pulse as it travels through a 

medium. These higher order processes directly influence how a pulse is shaped by the 

medium, for example the third term or the quadratic spectral phase term is responsible for 

introducing a linear frequency chirp into the pulse, which produces a linear variation in 

the frequency with time across the pulse. The ultimate effect of quadratic spectral phase 

is to temporally broaden a pulse and therefore its presence in an optical system can limit 

the minimum possible pulse duration attainable by that system. The fourth term, or the 

cubic spectral phase term, is responsible for introducing quadratic frequency chirp into 

the pulse or a quadratic variation in the frequency across the temporal width of the pulse. 

The presence of quadratic chirp can result in the temporal extension of one end of the 

pulse and a sharpening of the other end and can lead to the break up of the pulse, again 

limiting the minimum pulse duration attainable by a system. 

Figure (2.2) illustrates, with four examples, the effects on the temporal profile of a 

Gaussian pulse before (red plot) and after (green plot) the introduction of different 

dispersion terms given in equation (2.11). Each plot also contains a second subplot 

showing the instantaneous phase of the pulse (blue plot) across its width as each term in 
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equation (2.11) is introduced illustrating just how the phase variation changes as more 

terins from equation (2.11) are introduced. Plot (a) shows the effect the linear phase ramp 

term (the second term of equation (2.11)) has on the pulse profile illustrating the simple 

temporal delay and an unaltered profile. Plot (b) shows the effect of introducing linear 

chirp or quadratic spectral phase variation (the third term in equation (2.11)) has on the 

temporal profile of a pulse and a clear broadening of the pulse is visible. 
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Fig. 2.2: Simulation plots showing the effects of dispersion on the temporal profile of a Gaussian pulse. Plot 

(a) shows the effect term 2ftom equation (2.3) has, plot (b) shows the effect term 3from equation (2.3) has, 

plot (c) shows the effect term 4from equation (2.3) has andplot (d) shows the effect when all three terms 

are included. 
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Plot (c) shows the effect of introducing a quadratic chirp across the pulse (the fourth term 

in equation (2.11)), which has the effect of sharpening the leading edge of the pulse and 

broadening its trail edge. In the case of substantial quadratic chirp (cubic spectral phase 

variation) the pulse profile can be significantly altered causing the break up of the trailing 

edge into multiple pulses. Combining all three of these particular dispersion effects is 

perhaps closer to a real optical system where all the effects are likely to be present, which 

is the situation illustrated in plot (d) where the temporal profile of the output pulse has 

been significantly altered depending on the relative strengths of the individual dispersive 

effects. For instance the more severe the linear chirp the broader the output pulse will be 

around its main central peak however if sufficient quadratic chirp is also present then the 

multiple pulses caused by the break-up of the trailing edge will also be broadened 

smoothing out the trailing edge of the pulse. 

As these simulation plots show, fine control of higher order dispersive effect is 

vitally important in any optical system where the purpose is the generation of ultrashort, 

transform-limited pulses. Most optical components of a laser system make positive 

contributions to the overall dispersion of a system and need to be compensated for in 

order to achieve transform-limited pulses at the output. 

2.2.2 Other Sources Of Linear Dispersion 

When considering real optical systems and the effects dispersion might have on the 

generated pulses a useful approach is to separate the sources of dispersion into different 

categories and then consider each contributing factor separately. The main sources of 

dispersion are material dispersion (discussed already in the previous section), geometrical 

dispersion, modal dispersion and dispersion due to interference effects. Refraction based 

dispersion effects can make contributions to dispersion based on the wavelength- 

dependence of the wave vector direction that occurs at any dielectric interface due to non- 

normal incidence. These contributions are often described as geometric dispersion and 

are commonly observed in prism or diffraction sequences. Dispersion contributions 

based on interference can occur within dielectric mirrors or Fabry-Perot structures and 

dispersion associated with contributions to a wave's wavevector associated with guiding 

in a confined structure (e. g. optical fibre) leads to modal dispersion. A more detailed 

description of the above-mentioned types of dispersion and the systems in which they are 

commonly present can be found in many optics papers and textbooks [1-3] and the 

following is only a brief description of each contribution. 
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Material dispersion: 

As discussed in Section 2.2.1, this type of dispersion originates from the material 

itself and is a consequence of the dipole moment induced in an atom when found in 

the presence of an electric field [4]. 

Most optical materials have a characteristic wavelength above which the sign of 
its group velocity dispersion changes from positive to negative and for most optical 

materials this wavelength falls in the near infrared region at around 1500nm with the 

positive region being at shorter wavelengths. Therefore the vast majority of materials 

used in visible and infrared light sources contribute only positive group velocity 
dispersion and typically make contributions of the order Of 500fS2CM, I [3]. 

Geometrical dispersion: 

This type of dispersion occurs due to the refraction of light waves at a dielectric 

interface or by diffraction at a grating and can be used to introduce negative group- 

velocity dispersion to a system and hence counteract the positive contributions due to 

material dispersion. Refraction at a dielectric interface results in the angular 
dispersion of any pulse that contains a range of frequencies and depends on the 

refractive index of the material in question. By using a prism to angularly disperse an 
input light pulse it is possible to introduce spatial chirp across the wave-front of the 

pulse causing the different frequencies to follow different paths. If a second prism is 

then positioned in the path of the dispersed beam then the second prism can be used to 

cancel the angular dispersion and collimate the output beam. In this way it is possible 

to control the path length each individual frequency encounters as it travels through 

the prism pair and control their individual travel times. In this way the higher 

frequencies can be forced to follow a shorter path and arrive at the necessary position 

at the same time as the lower frequencies. This principle makes it possible to achieve 

negative group velocity dispersion using prisms made from a positively dispersive 

material and can be used to cancel out positive dispersion due to other components 

within an optical system. More detail regarding the use of prism pairs for dispersion 

control can be found in several references [5-7]. 

A similar principle can be applied to achieve the same effect by using diffraction 

gratings to vary the optical path length and control the overall dispersion of a system. 
This was the original method used for optical dispersion compensation and was first 

36 



Chapter 2: 'llieoretical Background 

introduced in the late 1960's by Treacy [8,9] however, although the basic principle is 

the same, the mathematics are slightly different and the losses can be much larger. 

Modal dispersion: 

This is a less obvious form of dispersion and depends on how different propagations 

modes of a wave can interact in a periodic structure such as a wave-guide. For 

example consider waves propagating through a glass fibre in which several modes can 

propagate simultaneously. The lowest order mode will propagate through the fibre 

travelling the shortest distance, i. e. least number of reflections from the core/cladding 
interfaces; however the highest order mode will experience the most number of 
interface reflections and thus travel the longest distance through the fibre (the actual 

path-length of this mode can be much longer than the fibre length itself). Even in 

single-mode fibres the contributions to k due to the wavelength can modify the 

dispersion properties of the waveguide. 

Other forms of dispersion do exist however they are usually combinations of the 

above mentioned forms and are characteristic of particular systems. The important fact 

that should be noted regarding the different types of dispersion is that it is possible to use 

some forms to counter balance others and achieve a net dispersion of zero. Therefore 

when designing an ultrafast optical system it is important to first identify the sources of 
dispersion that will be present and then, if a transform limited output is required, use 

appropriate techniques to reduce the total dispersion to as close to zero as is practically 

possible. 

Identification of the sources of dispersion in a system is an important task and in 

optical systems that incorporate wave-guide features, such as fibre lasers, the total 

dispersion will contain contributions from all three of the above mentioned types. 

However, in free space bulk optic systems comprising of only unguided beams, such as 

ultrafast solid-state lasers and optical parametric oscillators, modal dispersion is not 

present and only contributions from material dispersion and geometrical dispersion are 
introduced. As the experimental work presented in this thesis deals only with free-space 

systems any subsequent discussions regarding dispersion will be restricted to material and 

geometric dispersion only. 
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2.2.3 The Duration Bandwidth Product 

In an ultrafast laser oscillator it is necessary to be able to carefully control the overall 

dispersion in the cavity if the aim is to produce the shortest possible pulse durations and 

therefore it is necessary to minimise any intracavity pulse chirp, whether linear or higher 

order, for the shortest possible pulse durations to be achieved. The amount of chirp can 
be described by a quantity equal to the product of a pulse's spectral bandwidth and the 

temporal width of the pulse called the duration-bandwidth product. The duration- 

bandwidth product is analogous to the Heisenberg uncertainty principle of quantum 

mechanics and is a minimum for an unchirped pulse, which will have a flat spectral 

phase. Using a Gaussian pulse defined in the spectral domain by: 

e(co) = exp(- (a + ib)W2 
) 

the full-width-half-maximum (FWHM) of the spectral intensity profile is defined by: 

a 
Aw = 

FLn 4 

a 
(2.18) 

From the above Gaussian spectral profile it is possible to obtain the temporal amplitude 
by the Fourier transformation of equation (2.17), which has the form given by equation 
(2.19). This is a similar description to that given by Siegman in his book 'Lasers' [10], 

except that in this reference the pulse is described in time and then Fourier transformed to 

frequency with the same format as in equation (2.19) but with t replaced by co. 

E(t); tý exp 
at2 

exp 
ibt 2 (4(a2 

+b 2) 4(a2 +b 2 )) 

The FWHM of the temporal pulse intensity profile is given by: 

Ar=2 (2.20) 

and for the case of a minimum duration (no chirp) the constant b=O, which reduces 

equation (2.19) to: 

Ar=2 -Nra- 
-In4 (2.21) 

The interpretation of b=O for Gaussian profile originates by assuming the pulse contains a 

constant spectral phase across its bandwidth, which means the pulse contains no 

wavelength variation or quadratic spectral phase term. It is perhaps easier to visualize 
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this situation by firstly considering the last term of equation (2.19), which is commonly 

used to describe the temporal phase of a Gaussian pulse, given by: 

bt2 

(2.22) 

This leads to the definition of a time-dependent variation in the carrier frequency, given 
by: 

0) =- at 
=- 

bt 
(2.23) 

Therefore a pulse with a constant phase across its bandwidth has fl(t) =0 implying that 

b=O allowing the carrier frequency to remain constant throughout the pulse, i. e. the pulse 

contains no chirp. Therefore if the time-bandwidth product is defined as the product of 

the full width half maxima of the spectral and temporal intensities then for the case of a 
Gaussian pulse with constant spectral phase (b=O) the product of equations (2.18) and 
(2.21) gives: 

ArAoi = 2.77 (2.24) 

For different pulse profiles the value is different but the principle is the same, for example 

the commonly used experimental profile, sech2 (t) has the duration-bandwidth product 

given by-. 

ArAco = 1.98 (2.25) 

In the case where the spectral phase is constant across the bandwidth of a pulse the 

duration-bandwidth product is the minimum value and the pulses are said to be 

'transform-limited' because their intensity profiles maintain a minimum FWHM whether 

viewed in the frequency or the temporal domain. If a pulse's duration, spectral bandwidth 

and the shape are known it is therefore possible to make a simple estimate of the amount 

of chirp present simply by comparing the measured values for the duration-bandwidth 

product to the transform limited values. But how do we measure an ultrafast pulse and 

gain both temporal and spectral information sufficient to make this estimation? 

2.2.4 Temporal Measurements of Ultrashort Pulses 

There is no strict definition for the duration of an ultrashort pulse but it has become 

conventional to measure them on picosecond and ferntosecond, timescales and due to 
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these very short timescales a lot of problems occur when attempting to measure their 

durations. Electronic detection methods that use equipment such as photodiodes and 

oscilloscopes are much too slow to sample the pulses directly and as a result it is 

necessary to use optical methods as they can offer faster response times and much finer 

control of sample rates. One of the more common methods for determining pulse 

durations is to use a system called an autocorrelator [11,12], which uses the pulse itself to 

measure its own time duration. The basic principle is to send a pulse train into a 

Michelson interferometer and then overlap the pulses from the two arms as they enter a 

nonlinear medium, thus producing a mixing signal due to the nonlinear response of the 

medium, which is defined by: 

E 
sig 

(t, z) = 
(E(t) + E(t - v»2 (2.26) 

where E(t) is the electric field of the pulse and E(t - r) is the electric field of a time 

delayed replica of the pulse delayed by a time, r. A variation in the nonlinear mixing 

signal is produced by modifying the temporal delay of one of the pulses by scanning one 

arm of the interferometer, which allows one pulse to act as an optical gate for the other 

pulse with a gate opening timescale of the order of the pulse duration itself. This 

technique produces a broadened signal that can be used to measure the pulse durations 

provided the exact pulse profile is known. However, if the exact profile is not known, the 

pulse duration can still be estimated but a pulse profile needs to be assumed and the 

quality of the measurement depends on the accuracy of the profile assumed. 

The main issue in this technique is to use the appropriate nonlinear medium to 

gain as much information about the pulses as possible. The common nonlinear effect 

used in an autocorrelator is second han-nonic generation (SHG) and the mixing signal 

profile produced by the nonlinear crystal has the form: 

Co ý (E (t) +E (t 
- z)1212 dt 

Co - (2.27) 
2 ý(E(t)121 dt 

-00 

Equation (2.26) is known as the interferometric autocorrelation profile as it contains 

interference information of the mixing between the gate pulse, E(t) and its time-delayed 

replica or probe pulse, E(t - r) and interference fringes are resolved by the detector. 

Another autocorrelation profile that is commonly used is called the intensity 

autocorrelation profile, and is given by: 
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co 
2 fl(t) I(t - r)dt 

G2 (r) 
+ -0000 (2.28) 

ýI(tfdt 

-00 

and is measured if the detector only offers a limited bandwidth that is insufficient to 

resolve the interference fringes present in equation (2.27). If the bandwidth of the 

detector allows then the most reliable method to accurately measure pulse durations using 

an autocorrelator is to measure both the interferometric and intensity traces separately and 

use the interferometric trace to calibrate the time axis for the intensity trace. The actual 

measurement of the pulse durations must be derived from the intensity trace due to its 

insensitivity to the presence of dispersion in the pulse spectrum unlike the interferometric 

trace which can be distorted by the presence of GDD. Section 2.2.6 is a simulation of the 

effects dispersion has on interferometric autocorrelation traces showing how the trace 

broadens as different terms from equation (2.3) are added. However provided the fringes 

are still present and resolvable across the vast majority of the interferometric trace then 

the trace can be used to calibrate the time axis for both autocorrelation traces. 

As mentioned previously the autocorrelation profile produced is a broadened 

signal generated by the pulse mixing and this can be used to gain a duration measurement 

of the pulse if the pulse profile is known exactly. The factor relating the FWHM widths 

of the pulse and its autocorrelation profile is called the deconvolution factor, which is 

dependent on the pulse profile and if known exactly allows the pulse duration to be 

exactly calculated. Commonly assumed pulse intensity profiles include a Gaussian, 

which has a deconvolution factor with the intensity autocorrelation of- 

-ý'r` = 1.414 (2.29) 
Arp 

and sech(t), which has a deconvolution factor of. 

Ar" 
= 1.543 (2.30) Arp 

where Ar,,, is the intensity autocorrelation width and A rp is the actual temporal pulse 

width. 

It is common to use a semiconductor as an alternative nonlinear detection medium 

where the nonlinear response is due to the photocurrent induced in the semiconductor by 
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two-photon absorption (TPA) of the pulses. Although a different nonlinear effect is used 

the same functionality is still offered but now it is possible to select a semiconductor with 

an appropriate energy bandgap to allow TPA to occur. The bandgap energy of the 

semiconductor, Eg . needs to be related to the photon energy of the pulses, E photon t by: 

Eg>E 
photon 

> 
Eg 

2 
(2.31) 

which means that any semiconductor with a bandgap that fulfils this energy requirement 

can be used as a detector in an autocorrelator. 

Autocorrelation measurement methods provide a robust method for the temporal 

characterisation of a pulse however they are not capable of revealing any spectral 

information regarding the pulse and therefore are only a partial characterisation 

technique. Full characterisation techniques can be based on the second-harmonic 

autocorrelation method but involve spectrally-resolving the SHG mixing signal in order 

to allow full phase information to be retrieved. The two main characterisation techniques 

that are popular today are the frequency resolved pptical gating technique or FROG (13- 

15], and the ýpectral phase interferometry for direct electric-field reconstruction technique 

or SPIDER [16]. FROG, like an autocorrelator, mixes a probe and a gate pulse in a 

nonlinear crystal to produce a spectrally resolved autocorrelation signal, which is then 

inverted using a 2-D phase-retrieval algorithm to yield the unique pulse that produced it. 

The spectrally resolved correlation signal can be generally defined as: 

l(w, t)= fE(t)G(t-r)exp(-icot)dt (2.32) 

where I(o), t) is the measured signal (a spectrogram), E(t) is the probe pulse and G(t - -r) 

represents the gate pulse. The simplest form of FROG is called SHG-FROG and just like 

an autocorrelator uses SHG in a nonlinear medium to produce a mixing correlation signal 

given by: 

00 
IsHG (o), t)= fE(t)E(t-r)exp(-io)t)dt (2.33) FROG 

-00 

where the gate pulse is represented by E(t -, r) - However this form of FROG has the 

drawback that it cannot distinguish between the probe pulse and the gate pulse. This 

means that the spectrogram produced by the retrieval algorithm contains an ambiguity in 
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the sign of the chirp. Since its conception in 1993 the FROG technique has been 

extensively developed so that now it includes many variations that are capable of 

distinguishing between the gate pulse and the probe pulse removing any ambiguity. By 

using different nonlinear effects it is possible to mix different representations of the gate 

pulse with the basic probe pulse, for example polarization-gated FROG, or PG-FROG 

[17,18] makes use of the Kerr effect (a third order nonlinearity) to measure the 

correlation between the intensity profile of the gated pulse and the electric field of the 

probe pulse, i. e. 

00 
2 

JPG _ _r)2 FROG(CO)t)-': 
fE(týE(t cxp(- icot)dt (2.34) 

-00 

Other FROGs include third harmonic generation FROG (THG-FROG) (19], self- 

diffraction FROG (SD-FROG) [13], transient-gating generation FROG (TG-FROG) [20] 

and there are many variations of the FROG such as GRENOILLE [21], TADPOLE [22] 

and TREEFROG [23], all of which have particular characteristics that make them useful 

in a variety of situations. 

The alternative full characterisation technique, SPIDER, is an interference 

technique that removes the need for a reference pulse by producing an interference 

spectrum between two spectrally sheared pulses, e(w) and e(co + n). The SPIDER signal 

is given by: 

(C (w) = le Of + je(w + C2) 2 +21e(co)e(co+n)cos[(p(co+c2)-(p(co)+wr] (2.35) 

where C2 is the spectral shear between the two pulses, -r is the time delay and (p(o)) is the 

spectral phase of the pulses (they are identical other than the frequency shift 91 ). 

SPIDER is a I-D technique and unlike a 2-D technique, such as FROG, both the time 

delay and the frequency shift remain fixed throughout the mixing. Both FROG and 

SPIDER have particular features that make them useful in certain situations, for example 

as SPIDER is a 1-D method it makes it a much faster technique than FROG for retrieving 

the interference spectrum. On the other hand there is no way to self-testing the accuracy 

of a SPIDER spectrum but FROG does offer this capability by the way of its inbuilt 

marginals. 

43 



Chapter 2: Tbeoretical Background 

2.2.5 Spectral Measurements of Ultrafast Pulses 

Spectral measurements of ultrafast pulses are experimentally more straightforward than 

temporal measurements. 

When making measurements of the spectral content of an ultrashort pulse the 

signal that is detected by a spectrometer is the power spectrum [24] or the spectral 

intensity profile, I(co), defined by: 

I(co) = e(co)e* (o)) = je(o)f (2.36) 

where e(co) is the frequency domain representation of the pulse as given by the Fourier 

transform of the temporal domain measurement introduced by equation (2.2). After 

propagation through a dispersive media the phase of the pulse, e(CO), has been altered such 

that it has become, e'(o-)), as defined by equation (2.9). Bearing in mind the definition 

given by equation (2.36) it can be seen that any power spectral measurement of a pulse 

after it has propagated some distance through a dispersive media will be identical to the 

initial pulses power spectrum. This is because the power spectrum is defined as the 

product of the pulse complex spectral amplitude and its complex conjugate, which means 

that the power spectrum of a dispersively chirped pulse is identical to that of the same 

pulse compressed to its transform-limited duration. 

2.2.6 Simulation of Time-domain Pulse Measurements 

This section will illustrate the observable effect that linear dispersion has on the temporal 

profile of a Gaussian pulse and the corresponding interferometric autocorrelation trace 

(only the overall envelope is actually shown) that would be detected for a pulse 

containing that particular form of dispersion. Five cases are shown with each case 

containing two plots, the left hand figure shows the temporal profile of the pulse before 

(in blue) and after (in green) the introduction of the relevant dispersion and the right hand 

plot shows the interferometric autocorrelation trace that would be recorded (again blue 

shows the case before the dispersion is added and green shows the case after). Plots (a) 

and (b) show the case for zero dispersion (i. e. the transformed limited case), plots (c) and 
(d) illustrate the effect only the first term of equation (2.11) has, plots (e) and (0 show the 

case when only the second term of equation (2-11) is present, plots (g) and (h) show the 
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effect the third term has on its own and plots (i) and 0) show the effect all three terrns 

combined would have on an interferometric autocorrelation trace. 
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Fig. 2.3: Five pairs ofplots showing the before (blue traces) and after (green trace) effects different types of 

dispersion have on both the temporal profile of a Gaussian pulse (7eft hand column) and the envelope of the 

corresponding autocorrelation traces each pulse profile would generate (right hand column). 

Plots (c) and (d) show that the first term of equation (2.11) on its own has no effect on the 

autocorrelation trace as only the central carrier frequency of the pulse has changed and 

only causes a temporal delay between the input and output pulses. Higher terrns of 

equation (2.11) though have a definite noticeable effect on the autocorrelation trace which 

can be clearly seen in the remaining plots (e-j). Plots (e) and (f) show the case when just 

the second term in equation (2.11) is included, resulting in a linear phase variation across 

the pulse (called the quadratic spectral phase ten-n or linear chirp) and causes the upper 

autocorrelation trace to broaden while the lower trace narrows and the wings rise slightly. 

Including only the third ten-n of equation (2.11), see plots (g) and (h), introduces a 

quadratic variation in phase across the pulse (called the cubic phase term or quadratic 

chirp). The effect of this is again to broaden the upper trace and narrow the lower trace 

however the effect is less severe and the wings do not rise as high as the case of the 

second terin. Plots (i) and 0) are perhaps closer to a real situation as all of the first three 

terins in equation (2.11) are included and the effect can be very complicated depending 

on the relative strengths of the three terms. In the case illustrated by the last two plots the 

magnitudes of each term is the same as in the individual cases and the resultant 

autocorrelation trace is quite complicated. The interesting effect of all three types of 

dispersion on the autocorrelation trace can best be seen in the wings of the traces where 

the overlapping of the upper and lower traces results in oscillations in the wings of the 

combined traces. These oscillations are frequently seen in experiments involving chirped 

pulses and as this simulation shows can be used as a visual indication of the presence of 

non transform-limited pulses. 
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2.2.7 Nonlinear pulse propagation 

In the case where the strength of the electric field of a pulse is sufficiently large the 

higher order terms in equation (2.3) come into play and can be nearly as significant as the 

linear terms. It is the presence of these higher order terms that defines the interaction 

with the propagation medium as nonlinear and in these situations the susceptibility 

tensor, X(CO), takes a much more complicated form becoming a tensor of 

dimension j+1 where j is the order of the term from equation (2.3) being considered. 

For example, X (2) (co) is a3 dimensional matrix describing how the medium couples the 

three electric field vectors (E., Ey and E., ) together. In nonlinear interactions the 

strength of the optical electric field and the symmetry properties of the nonlinear medium 

define which terms of equation (2.3) are significant. Each high order term in equation 

(2.3) is responsible for a different nonlinear effect, for example, second order nonlinear 

effects due to X (2) 
are responsible for parametric conversion processes, second harmonic 

generation (SHG) and sum frequency mixing (SFM). Third order nonlinear effects due 

to X (3) are responsible for processes such as third harmonic generation (THG), four wave 

mixing (FWM), self-phase modulation (SPM), two-photon absorption (TPA) and so on. 

In comparison to linear interactions the dispersion in nonlinear interactions takes 

an altered form to that given by equation (2.6) but the result is still a wavelength 

dependent refractive index, however now it includes intensity-dependent nonlinear terms 

as well. The more generalised form of the refractive index of a material can be described 

as follows: 

n (o) )= ý1- (o-j) 

where: 

(2.37) 

x --.,: X(l) + X(')E+ 7, (')E'+... (2.38) 

The symmetry of a material is very important in nonlinear interactions because it can 

allow certain terms of equation (2.3) to be discarded, for example in an isotropic media 

the even powers of the susceptibility tensor can be ignored. Therefore in an isotropic 

medium the lowest nonlinear effect that needs be considered is the nonlinear refractive 

index, defined as: 
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(3) 

n=no+Z 2no 

and by converting the field amplitude, E, into an intensity, I, using: 

nocco JE12 

2 

we can express the nonlinear refractive index as: 

n =no +n2l 

where no is the linear refractive index described in equation (2.4) and n2 is given by: 

nx 
(3) 

22 
no cco 

(2.39) 

(2.40) 

(2.41) 

(2.42) 

Equation (2.42) is the origin of the optical Kerr effect and as a result n2 is often referred 

to as the Kerr coefficient. For centro-symmetric materials odd-order nonlinear effects 

such as multi-photon absorption (MPA) will be present but even-order nonlinear effects 

such as SHG or SFM will not be. 

2.2.8 Self-Phase Modulation 

In the context of ultrashort pulse propagation, one of the more important consequences of 
the third order nonlinear effects due to the intensity dependence of the refractive index, is 

self phase modulation (SPM) which is a temporal effect whereby the varying intensity of 

the pulse induces a change in its own local phase. The higher intensity components of a 

pulse induce a higher nonlinear refractive index and therefore experience a larger induced 

phase shift. The time-dependent variation of the pulse carrier frequency given earlier by 

equation (2.23) can be rewritten to include nonlinear effects and can be shown to be equal 
to: 

dq(t) 
= -. 

w n2 L dl(t) 
(2.43) dt c dt 

where co is the instantaneous frequency within the pulse, n2 is the nonlinear refractive 

index of the medium, I(t) is the input intensity of the pulse, L is the length of the 

nonlinear material and c is the speed of light in a vacuum. This expression describes 

broadening of the pulse spectrum about the central frequency (which remains unchanged 
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throughout) and therefore describes how SPM broadens a pulse spectrum by 

redistributing energy from the pulses centre into its wings. 

Within a nonlinear interaction the instantaneous phase of a propagating 

pulse, ýp can be rewritten to include the self-induced phase shift due to SPM and can be 

expressed as a sum of linear, (pL and nonlinear, (PNLcomponents as show by equation 

(2.44), 

( -, ý 6 P, PL + (PNL (2.44) 

However, as dispersion is a spectral effect and SPM is a temporal effect, both act on a 

pulse's profile in different domains allowing the magnitude of the combined self-induced 

phase shift to be described by: 

(p(A) = [no (Ao + n2 l(t)] 
21rL 

(2.45) 
AO 

where no (Ao) is the wavelength-dependent linear refractive index, n2 is the second order 

nonlinear refractive index, I(t) is the input pulse's temporal intensity profile, AO is the 

central wavelength of the pulse spectrum and L is the length of the nonlinear medium. 
This makes it possible to separate the dispersive effects and nonlinear effects (in the case 

of SPM only second order effects need be considered) and allow the emerging electric 
field profile to be expressed as shown in equations (2.46) and (2.47) using the description 

of e(w) the given by equation (2.2): 

(UL 
E'spm E (t) ex4- i (2.46) � 

)n2 
101 

with: 

e* (co)= e(co)expji(p(co)j (2.47) 

Equation (2.46) describes the nonlinear effects acting in the temporal domain and 

equation (2-47) describes the dispersive effects acting in the spectral domain. Therefore it 

is possible to consider just the broadening effects SPM has on a pulse profile in both the 

temporal and spectral domains by simply setting ý+o) = 0. 

To better illustrate the spectrally broadening effects of SPM on a pulse profile the 

following simulation uses the above mentioned approach to show the effects of SPM has 

on a Gaussian pulse in both the time and frequency domains for a range of cases. In each 
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case the value of the nonlinear phase-shift is defined by equation (2.48) and the resultant 

spectral profile is plotted in the frequency domain along with an interferometric 

autocorrelation generated by the same pulse. 

ip(t) =a (2.48) 

where a is given by: 

2 zL 
a=-n2 (2.49) A 

The simulation contains 14 plots showing 7 cases each with progressively more severe 

levels of SPM present, which is achieved by increasing the value of a in equation (2.48) 

by a multiple of 7r12. In each case the left hand plot shows the spectral effect SPM has 

on the pulse profile (the blue trace is the input profile and the green trace is the output 

profile) and the right hand plot shows the corresponding interferometric autocorrelation 

trace that would be produced (the blue is the input trace and the green is the output trace). 

Plots (a) and (b) show the case when SPM is not present or when a=0, (c) and (d) show 

the case for a= ±7rl2, (e) and (f) show the case for a= ±7r, (g) and (h) for a= ±3; r/2, (i) 

and 0) for a= ±2z, (k) and (1) for a= ±3; T and finally (m) and (n) for a= -+6; r. 
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s 

Fig. 2.4: Simulation plots showing the increasingly severe effect SPM has on the spectrum of a Gaussian 

pulse (7eft hand column) and the corresponding interferometric autocorrelation trace (right hand column) 

with each plot showing the before (blue trace) and after (green) profiles. 

Plots (c) and (d) show the case when the levels of SPM are low, i. e. a=± 7r12, and the 

spectral broadening effect clearly shows a redistribution of energy from the peak into the 

wings of the pulse. This effect results in the corresponding autocorrelation trace 

narrowing in both the upper and lower parts unlike the case for dispersion when the upper 

trace broadens and the lower trace narrows. As the level of SPM increases the severity of 

the spectral effect on the pulse is obvious with a separation occurring about its centre 

when a ý! ±7r. Above this point there is a clear splitting of the pulse spectrum about its 

centre frequency fracturing the input pulse into smaller temporal wavelets whose number 
increases with the level of SPM. Experimentally this results in the break up of a single 

input pulse into many almost completely temporally separated output pulses causing a 

multiple pulse-like wave train. As a result of this spectral fracturing the corresponding 

autocorrelation traces contracts about its centre point getting progressively more 

oscillatory with increasing SPM content. Clearly the effect of SPM on the autocorrelation 

of a pulse is very different to dispersion and again can be used as a visual indicator in an 

experiment to the onset of SPM. 

2.2.9 The Nonlinear Schr6dinger Equation 

Although both dispersion and SPM act in different domains they both need to be 

considered in order to fully understand and predict how a material will react to a high 

intensity optical pulse. Therefore in order to produce a full description of an ultrafast 

pulse propagating through any nonlinear medium it is important to consider the dispersive 

and nonlinear effects simultaneously. SO far these two effects have been considered 
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separately however the nonlinear Schr6dinger equation includes both of these effects and 

allows a detailed description of pulse propagation to be developed. Equation (2.50) 

shows a simplified version of the full nonlinear equation and is commonly called the 

basic propagation equation [25], 

aA 
+A 

aAi a'A 
= ivIA12 A (2.50) 

az at 2A at 2 

where A= A(z, t) is the pulse amplitude, Aand, 82 are the dispersion terms 

withAdescribing the group velocity of the pulse envelope and, 62 describing the GVD of 

the nonlinear interaction, and r is the nonlinear coefficient defined by: 

n2COO 

cAeff 
(2.51) 

A, ff is a parameter that describes the effective mode area of the pulse beam within the 

nonlinear medium and can be approximated by equation (2.52). 

2 Ae 7aV6 (2.52) 

where w,, is the beam radius at the focus within the medium. This allows y to be re- 

expresscd as: 

n2o)O 

cx%' 
(2.53) 

with coo representing the central carrier frequency of the pulse, n2 the second order 

nonlinearity of the material and w,, the minimum beam radius within the medium. In 

order to simplify the nonlinear equation given in equation (2.50) it is common practice to 

adopt a reference frame that propagates with the pulse allowing the following substitution 

for t to be made: 

tt=t_ 
2 
V9 

(2.54) 

where t' is the time in the new reference frame and V9 is the group velocity of the 

carrier envelope. Equation (2.50) can then be re-expressed without theAterm reducing 

the nonlinear Schr6dinger equation to the following expression (t' has been replaced by 

t and the moving reference frame can be assumed due to the loss of the A term): 
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. 
aA 1 a2 A 

=- ; 7-- rIA12 A 
az 2Aa, 

(2.55) 

As mentioned previously, 62 describes the GVD contribution and is given by equation 

(2.54), 

=d2, 
g 1 dn d2n 

#82 - 2-+co (2.56) 
Co 2 

0)2 dc dco d_ 

This contraction allows the nonlinear Schr6dinger equation to be reduced to an expression 

involving only GVD and nonlinear contributions and enables a steady state situation to be 

envisaged where dispersive effects exactly counteract the broadening effects of SPM. In 

this situation a soliton or solitary wave [26] can evolve, which in the absence of losses 

will propagate indefinitely retaining its original shape [27]. 

The simulation carried out previously for both dispersion and SPM separately can 

be combined to allow an understanding of how the two different effects act 

simultaneously on a pulse propagating in a nonlinear medium. Figure (2.5) is a simple 

simulation with 4 plots, (a) and (b) show the separate effects of SPM and dispersion have 

on a Gaussian pulse, plot (c) shows the combined effect in the temporal profile and plot 
(d) is the interferometric autocorrelation trace generated by the pulse profile shown in 

plot (c). As is obvious from these plots the combined effects of both dispersion and SPM 

result in very interesting pulse profiles and highly complex autocorrelation traces and 

although the simulation is useful it is not completely accurate. The simulation treats 

dispersion and SPM effects separately with SPM acting first followed by dispersion 

however if the order were reversed the resulting profiles would be different. This can be 

thought of as a pulse propagating firstly through a material that is only nonlinear followed 

by a material that is only dispersive. To gain a more accurate idea of the combined 

effects of SPM and dispersion (and hence solve the nonlinear Schr6dinger equation) on a 

pulse as it propagates through bulk material the material needs to be separated into small 

slices and SPM and dispersion applied in each section before moving on to the next. As a 

perfect analytical approach is not possible this would give a far more accurate result than 

the simulation used above and as the size of the slice shortens the more accurate the 

simulation will become. 
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Time (fs) 

Fig. Z5: Simulation showing the before (blue) and after (green) effects that SPM (plot a) and dispersion 

(plot b) has separately on a Gaussian pulse and how the two effects combine to distort the temporal profile 

(plot c) and the corresponding interferometric autocorrelation trace (plot d) is included. 

2.3 Electromagnetic Field Theory 

The area of concern for this thesis is that of parametric frequency conversion processes, 

which as stated in Section 2.2 is a second order nonlinear process characterised by the 

susceptibility tensor, X (2) (w). Another way to think of parametric frequency conversion 

is as a three-wave mixing process with frequencies governed by the law of energy 

conservation relation given in Equation (2.57), 

(t)3 = C02 + O)l (2.57) 

where C03 is the pump frequency, C02 the signal and w, the idler. Clearly due to the nature 

of the polarisation induced in the nonlinear (dielectric) medium each of the three 

frequencies will have a relationship that depends on the other two frequencies both in 

terms of amplitude and phase. The three equations that describe each individual 

relationship are called the coupled wave equations and in general can be used to describe 

any three-wave mixing process in terms of both amplitude and phase. 

55 

-0.3 -0.2 -0ý 10 al 0.2 0.3 -300 -200 -100 0 
Frequency offeet(radians) Time (fs) 

Time delay (fs) 



Chapter 2: Tlicoretical Background 

The logical place to begin dcriving these equations is by finding an appropriate 

wave equation for the conditions of the conversion process, starting from Maxwell's 

equations, and to decide on the particular assumptions to make regarding the nature of the 

nonlinear medium. For the case of parametric frequency conversion processes the 

assumptions are that the medium where any interaction occurs will be nonmagnetic 

(. -. p, H= 0), non-conducting (=> no free charges,. -. V-E= 0), homogeneous and a 

dielectric material. Therefore the general wave equation has the form: 

a2 a2 
V2 E= po -p +6 (2.58) (ati- 

0 Cjt 21 

where -0 anduO the electric permittivity and magnetic permeability of the vacuum. So to 

enable the coupled wave equations to be derived from this an expression is needed to 

describe the exact form of both the induced polarisation, P and the electric field of the 

interacting wave, E. 

2.3.1 Polarisation and the Nonlinear Tensor 

If we recall the induced polarisation in a dielectric given by Equation (2.3) and the fact 

that it is the second-order nonlinear part of this equation that is responsible for three-wave 

mixing processes (parametric processes are of specific importance here but the same case 

applies to any three wave mixing process) then we can derive an expression for the 

polarisation. 

The total polarisation described by the second order susceptibility tensor can be 

defined as a sum over all elements of the susceptibility tensor, which is a 3x3x3 matrix, 

i. e. 

P, NL (t) = CO 2: 
(2.59) 

., 
Zeý2k) Ej (t) Ek 

QJ 

where xu('k) is the second order susceptibility tensor, Pi NL (t) is the nonlinear polarisation 

induced along the i-axis in the dielectric by the interacting electric fields of a 

electromagnetic wave, Ej(t) andEk(t)which are the respective interaction electric fields 

of a wave along thej and k-axis. Theoreticians commonly make use of equation (2.59) 

directly, however experimentalists use a slightly different form whereby the susceptibility 

tensor is replaced by what is called the nonlinear tensor, d,, which is defined as: 
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djik = 
ZYk 

(2.60) 
2 

Each term of the nonlinear tensor describes the absolute coupling strengths between three 

components of the electric fields of the three interacting waves involved in the conversion 

process. For example, say I refers to the x-axis, 2 the y-axis and 3 the z-axis then the 

nonlinear coefficient, d, 32 . describes how the z-axis and y-axis of two electric fields 

induce a polarisation in the x-axis in a 3-wave mixing interaction in a dielectric medium. 

By using symmetry it is possible to simplify the nonlinear tensor and reduce it 

from a 3D matrix to a 2D matrix using what is called the 'piezoelectric contraction', 

which states that the ordering of the driving electric fields (i and k) inducing the 

polarisation (i) is not important. In other words the dyk element of the nonlinear tensor is 

the same as the djjV element which when applied to all elements in the nonlinear tensor 

allows it to be reduced from a 3x3x3 matrix down to a 3x6 matrix. Therefore equation 

(2.59) can be rewritten as: 

P, NL(t) = e,, (2 dijk)Ej(t)Ek (t) 

which for the purposes of this thesis can be simplified further in the case of quasi- 

phasematched conversion processes. Phasematching is a general statement about the 

conditions of photon momentum conservation in a conversion process and places 

restrictions on the process determining when it can occur. Quasi-phasematching is a form 

of phasernatching that removes several of these restrictions and will be described in more 
detail in Section (2.4) however for now the important fact to note is that it allows 

parametric conversion processes to occur between fields all polarised along the same axis 

(generally in practice taken to be along the z axis). This fact enables the largest 

coefficient of the nonlinear tensor to be accessed, namely the d333 coefficient, which after 

applying the piezoelectric contraction reduces to just d 33. Applying this to equation 

(2.61) means it can be rewritten as: 

p(a) =6 
(b 

3 0(2d33)E 
)E(') (2.62) 33 

where a, b and c refer to the three interacting fields (i. e. the pump, signal and idler fields) 

and i, j, k=3 refers to the fact that they all interact in the same plane. Therefore if the 

superscript a refers to the pump field then b and c refer to the signal and idler fields 

likewise if a implies the signal field then b and c relate to the pump and idler fields and so 
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on. In reality, dff is the value actually used in calculations and relates all of the non-zero 

coefficients of the nonlinear tensor which for QPM is related to the true effective 

nonlinear coefficient by [28]: 

Qpm _2 eff --deff M; r 
(2.63) 

where in is the order of phasematching within the crystal, which will be explained later in 

Section 2.4 but for the purposes of this thesis will always be one. Therefore the final 

forin of the polarisation ready for use to derive the coupled wave equations is given by 

equation (2.64): 

P (co3) = 2c(ý deff E(C02 )E(, -o I) (2.64) 

2.3.2 The Coupled Wave Equations 

Before we are in a position to derive the three coupled wave equations governing the 

coupling of the interacting waves in a nonlinear medium the electric fields of the waves 

themselves needs to be defined. Equation (2.65) describes the field component of any 

given wave at a position r and time t and shows its Fourier relation to its frequency, CO at 

the position r: 

h(r, t)=-l [E(r, co)expi(k-r-cot)+c. c] (2.65) 2 

If we substitute both equations (2.64) and (2.65) into equation (2.58) then we get the three 

separate coupled wave equations that describe the field coupling in 3-wave mixing 

processes. 

ý-E-' 
= bc, E3 E*2 exp(iAk - z) (2.66) dz 

d E' 
= iK2 E3E*, exp(iAk - z) (2.67) dz 

dE' 
=iic3E, E2 exp(- iAk - z) (2.68) dz 

where: 

coroj deff 

j=1,2,3 (2.69) 2cnj 
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0 -'ý C t)2 + O)l 

and 

Ak = k3-k2- k, 

(2.70) 

(2.71) 

Ak is called the wave vector mismatch and determines the phasernatching conditions, 

which is the focus of Section 2.4. The coupled wave equations described by equations 

(2.66-2.68) form the foundations from which virtually all optical interactions can be 

described but what exactly do they mean? The left hand side of all three of the wave 

equations describes how the electric field strengths of each of the three interacting waves 

vary as they propagate through the interacting medium. The right hand side of the wave 

equations describes how that change in the electric field strength depends on the field 

strengths of the other two interacting waves, the nonlinearity of the interacting medium 

(given bydff ) and the wave-vector mismatch between the 3 waves (given by Ak). 

Clearly equations (2.66) and (2.67) indicate a growth in the field strengths of the two 

generated frequencies while equation (2.68) shows that the pump frequency sees a 

corresponding decay in its field strength. Therefore when all three equations are 

considered together they state that the electric field strengths of two of the three 

interacting waves can be increased in a nonlinear medium at the cost of reducing the field 

strength of the third interacting wave. 

Depending on the 3-wave mixing process under investigation certain assumptions 

can be made regarding the coupled-wave equations allowing them, in some situations, to 

be reduced to two equations. For example in sum frequency mixing (SFM) processes it is 

often assumed that a sum-frequency output at w3can be generated by mixing a powerful 

pump frequency, 0)2with a weaker input frequency at wl. Then, by the assumption of no 

significant depletion in the pump signal, it can be assumed that equation (2.67) equates to 

zero and can be discarding, leaving just a pair of equations (2.66) and (2.68) which are far 

easier to deal with and can be solved analytically. However, in parametric processes the 

same assumption regarding the level of pump depletion cannot always be made, as will 

become clear from the experimental results presented in Chapters 3,4 and 5 where levels 

of pump depletion exceed 50%. This leaves all three of the coupled wave equations to be 

solved, which is impossible to do exactly using analytical techniques and requires other 

assumptions to be made and numerical methods to be employed. Finding a solution to 

these equations is not the purpose of this thesis and would involve sufficient work to 

require a thesis of its own; this chapter is simply designed to introduce the reader to the 
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wave-equations themselves and allow thern'to realise that these equations govem the 

successful operation of an OPO. 

Another condition to be considered in a parametric three wave mixing event is the 

initial phase relationship between the three waves that are interacting. In an OPO the 

exact phase relationship between the three interacting waves determines how the 

intensities of the all three waves change during propagation through the parametric gain 

medium. During the first pass of the nonlinear crystal two parametric fluorescence 

outputs are spontaneously generated (signal and idler) and the exact phase relationship 

between the pump and parametrically generated outputs determines whether the outputs 

will see amplification or a damping effect [29]. Equation (2.72) shows the basic form of 

the phase relationship between the pump input and the signal and idler outputs. The 

precise value of the constant will determine whether the spontaneously generated outputs 

see amplification or a damping effect as they propagate through the crystal. 

A (p = (p3 - V2 - (p, = constant (2.72) 

where (p3 is the initial phase of the pump, V2 is the initial phase of the signal and V, is 

the initial phase of the idler. When the constant, A(p = +; r/2 the spontaneously generated 

outputs experience amplification throughout the nonlinear medium and result in a build 

up in intensity. However when the constant, AV= -; r/2 the spontaneously generated 

outputs experience a damping effect throughout the nonlinear medium resulting in a 

reduction in intensity. For the case when the constant equals zero optical rectification 

occurs and neither amplification nor any damping effect occurs and the parametrically 

generated frequencies continue to be generated at the same intensity level as for 

parametric fluorescence. Therefore it would be expected that sensitive control of the 

relationship between the phases of the pump, signal and idler frequencies is necessary in 

order to allow the signal and idler frequencies to build up to the level where parametric 

gain equals intracavity loses and steady state operation can be achieved. However the 

phase relationship necessary for amplification of the parametric frequencies to occur is 

already fulfilled in the case of a spontaneous process [30] and enables an OPO to operate 

without any need to carefully control the individual phases of the pump, signal and idler 

frequencies. 

Many useful quantities can be gained from studying Equations (2.66-2.68) and 

one of these is the power generated by the appropriate plane wave propagating through a 

nonlinear medium of length 1. This relationship is given by Equation (2.73) and leads to 
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the derivation of a quantity called the conversion efficiency, which is discussed in more 

detail in Section 2.4. 

P, = 
2; r2 (t)j O)kjuo dff 12 

Pj PksinC2(Akl) (2.73) 
ninjnk C2 

where P, represents the beam power of frequency i, generated inside the nonlinear 

medium and is dependent on the beam power of the other two frequencies, j and k. 

Therefore in parametric conversion processes, the conversion efficiency of the signal 

(idler) generation process (17) can be defined as the ratio of output signal, P2 (idler 

power, P, ) to input pump power, P3. In this case the conversion efficiency of the signal 

generation process is given by: 

2 21r'o)2o)3, u,, dP Akl) 
172 = 

P2 

nIn n 
PsinC2 

2 
(2.74) P3 

2 3C 

and likewise the cfficiency of the idler conversion process (17) can be represented in 

much the same way but by replacing the subscript 2 by a1 and vice versa. This 

relationship is very important to 3-wave mixing processes as it identifies the relationship 

between the conversion efficiency, the effective nonlinear constant (dff), nonlinear 

crystal length (1) and the phasernatching bandwidth (&k). All of these quantities are of 
fundamental importance to this thesis and are discussed in more detail in Section 2.4 

when quasi-phasematching is introduced, as well as in Chapter 3 when they are applied 

and adapted to the first experiment of this project. 

Another useful relationship that can be derived from the coupled wave equations 
is the Manley-Rowe relations [3 1 ], which describe the power flow in a three-wave mixing 

process. If perfect phasematching is assumed (Ak = 0) then it is possible to relate all 

three of the separate generated power equations derived from equation (2.73) into a single 

expression [32]: 

I d1l I dI, 
=_ 

1 d13 

(2.75) 
co, dz 0-)2 dz o)3 dz 

where dI, Idz can be interpreted as the change in power at the i frequency (i=1,2,3). 

Alternatively this expression can be commonly found written in the form [33]: 

L3 
=A 

L2 
=AL, (2.76) 

0)3) 

(OJ2 ) (WI ) 
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where P refers to the beam power and describes the quantum efficiency of a parametric 

conversion process which is the focus of interest in Chapter 5. 

Equation (2.76) has a different meaning depending on the particular 3-wave 

mixing process being considered, whether it be SFG, DFM or parametric generation, and 

for the purposes of this thesis only parametric generation is of concern. The implications 

to parametric generation from equation (2.76) are that if a strong source at C03 is 

continually passed through a nonlinear crystal in order to generate two weak output 

frequencies, 0)2and ctý then the two weak signals will each experience gain with each pass 

of the crystal as co3 loses power. The important consequence of this fact is that there is no 

need to introduce either wave at frequencies c92 or ctý externally, they can both build up 

from noise radiation by using many passes of a nonlinear crystal achieved by placing the 

crystal within a resonating cavity (at either w2 or ctý). Therefore, if the small signal gains 

of the cavity are greater than the losses then an oscillation threshold can be reached and 

this forms the system we are interested in, namely an optical parametric oscillator. 

2.4 Quasi-Phasematching 
Any lossless parametric conversion process is bound by the same conservation laws as 

conventional Newtonian mechanics, namely that both energy and momentum need to be 

conserved and when applied to electromagnetic waves these two conditions are described 

by equations (2.70) and (2.71). Equation (2.70) is the condition of energy conservation 

and determines what frequencies will be generated when a pump photon (coOis converted 

into a signal (o-), ) and an idler photon (co). Equation (2.71) describes the wave vector 

mismatch in a conversion process and is a statement about the conditions of optical 

Momentum conservation. An alternative way to express equation (2.71) is by introducing 

the linear refractive index, no and the wavelength of the interacting waves (, ý , A2and ý) 

, i. e.: 

Ak = 
21rn,, (A, ) 2; rno(/ý) 2; rno(, ý) 

(2.77) 
'13 

ý2 
1ý 

Therefore the optimum efficiency occurs when Ak =0 in which case the conversion 

process is considered to be perfectly phasernatched. As a result of the phasernatching 

requirement being a vector condition it is possible to satisfy Ak =0 using either a 

collinear or noncollinear arrangement. Figure (2.6) shows the general case where 

phasernatching is achieved using a noncollinear geometry, which experimentally requires 
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both a magnitude (wavelength) and an angular (crystal orientation) matching of the three 

wavevectors before the process to occur. 

k 
s 

k, 

kp 

Fig. 2.6: Vector representation of the condition of noncollinearphasematching, i. e. Ak =0, where kP 

represents the pump wavevector, k, the signal and ki the idler. 

This situation is generally complex to achieve experimentally and can be greatly 

simplified if a collinear geometry is possible as indicated by the arrangement seen in 

Figure (2.7). 

Fig. 2.7. - Vector representation qf the condition of collinear critical phasematching, i. e. Ak =0, where 

k,, represents the pump wavevector, ks the signal and the ki idler. 

In ultrafast OPOs even when phasematched, both collinear and noncollinear geometries 

have an inherent problem in maintaining overlap of the three interacting pulses due to 

their different group velocities. The wavelength dependent refractive index of the 

medium results in each of the three component wavelengths propagating with different 

group velocities causing the idler and signal pulses to 'walk away' from the pump pulse. 
As the pulses walk away from each other their interaction efficiency decreases and the 

conversion efficiency drops off rapidly. 

When Ak =0 the relative phases of the pump, signal and idler begin to slip as the 

three waves propagate with the result that eventually the direction of conversion changes, 
leading to backconversion from the signal/idler to the pump. The portion of the pump 

energy that gets backeonverted gradually increases as the relative phases of the different 

waves change up to the point when the phase difference has changed by )T, at which point 

the backconverted power cancels out the 'forward-converted' power (see Fig. 2.8). Due to 
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the oscillatory nature of electromagnetic waves this forward-conversion, backconversion 

standoff causes an oscillation in the conversion efficiency over a characteristic length 

known as the coherence length of the crystal, 1, defined by: 

1, = /T 

Ak 
(2.78) 

with the period of the oscillation defined as twice the coherence length of the crystal (in 

bulk non-bireffingent media this can be of the order of 10-100ýtm). Therefore the useful 

interaction length of a nonlinear crystal is severely reduced unless the phasematching 

condition (Ak = 0) can be maintained. Figure (2.8) shows how the intensity of the 

converted wavelengths changes as the interaction length of the nonlinear crystal is 

increased for both perfectly phasematched (Ak = 0) and a non-phasematched (Ak: Pl- 0) 

processes. 

4. 

"o 

Fig. 2.8: Schematic plot showing how the growth in intensity, of a parametrically generated output varies 

with crystal length for the case of a perfectly (red trace) and imperfectly (blue trace) phasematched 

process. 

Perfect phasernatching can be achieved in many crystals using bireffingent 

phasernatching (BPM) so called because it makes use of the optical property of 

bireffingence whereby different polarisation states of a wave experience different 

refractive indices in a medium. By calculating suitable wavelengths, polarisations and 

propagation directions it is often possible to obtain a phasematching configuration that 
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enables parametric conversion to take place, however BPM allows only limited control of 

the exact wavelengths that can be phasematched. 

For early OPOs, BPM was the only type of phasematching configuration that was 

efficient enough to enable a useful output to be generated, but BPM has many major 

drawbacks. The largest problem is the restriction BPM placed on the crystals that can be 

used in OPOs, as not all nonlinear crystal exhibit birefringent properties. This limits the 

number of crystals that can be used as well as restricting the nonlinear coefficients that 

can be accessed by the conversion process. Another slightly less significant drawback is 

the issue of Poynting vector walk-off between the pump and generated wavelengths due 

to the angular difference between their propagation vectors. This places a restriction on 

the lengths of crystals that can be used and hence the available gain and makes the 

oscillation threshold levels relatively high. As a result, an alternative technique of 

phasematching was developed called quasi-phasematching which simplifies the entire 

process of parametric frequency generation. 

The principle of quasi-phasematching was first suggested back in the early 1960's 

[29] but could not be realised practically until the early 1990's due to issues of fabrication 

methods. The principle itself is relatively straightforward and has many of the same 

elements in terms of theory as bireffingent phasematching. Let us consider Figure (2.8) 

again and look at the situation for the non-phasematched intensity growth for a crystal 

with a length equal to the coherence length of the interaction. After propagating a length 

1,,, the phase relationship has slipped such that the relative phase between the pump and 

the generated wavelengths has changed by an amount equal to ; r/2. At this point the 

growth in the intensity of the generated wavelengths has reached its highest and is starting 

to reduce as backconversion increases. At this point if a phase shift equal to 7r is 

instantly introduced then the phase-mismatch will now move back towards zero again 

rather than continue increasing. In terms of intensity growth the consequence of the 

additional ;r phase shift is that the backconversion section of the curve is removed and 

replaced by the another forward conversion section beginning at 21,, allowing the 

generated intensity to continue to grow rather than to oscillate. If this process of 
introducing an extra phase shift of ;r is continually repeated every coherence length then 

the overall effect is that the intensity of the generated wavelengths will continue to grow 

and high conversion efficiency can be achieved. Figure (2.9) shows schematically this 

situation and compares the growth in the intensity of the generated output for the case of 

quasi-phasematching with that of both perfect phasematching and non-phasematching. 
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Practically the repeated introduction of an extra ;T phase shift can be achieved by 

several methods such as the physical stacking of thin plates each rotated through 180' 

with respect to its neighbours, [341 or by crystal growth [35]. The most successful 

approach to date is achieved by reversing the electric domain orientation of the nonlinear 

crystal after ever coherence length resulting in a crystal with a periodically reversed 

electric field domain structure [36]. Due to this fact the technique has become known as 

periodically poling and the only requirement on the appropriate nonlinear material is that 

it needs to be ferroelectric. This factor allows many more nonlinear materials to be used 

for frequency conversion than under birefringent phasernatching. 

41 

u 

Crystal length 

Fig. 2.9: Schematic plot comparing how the growth in generated intensity varies depending on the 

phasematching achieved, perfectly phasematched (red curve), quasi-phasematched (green curve) or non- 

phasematched (blue curve). 

As Figure (2.9) shows, although the overall intensity growth for QPM processes can 

never be as high as in perfectly phasernatched BPM processes but many of the major 

drawbacks of BPM are removed by using QPM. Perhaps the most significant is the fact 

that a collinear geometry is preferred in QPM, giving several advantages such as a greatly 

simplified experimental configuration and the much more straightforward alignment 

procedure than for many BPM geometries. 
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In terrns of the wave vector mismatch equation or phasernatching requirement, 

what exactly does QPM have on the vector diagram? The answer is that it simply 

introduces an extra terrn into equation (2.71) which is determined by the size ofthe polino In 
period within the crystal, i. e. 

AkQ,,, tf : -= 
k3 

-k, -k, -k(; (2.79) 

where k. is given by: 

2z 

Ac 
(2.80) 

and A, is the poling/gating period of the crystal as shown by Figure (2.10). 

/ 

A" 

Fig. 2.10: Schematic of the grating structure in a periodicallY poled nonlinear crystal. The arrovis indicate 

the electriefield orientations, 1, the coherence length and AG the grating period. 

Physical control of the phasernatching condition therefore becomes a matter of crystal 

design and A, can be chosen to make up the difference between the desired signal and 

idler wavevectors and the pump wavevector. A vector representation oI-QPM is given in 

Figure (2.11) and shows schematically how the grating period can be desiened to give all 17, 
appropriate signal and idler wavelength pair for any particular application. There are still 

restrictions on the wavelengths that are phasernatched in a QPM conversion process but 

as a result of QPM they are a matter of matenal transparencies and levels of gain rather 

than of finding the phasematching conditions. 
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k, k s k. 

kp 

Fig. 2.11: Vector representation of a collinear quasi-phasematched process where kP represents the pump 

wavevector, k, the signal, ki the idler and kG the contribution due to the grating period of the crystal. 

Many other benefits exist by using QPM rather than BPM, one of which relates to the fact 

that for BPM the nonlinear coefficient accessed during the conversion process depends on 

the orientation of the polarisation of the driving fields, i. e. whether they are both in the 

same orientation or in different ones, defined as type I or type 11 BPM respectively. In 

QPM it is possible to select the largest coefficient of the nonlinear tensor which is 

generally the d33 coefficient and because of this QPM processes can achieve higher levels 

of signal gain than BPM processes using the same crystal length. However as is shown 

by equation (2-63) the maximum signal gain that can be achieved will always be less then 

for perfect phasernatching by a factor of 2/; r (for m= 1). 

As an additional point it should be mentioned that higher 'orders' of quasi- 

phasernatching are possible where the reversal of the electric domain structure occurs at 

odd integers of the coherence length, 1, i. e. using m=3,5,7 etc in equation (2.63). 

However as these configurations offer much lower conversion efficiencies requiring 

longer crystal lengths to achieve reasonable gain they are not considered in this thesis 

they are only mentioned for completeness. 

2.4.1 Conversion Bandwidth and the Figure of Merit 

In Section 2.3.2 the equation governing the conversion efficiency of a 3-wave mixing 

process was introduced showing the relationship between effective nonlinear coefficient, 

crystal length, refractive index and conversion bandwidth. This section will look at this 

relationship in slightly more detail and will introduce a figure of merit by which different 

nonlinear materials can be compared in order to gain an impression of their capabilities as 

parametric conversion media. 

By applying Equation (2.74) to the parametric conversion process of a QPNI OPO 

and grouping the more important variables together it can be rewritten so that a material 
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and wavelength dependent figure of merit can be defined. So in terms of the pump to 

signal conversion efficiency Equation (2.74) can be expressed as: 

AkL 
i7s = ai (FOM)., sinc' 

(2 

where Ak is now the quasi-phasernatched wave vector given by Equation 

(2.79), a, depends on the power of the idler beam, P, which is given by, 

ai = 
2; r2po 

pi (2.82) 
c 

and the figure of merit, (FOM),, is defined as: 

(FOM), 0)' wI deff (2.83) 
npn, ni 

Therefore the FOM for the efficiency of the signal conversion process depends on the 

refractive index of the nonlinear medium at all three wavelengths involving in the 3-wave 

process. This expression can be greatly simplified so only the refractive index at the 

wavelength of interest need be considered. To do this requires that the field Equations 

(2.66-2.68) be re-expressed using a different description of the electric field incorporating 

the appropriate frequency and linear refractive index as described by equation (2.84) [37). 

Wk 

Ak 
= Fnk Ek (2.84) aý 

k 

where k--1,2,3 and refers to the idler, signal and pump respectively. Using this 

description it is possible to derive a figure of merit as given by equation (2.85), 

d2 e (FOM), = o) ui 
ff 12 (2.85) 

n3 

2 
with dff In. ' being the value of interest from this equation. By separating the efficiency 

out like this a direct indication of the conversion bandwidth of the process can be 

evaluated, as defined by the sinc' function allowing the strengths of different nonlinear 

materials to be compared easily by way of their FOM. The issue of conversion 
bandwidth will now be considered followed by calculations of the FOM for the two 

different nonlinear materials used in QPM configurations in this thesis will be calculated, 

namely lithium niobate (LN) and potassium titanyl phosphate (KTP). 
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Conversion Bandwidth 

As equation (2.81) shows the efficiency of a parametric conversion process depends on 

the nature of the sinc' function, which is directly related to both the length of the crystal 

and the value of the wavevector mismatch, Ak, for both BPM or QPM. So an 

understanding of how this function varies according to the appropriate argument (Ak112) 

gives an indication as to how the conversion efficiency varies with small amounts of 

wavevector mismatch. Figure (2.12) is a plot showing the oscillatory behaviour of a 

general sinC2 function about the origin with the highest intensity occurring 

at A112 =0 and with lower intensity, higher order peaks occurring symmetrically about 

the centre. 

1 
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ci, 0.6 

cL) 0.4 
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Tj = 1.65% of the primary 

-5 0 
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Fig. 2.12: Plot showing the general behaviour of a sine ýJunction as a function of the argument AkI12. 

In effect this means that the highest conversion efficiency occurs when, 4kl/2 =0 but, due 

to the sinC2 (AkI/2) bandwidth, efficient conversion may still occur for a small range 

where A112 # 0. Practically this means that the wavevector mismatch does not need to 

be exactly zero for efficient conversion and conversion can occur for a range of values 

of A up to the point where the first minima occurs, i. e. Jkl/2 = ±z . The secondary 

oscillation peak has a considerably lower maximum value, only 4.7% of the central 
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maximum while the tertiary maximum is only 1.65% of the central peak. This indicates 

that conversion can occur if A112 falls inside these regions however in practice it is 

unlikely any output would be observed due to the much lower efficiency unless there is a 

high gain or low operational threshold. 

So the sinC2 function is oscillatory in nature with a broad central peak whose 
bandwidth (FWHM) defines the range of wavevector mismatch allowed for efficient 

conversion to occur. Practically this means that, rather than just a very small range of 

wavelengths seeing parametric gain, a larger range can be converted depending on the 

bandwidth of the central peak. It is therefore important to know what conditions govern 

the bandwidth of the sinC2 function and how they can be manipulated to achieve efficient 

conversion. The argument, A112 is obviously the determining factor of the central peak 

bandwidth and depends on both the crystal length and the value of A which in effect 

define the spectral range of the pump pulse that can undergo conversion. Higher gain 

suggests more output power and better conversion efficiency which can be achieved by 

increasing the crystal length 1. Figure (2.13) shows what happens to the conversion 
bandwidth as the crystal length is increased. 

0. 
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Crystal length, 21 
Crystal length, 41 

8- Crystal length, 161 
Crystal length, 321 
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Fig. 2.13: Illustration of how the FWHM of the sincý function varies with increasing crystal length, 1. 
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Clearly as I is increased the central peak narrows and the conversion bandwidth is 

reduced so that a doubling of the crystal length results in a factor of two narrowing of the 

conversion bandwidth. Therefore there is an inverse relationship between the crystal 

length and conversion bandwidth. If the extra 12 term from the FOM is also included then 

the situation worsens and bandwidth is actually lost by increasing the crystal length over 

the optimum reducing the conversion efficiency rather than increasing it. In practice it is 

necessary to reach a compromise between the conversion bandwidth, dictated by the 

spectral bandwidth of the pump pulse, and the available gain, determined by the length of 

crystal, to ensure a conversion efficiency sufficient to overcome threshold and achieve 

oscillation of the OPO. 

Comparison of the Figures of Merit for PPKTP and PPLN 

The figure of merit defined by equation (2.83) is a combination of constituent frequencies 

refractive indices and an effective nonlinear coefficient meaning that not only is its value 

material-dependent but it is also situation specific, i. e. one must know what the 3-wave 

mixing frequencies are as well as the nonlinear coefficients of the nonlinear material. 

The principle behinds its use is to allow a direct comparison to be made between the 

operational performances of different nonlinear materials in specific situations. Taking a 

specific example, suppose a Ti: sapphire (AP = 800nm) pumped OPO is required to 

produce a signal output at A, = 1.21zm using a crystal length of no more than lmm, what 

material would be best for the job? By finding the appropriate Sellmeier equations for the 

candidate materials it is straightforward to find the refractive indices for all three of the 

interacting waves and hence find the corresponding FOM. This allows an easy 

assessment of how different candidate materials would perform and if other factors need 

to be considered such as operating temperatures then a choice can be made based on 

performance against the simplicity of the cavity configuration. 

in this thesis two different QPM materials were used, lithium niobate and 

potassium titanyl phosphate, both of which have different operating characteristics and 
both were chosen for different reasons. The experiment described in Chapter 3 involves 

the operation of an OPO based on potassium titanyl phosphate (KTP) while the 

experiment described in Chapter 4 involves an OPO based on lithium niobate (LN). 

Lithium niobate has a higher effective nonlinear coefficient than potassium titanyl 

phosphate but it also needs to operate at a temperature in excess of 80*C to avoid 

photorefractive damage whereas KTP can operate at room temperature. Therefore any 

72 



Chapter 2: 'flicoretical Background 

OPO using LN in either bulk form or in its periodically poled form (PPLN) would require 

an oven and temperature controlling equipment but a KTP OPO would not. So a QPM 

OPO based on the material PPLN would be more complex to design and operate than an 

equivalent QPM OPO based on PPKTP. The question then becomes would the 

performance of PPKTP be sufficient to warrant the simplification of the set-up, or from a 

different angle would the performance of PPLN be that much better than PPKTP that the 

temperature controlling equipment was worth the effort? These are the questions that 

need to be addressed when preparing to design an OPO and this is where the FOM given 

by equation (2.83) is useful in making performance related comparisons. 

Lithium niobate is a popular and commonly used nonlinear material and has been 

used since the very early days of OPOs as the conversion medium. It is a well studied 

material and appropriate data necessary to calculate its FOM can be found in many 

references; therefore calculation of its FOM for the previously mentioned example would 

be simple enough as would the same calculation for KTP. The following example does 

just this and calculates the FOM of merit for both materials however as a direct 

comparison is being made for the same wavelengths and crystal lengths the FOM reduces 

to the following expression: 

d2 
FOM = 'ff 3 

n. 
(2.86) 

Table (2.1) gives the necessary data to calculate the refractive indices for KTP [38] and 

LN [39) for which an operating temperature of 100*C was chosen as it a commonly used 

operating temperature. The table also contains the d33 nonlinear coefficients for KTP 

[40] and LN [36] enabling their dff values to be calculated using equation (2.63). 

n, (1.2/zm) d33 (Pmv -1) d, 
ýff (Pmv 

KTP 1.8253 16.9 10.8 

LN 2.1440 27 17 

Table 2.1: Table of the reftactive indices and nonlinear coegicientsfor both KTP and LN to enable their 

correspondingfigure of merit value to be calculated. 
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Based on these values the figures of merit for each crystal were calculated and are given 

in Table (2.2) where the value calculated for lithium niobate is around 52% greater than 

for KTP. So if the choosing a crystals was purely a matter which had the higher effective 

nonlinear response and larger gain then LN would clearly be the favourite however other 

factors often need to be considered as well such as fabrication issues, cost, transparency 

windows and desired cavity configuration. 

Material I Figure of merit 

KTP 1 19.18 

LN 1 29.32 

Table Z2: Example of the FOMfor KTP and LN using the datafrom table 2.1. 

Caution should be taken when considering figures of merit as they do not tell the whole 

story, it is also important to consider the appropriate conversion bandwidths of the 

materials using group-velocity dispersion values. For the case of KTP and LN both will 

have different group-velocity differences between the pump and cavity resonant 

wavelength and therefore their useful interaction lengths will be different. So by 

considering FOMs and a group-velocity walk-away per unit length value a good account 

of a materials performance can be gained. 

2.5 Femtosecond Optical Parametric Oscillators 

Up until this point the vast majority of the work presented in this chapter has applied to 

either optical systems in general or pulsed laser systems on the whole, however this 

section looks at specific issues that apply to ultrafast OPOs and in some cases primarily 

ferntosecond OPOs. Certain features of ultrafast OPOs require a slightly different 

approach than for nanosecond, Q-switched or CW systems and some issues such as 

synchronisation and crystal damage have requirements that are far more demanding. 

Some of the more important issues regarding femtosecond OPOs involve choosing a 

suitable nonlinear material, achieving pump-signal-idler pulse synchronisation, managing 

group velocity walk-away, threshold, cavity design and beam focusing and pulse shaping 

effects. There will be no great detail given regarding any of these issues only a brief 

overview to give the reader an idea of the considerations required when designing, 
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modelling and implementing the successful operation of an OPO. Certain topics are 

described in more detail in later relevant chapters. 

Material Choice and Damage Considerations 

One of the key properties of ultrashort laser pulses that is of most importance and justifies 

their use in many applications is their very high peak powers. Section 2.2 discusses the 

issue that a nonlinear response increases with the intensity of the field used and therefore, 

because modest average power ferntosecond lasers have very high peak powers, they can 

efficiently produce useftil nonlinear responses. Apart from the desired nonlinear response 

they also expose weaknesses in certain materials, which need to be considered when 

deciding on the appropriate nonlinear material. Thermal and optical damage issues 

should always be investigated thoroughly as they can impair the performance of a device 

and at worst they can have catastrophic consequences on the operation of a system. High 

peak powers and/or pulse energies can cause thermal damage to the bulk material or 

optical damage to the surface of the crystals, which will sometimes be wavelength 
dependent and in the case of very high peak powers/pulse energies can happen at any 

wavelength. Pulse duration is also an important consideration as damage threshold values 

can vary dramatically from the ns to the fs regime, for example the damage threshold 

in, 6BBO has been recorded at around 13.5GW/cm2 [41] using I-ns pulses at 1064nm but 

for 100fs pulses at around 650nm it approaches ITW/cm 2 [42]. Fortunately much of the 

ground work in this area was carried out in the early years of OPOs and damage threshold 

values for many of the materials commonly used today can usually be easily located. So 

by careful consideration of factors such as a materials absorbance window and the energy 

characteristics of the pump pulse it is possible to avoid damage issues. Therefore it is 

good practice to thoroughly research candidate materials before any designing starts but 

there can be a problem when new materials are developed and the information is not 

available. 
Another factor to be considered with regards to the properties of a candidate 

material concerns its chemical stability. In other words how well does the crystal 

structure cope with prolonged exposure to ultrafast pulses or particular types of 

environments, are there issues with fabrication techniques that can impede its use in 

certain situations. Potassium dihydrogen phosphate (KDP) for example is hygroscopic 

and therefore requires a controlled water-free environment, Potassium niobate KNb03 is 

known in some cases to develop microscopic ferroelectric domains. Different growth 
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processes can result in slightly different optical transparency windows leading to 

variations in window sizes depending on the technique used due to impurities introduced. 

The key point to be highlighted by this section is the need to fully research any 

candidate materials beforehand, know their capabilities and limitations and weigh these 

against possible benefits. 

Synchronisation 

Unlike CW resonant cavities, pulsed systems do not have a continuous field present 
throughout the cavity and as a result only certain regions of the cavity will contain a field 

at a particular time. This means that in order to achieve any temporal overlap between 

the pump and resonating wavelengths so that parametric conversion can occur there needs 
to be some form of synchronisation between the resonant pulses in the two coupled 

cavities. For femtosecond OPOs synchronisation is of critical importance and the 

matching of the OPO cavity length to that of the pump laser cavity needs to be within 

several microns for steady-state oscillation to occur. Small mismatches in the lengths of 
the two cavities can affect the resonant wavelength of an OPO such that the central 
wavelength of the resonating pulse changes altering its cavity transit time to maintain a 
perfect match with the cavity repetition frequency of the pump [43]. This allows a certain 
degree of tuning in the output wavelength of the OPO and decreases the overall 
sensitivity of the device to fluctuations in the cavity length but the tolerance is still of the 

order of microns. Therefore the cavity design of an OPO is important because it must 
allow length variations to be made without affecting beam steering making cavity design 

an important issue which will be considered shortly. 

Pulse Shaping Effects 

For modelocked laser pulses the dominant effects that contribute to the shaping of the 

output pulse are second order and higher dispersion effects and nonlinear effects such as 

self-phase-modulation (SPM). There is much the same situation in femtosecond OPOs 

however in some cases there are other factors unique to OPOs that can carry an equal 

weight in determining the output pulse shape. Effects such as pump spectrum depletion, 

group-velocity walk-away and conversion bandwidth limitations, to name but a few, can 
have equal effect on determining the pulse shape as dispersion and nonlinearities. 

For the case of pump depletion the shaping is due to a consequence of parametric 
conversion being an intensity dependent effect resulting in the central peak of the pump 
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spectrum seeing more conversion than the wings. The higher the available pump power 

the greater the level of depletion the pump spectrum will see and, due to the intensity 

dependence the central peak will be more severely depleted than the wings. Previous 

studies regarding the issue of pump depletion and its effect on the converted pulse 
durations [44] have indicated that a fundamental limit is placed on the converted pulse 
duration as a result of depletion of the pump spectrum. The closer an OPO operates to its 

oscillation threshold the lower the level of pump depletion and the shorter the converted 

pulse durations will be. 

Group-velocity walk-away between the pump and resonant pulses is also crucial 
in detennining the shape of the converted pulse. The wavelength dependence of the 

refractive index means that different wavelengths travel through a medium at different 

speeds, which for the case of a parametric conversion process results in the loss of 

temporal overlap between the pump and resonant wavelengths, terminating conversion. 
If the differences are significantly larger than the durations of the pulses involved then the 

available gain length will be reduced and the efficiency of the interaction lowered. The 

difference in transit times between the pump and resonant pulses can be calculated using 
Equation (2.87): 

Ar= I-11 1vp 

Vr 
(2.87) 

where Vp is the group velocity of the pump and V,, is the group velocity of the resonant 

pulses, both of which can be calculated using Equation (2.15) if the refractive indices are 
I known. Typical values for many materials are of the order of lOOfsmm' , which restricts 

the maximum useful crystal lengths in QPM OPOs to around 1-2mm in comparison to the 

sub-millimetre lengths of BPM OPO crystals. 
The issue of conversion bandwidth or phasernatching bandwidth imposes a 

different restriction this time on the bandwidth of the pump pulse that will be converted. 
For example a pump pulse with a spectral bandwidth of 8mn will require a phasematching 
bandwidth of equal size to optimise the pump conversion efficiency. As discussed above 
in section 2.4.1 the phasernatching bandwidth is linked to the length of crystal used in the 

process so that longer crystals have smaller conversion bandwidths. A useful approach to 

considering the conversion bandwidth for a particular situation is to generate a colourmap 

plot showing the conversion efficiency given by sinc'(AkI/2) for a combination of 
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signal/idler outputs over a range of pump wavelengths or grating periods within the 

crystal. 

, 4. 

Fig. 2.14: Phasematching colourmap used to gauge the efficiency bandwidth of a conversion process. 

Figure (2.14) shows an example plot that would be produced to study the conversion 

bandwidth for a given crystal. The plot shows the situation using a fixed grating period 

and for each pump wavelength in the given range the efficiency is evaluated for a varying 

signal/idler wavelength combination. This process is repeated at small intervals across 

the pump wavelength range and then by plotting the wavelength ranges on the x and y 

axis (pump is plotted on the x axis and signal/idler is plotted on the y-axis) the efficiency 

for that combination is represented by a colour. In the case used above red represents 

region of highest efficiency while blue represents regions of lowest efficiency. This way 

the region of highest efficiency is represented by the red section of the colourmap and the 

width of the coloured region represents the conversion bandwidth for the given process. 

Threshold 

As is the case for any resonator device for successful operation to be achieved the losses 

in the cavity must not exceed the small signal gain therefore the single pass gain of the 

78 

ý80 800 820 840 860 880 900 
Pump Wavelength (nm) 



Chapter 2: '1 iieoreticat ijaCKgrouiict 

nonlinear crystal must be greater than the round trip losses of the cavity. In the case of a 

CW singly resonant OPO the pump-power needed to overcome threshold and allow 

steady-state operation is given by P,,, which is defined as [45]: 

Plh = 
c., nn, n, c'(k, +kp) 

- (2.88) 
128co, WilV21Z2 hkkp 

where e, is the fractional round-trip cavity loss, n, n, and nP are the refractive indices of 

the signal, idler and pump respectively, co, and co, are the respective signal and idler 

frequencies, k, and kp the respective signal and pump wavevectors, z represents the 

effective nonlinear coefficient according to: 

3 . 104 

d 
eff 2; r 

(2.89) 

I is the crystal length and h, is a focusing factor that depends on wavelength, crystal 

length, walk-off angle and the confocal parameters of the pump and resonant signal 

beams. For QPM OPOs there is no walk-off angle and for equal pump and resonant 

signal confocal parameters h, :: ý 0.25 gives the minimum threshold. At this point the 

confocal parameter of the two beams, b, and b. are related to the length of the crystal by 

I=2.7b [45], which for ferntosecond OPOs using short crystals is difficult to achieve. 

Therefore it is possible to use non-equal pump, signal confocal parameters where b, >b, 

to maximise h, and minimise threshold. 

Cavity Design and Beam Focusing 

The actual configuration of the mirrors used for the OPO cavity and the beam focusing 

within the nonlinear crystal is an important issue in terms of both achieving an output in 

the first place and also to achieve a good quality beam shape. Aberration effects such as 

coma and astigmatism can distort the intracavity beam resulting in an output beam that 

can be highly elliptical and highly unstable. Therefore intracavity aberrations need to be 

minimised to maximise the operational stability and the output beam quality (both the 

TEM mode and the shape). Various cavity arrangements are possible including both ring 

and standing wave configurations, 3-mirror standing wave V arrangements and 4-mirror 

Z or X standing wave arrangements. Different cavity geometries have different benefits 

depending on the crystal design, for example Brewster angle end faces introduce coma 
but for different cavity arrangements can be used to compensate for astigmatism [46]. 
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High reflection coated parallel end faced crystals are usually preferred as they make 

alignment easier and in the case of BPM easy angle tuning. The cavity design is also 

critical in determining the beam focusing of the resonant wavelength and therefore is an 

important consideration for determining the resonant pulses complex beam parameter 

[33]. In order to achieve good mode-matching between the pump and the resonant 

wavelength within the cavity (thus enabling parametric conversion to occur) the two 

complex beam parameter must be closely matched. 
The theory of Gaussian beam propagation [47] states that the beam 

radius, w varies as a function of z according to, 

w 
2(Z) 

= W2 + 
Z2) 

02 zo 
(2.90) 

where z is the direction of propagation and w,, is the radius of the bearn at is focus. zo is 

called the Rayleigh range and gives the distance from the focal position over which the 

beam spot size has doubled and is defined as, 

Z, 
zwn 

.Z 
(2.91) 

This can then be used to define the confocal beam parameter, b, which is twice the 

Rayleigh range. Knowing the beam radius and Rayleigh range it is possible to calculate 

the wavefront curvature, given by Equation (2.92), 

2 
z 

z2 
R(z) = z(l + (2.92) 

which can then be used in conjunction with the beam waist Equation (2.90) to determine 

the complex beam parameter, q(z) defined as: 

;7 (2.93) 
q(z) R(z) w (Z) 

So to get good mode matching between different beams it is simply a matter of matching 

their complex beam parameters. The complex beam parameter also has the advantage 

that it can be used to determine how different optical elements affect the beam shape by 

using a matrix transformation called the ABCD law [1], governed by equation (2.94), 

(,, )_ Aq, (z)+B 
q2 z- 

Cqj (z) +D 
(2.94) 
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where qj(z) is the complex beam parameter before an interaction and q2(z) is the 

complex beam parameter after the interaction. Therefore by knowing the appropriate 

matrix for each optical element it is possible to determine the beam size and divergence 

within a resonant cavity. 

2.6 Conclusions 

In summary this chapter has presented all of the mathematical and theoretical background 

necessary to understand the physics behind the operation of synchronously pumped, 

quasi-phasematched femtosecond optical parametric oscillators in the context of this 

thesis. Optical properties important to femtosecond systems have been discussed such as 

linear and nonlinear pulse propagation, the coupled wave equations and the principles 

behind quasi-phasematching. Later experimental chapters will make use of the work 

described in this chapter to describe the operational characteristics of various QPM OPOs 

and will also expand on the work of this chapter. When new ideas are presented that have 

not been discussed in this chapter a formal description will be included, for example in 

Chapter 3 the situation of chirped frequency conversion in QPM crystals is considered 

and a description of the appropriate theory is given in this chapter. Whenever new 

concepts are introduced any information given in this chapter will be assumed and the 

details given will simply expand on this chapters work. 
Much of the work presented in this Chapter should give the reader a basic but well 

rounded understanding of the operational characteristics important to ferntosecond QPM 

Opos in general but for more details other references should be considered. 
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3.6 References 

3.1 Introduction 

This chapter will look in detail at the first experiment that was carried out to test the 

principle of chirped frequency conversion in QPM structures as a method for reducing the 

operational threshold in singly resonant, synchronously pumped optical parametric 
oscillators (SPOPOs). Before discussing my own experimental work, the following 

section will give a review from a historical perspective of the use of 'chirped' or 
4aperiodically poled' structures in nonlinear optics for frequency conversion processes. 
The review covers all of the major fields of research and applications that have to date 
made use of aperiodically structured nonlinear materials and in some cases it will look at 
why and how they can be used in particular processes to enhance some area of the 
operational performance of a system. The remainder of the chapter will present a full and 
detailed description of the first experiment that I performed to test use of chirped 
frequency conversion as a feasible method for reducing the operational threshold of 
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singly resonant SPOPOs. The experimental description will start by reviewing all of the 

design stages that were necessary to build the OPO including the crystal design, the 

design of the mount needed to hold the crystal during the experiment, the preparation and 

characterisation of the pump pulses for use in the OPO and the method developed to align 

and achieve operation of the extended crystal OPO. Following this the experimental 

results will be presented in detail showing all of the output data collected from the system 

including figures, tables and any necessary explanations of operational characteristics. 

Finally the last section of this chapter will present the conclusions that were drawn from 

the experimental results and suggest possible hindsight based improvements that may 

further reduce the operational threshold value of the system. 
The aim of the following review is to introduce the reader to the main areas of 

research and the most common applications where chirped nonlinear crystals have been 

used. It offers an up-to-date account of the use of chirped QPM structures for frequency 

conversion devices and presents some of the effects seen in these devices that are utilised 

to enhance the operational characteristics of different ferntosecond systems. The review 

will start by introducing some of the early applications of chirped structures in optical 

systems followed by the first use of nonlinear-chirped structures as frequency conversion 
devices. The remainder of the review will be an almost chronological account of the 

main areas of research that have made use of the chirped structures to date including the 

key applications found in systems today where they are currently in use. The review 

should give the reader a general feel for the context of the theoretical work that formed 

the foundations of the experiment that was performed and is discussed in the rest of this 

chapter. 

3.2 Review of Aperiodically Poled Structures in Optical Systems 
A literal definition of an aperiodic crystal structure would be one in which some property 

of the crystal (for the case of optically active elements this usually refers to the internal 

domain orientation of the material) is alternated or reversed in a pattern that has a non- 

constant periodicity. In the context of this review an aperiodic crystal structure is one in 

which the periodicity of the domain within a nonlinear crystal varies according to some 
irregular or linearly varying grating pattern. The irregular grating patterns are generally 
labelled simply as aperiodic gratings however linearly varying aperiodic gratings are 

commonly described using the term linearly chirped grating or simply a chirped grating 
to describe the grating pattern. 
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The general concept of exploiting chirped structures in optical systems has been of 

interest for many years. One of the first suggested use of linearly chirped Bragg- 

reflection gratings was for dispersion cancellation in optical waveguides [1] and was 

presented in 1987 by Ouelette. Based on earlier work [2-4] Ouellette developed a 

theoretical model for the use of linearly chirped Bragg grating filters in CW optical 

waveguides as a method to reduce the dispersion present in the system. Prior work on 

uniform Bragg grating filters [5] concluded that using uniform Bragg gratings was an 

ineffective method for dispersion cancellation because they only demonstrated high 

dispersion around the regions of low reflectivity and these high dispersion regions were 

of very narrow bandwidth and so of limited use. Ouellette's work developed the idea of 

using an aperiodic Bragg grating filter instead which would allow different guided 

frequencies to be reflected at different points within the filter giving them different delay 

times. The sign of the dispersion introduced by the filter could be reversed simply by 

reversing the direction of the filter which allowed any dispersion introduced by a length 

of fibre to be negated by placing an appropriate length and appropriately orientated 

chirped Bragg filter within the system. 
An alternative use of chirped grating structures in waveguides was presented in 

1990 by a Japanese group at Osaka university (6], which was to use chirped gratings to 

increase the phasernatching bandwidth for SHG in CW waveguides. This work by Suhara, 

et al [6], presented a theoretical model that compared how uniform and chirped-period 

gratings designed for phasernatching second harmonic generation (SHG) would perform. 
The results found that by using chirped gratings that were appropriately designed it was 

possible to increase the phasernatched bandwidth that was acceptable for SHG to occur. 

This work was further developed during 1994 when aperiodic grating structures (both 

works used randomly varying structures) were used to demonstrate experimentally [7,8] 

that it was possible to increase the acceptance bandwidth in CW, phasernatched SHG 

processes in optical waveguides. Up until the point of this work the problem had been 

that any attempts to increase the acceptance bandwidth for phasernatching the SHG 

process in optical waveguides resulted in a significant reduction in the conversion 

efficiency of the process for only a small increase in acceptance bandwidth. Both Bortz 

et al [7] and Mizuuchi et al [8] presented experimental work reporting significant 
increases in the acceptance bandwidth for CW QPM SHG in optical waveguides without 

a corresponding major reduction in conversion efficiency. By using an aperiodic 

structure rather than a uniform one both of the above works reported significant increases 

in the acceptance bandwidth without the accompanying significant reduction in the 
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conversion efficiencies seen when using uniform gratings. Bortz et al used a single mode, 
lithium niobatc (LiNb03) wavcguidc design for phascinatching at 922nm and reported an 
increase in the acceptance bandwidth of the SHG process by a factor of 15 while only 

reducing the conversion efficiency by a factor of 10, demonstrating an approximately 
linear relationship. Mizuuchi et al used a 10mm, crystal of lithium tantalate (LiTa03) and 

also demonstrated an approximately linear relationship when they reported an increase in 

the QPM acceptance bandwidth of a factor of 3 with only a factor of 3 reduction in the 

conversion efficiency. 
The implications of the above works paved the way for the use of aperiodic 

structures in quasi-phasematched (QPM) free space, bulk optic, ultrafast systems. 
Theoretical work on the development of this application was first presented in 1997 by a 

group at Stanford [9] whose approach was to use linearly chirped pump pulses matched to 

a linearly-chirped QPM structure in a nonlinear crystal phasernatched for SHG. They 

found that the generated second harmonic of the pump pulses was compressed during the 

conversion process introducing a new concept, simultaneous pulse compression and SHG, 

which was a direct result of chirped frequency conversion. The cause of this compression 

was due to the interplay of two phenomena: namely a group velocity mismatch between 

the pump pulses and the second harmonic pulses and the spatial localization of the second 
harmonic conversion of particular frequency components of the pump pulse. The group 

velocity mismatch is a factor that is intrinsic to the nonlinear material and the spatial 
localization of the second harmonic conversion of particular frequency components was a 

property peculiar to aperiodic QPM gratings. Due to the nature of a temporally chirped 

pulse, the frequency components it contains make up temporal slices of the pulse and by 

using an appropriate design these can be phasernatched for conversion to their second 
harmonics at particular points within the aperiodic structure of the nonlinear crystal. 
Therefore an appropriate crystal design would result in all of the frequency components 
being converted at points within the crystal reducing their relative temporal separation 

such that the output SHG pulse would be compressed with respect to the unchirped case. 
Follow up work by the same group later in the same year [10] validated this approach 
experimentally when an erbium. doped fibre laser (1560run) was used to pump a crystal of 
aperiodically poled lithium niobate (APPLN), which produced a frequency doubled 

output at 780nin where the output SHG pulses were compressed from the pump-pulse 
duration of l7ps to a duration of II Ofs, which is a compression factor of around 150. The 

crystal itself was a 50mm. long piece of lithium niobate with a QPM grating period that 

varied from 18.2gm to 19.8gm. This work initiated significant interest in the use of 
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aperiodic QPM gratings in nonlinear crystals for simultaneous second harmonic 

generation and pulse compression and over the following few years many other groups 

presented work that developed and extended the knowledge of the phenomena of 

simultaneous pulse compression and SHG in aperiodic QPM structures. One of these 

groups was from St Andrews University and in 1999 they presented the first work 
involving simultaneous second harmonic generation and pulse compression in 

aperiodically poled potassium titanyl phosphate (APPKTP) [11,12]. In this work an 

OPO based on a birefringently phasernatched crystal of rubidium. titanyl arsenate (RTA) 

was used to generate around 600mW of highly chirped 290fs pump pulses at 1.25gm 

(their time bandwidth product implied that the pulses were around 6 times transform 

limited) for use as pump-pulses for a second SHG-crystal placed in series with the first. 

The second crystal was a 630gm crystal of APPKTP (grating period varied from 15.45gm 

to 14.20[im) and this system produced 120mW of frequency doubled output with the 

pulses being compressed from the pump duration of 290fs to a duration of 120fs and only 

containing a small amount of residual chirp (around twice transform limited). In 2001 the 

same group at St Andrews University produced further work making use of simultaneous 
SHG and pulse compression however this time a crystal of APPLN was used that 

contained 8 separate lateral gratings all with different chirped gratings [13]. Highly 

chirped, 280fs pump-pulses containing positive linear chirp were generated at 1.25gm by 

an OPO based on a QPM crystal of PPRTA and were then used to generate a second 
harmonic output (625mn) of compressed (140fs), near transform limited output pulses. 
These pulses were then compared to theoretical results obtained by modelling the 

simultaneous SHG and compression process in the 8 lateral gratings of differing chirp. 

This was achieved by first characterising the pulses generated by the PPRTA OPO using 

the FROG technique discussed in Chapter 2 and using the resultant pulse data in a full 

numerical model. This allowed a systematic comparison to be made between theory and 

experiment for the simultaneous conversion and compression process and this exercise 

allowed the current principles and models to be developed further. 

Various applications of the phenomena of simultaneous SHG and pulse 

compression in aperiodic QPM structures have been developed in the last few years and 
include the generation of very short duration mid-infrared ultrafast pulses [14], frequency 

doubled ultrashort blue pulses [15-17] and pulse shaping techniques [18-21]. The work 
developed by Beddard et al [14] demonstrated that it was possible, with careful design of 
the crystal and matching of the pulse chirp, to generate near transform limited pulses in 

the mid-infrared with pulse durations that corresponded to only five optical cycles in the 
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electric field of the pulse (53fs pulses were generated at 3gm). The pulse shaping 

techniques developed by Imeshev et al [18,19,21] allowed the use of carefully designed 

longitudinally non-uniforin gratings to generate nearly arbitrary shaped second harmonic 

outputs by considering the phase response of the SHG process with relation to the pump 

pulse. Follow up work by the same group developed the theory of using difference 

frequency mixing (DFM) instead of SHG as a pulse shaping technique [20]. Other 

applications of aperiodic QPM grating structures included methods to improve bearn 

quality of the SHG generated output [22], multiple wavelength generation through sum 

frequency generation [23], multiple wavelength parametric amplification (24], chirped 

pulse amplification circuits for fibre amplifiers [25], simultaneous phasematching of 

optical parametric oscillation and SHG processes [26] and CW nonlinear multiple 

wavelength generation processes in aperiodic optical superlattice's (AOS) [27-29]. 

Chirped grating structures are also used in other optical applications such as 

mirror coatings that can be designed to counteract specific amounts of dispersion for use 

in ultrafast modelocked laser systems [30-32]. Using chirped mirrors as dispersion 

compensation components in laser cavities [33] offers an alternative to using prism pairs 

[34] because the coating structure of the mirrors allows different oscillating frequencies 

within a cavity to penetrate to different depths within the mirror before being reflected 
Oust as Ouelette developed in 1987 [1] for fibre systems). With an appropriate design the 

mirror coatings can be used to reduce the net cavity dispersion over a range of 
frequencies in the same way as a prism pair does but with benefit that the compensation 

occurs over microns rather than centimetres and is not alignment sensitive. In some cases 

multiple passes of the mirror are necessary and cavity length reduction is not always 

possible but generally with careful design chirped mirrors can be used to reduce cavity 

lengths and the overall size of some systems. Until recently the main drawback to using 

chirped mirrors was a modulation in the phase shift, ý(w) that resulted in a narrow 

reflection bandwidth offered by the coatings [35]. The modulation in the phase shift 

results in oscillations in the GDD rather than the expected linear variation limiting the use 

of chirped mirror structures to pulses with limited bandwidths. These issues meant that 

when used chirped mirrors commonly restricted the operational modelocking range of 

some broad-bandwidth gain media such as Ti: sapphire. As a solution to this drawback in 

1998 a group in Zurich presented theoretical work showing that it is possible to design 

double chirped mirrors that could produce reflectivity of greater than 99.8% over a range 

of 400mn [36]. They then demonstrated this principle experimentally by producing 30fS 

pulses over a 300nm range from a Ti: sapphire laser incorporating chirped mirrors. 
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The application of chirped structures to fields such as fibre-optical research and 

optical communications development, although not directly relevant to the work 
described in this thesis, shows the wide range of developing areas in which they can be of 

use. An aperiodic optical superlattice is a device that offers a way to use a single fibre- 

laser output to generate multiple outputs around the second harmonic of the input fibre. 

The aperiodic QPM structure of an AOS allows multiple outputs to be simultaneously 

phasematched from a single input allowing a single channel in a fibre to generate multiple 

outputs. Devices like these could have very useful applications in developing fields other 

than the obvious optical communications, such as optical computing. In 2002 Lee et al 
[27], demonstrated that it was possible to generate 2 and 3 outputs with equal gain from 

double and triple-wavelength SHG AOS made of APPLN. The aperiodicity of the 

structure is what makes it possible to allow multiple processes to be QPM simultaneously 

and this application has not only been restricted to fibre based systems, for example 
Kartaloglu et al [26] have recently shown that it is possible to simultaneously phascmatch 

optical parametric oscillation and second harmonic generation in free space systems using 
APPLN. 

With an ever-growing range of techniques in both wave guided systems and 
free space systems making use of chirped structures it is easy to see that they have the 

potential to become very attractive commercial propositions. In 2002 Artigas et al 

presented work showing that it is possible to design aperiodically poled crystals to both 

compress the signal pulses and enhance the gain in a degenerate OPA [37]. The idea of 

gain enhancement in parametric processes is in itself a very attractive application as it 

would allow OPOs to be developed that could operate with lower power pump lasers so 

reducing the size and cost of an OPO system. The idea of using aperiodically poled QPM 

structures as a method to enhance the gain in a nonlinear crystal was developed further by 

Artigas ct al, who used simulation models to demonstrate that the use of aperiodically 

poled QPM structures in nonlinear crystals could indeed improve the conversion 

efficiency of the parametric conversion process in OPOs (38]. The conversion efficiency 

of parametric processes is mainly dependent on two factors, the available parametric gain 

and the acceptance phasematching bandwidth of the conversion process. Conventionally 

both of these factors are related to the length of the crystal that is used by a reciprocal 

relationship meaning that a compromise between gain and phasematching bandwidth 

needs to be made when designing a crystal for OPO use. Short crystals (-1-2mm) are 

required for a broad acceptance bandwidth but short crystals have low gain and as a result 
OPOs that use short crystals have a relatively high operational threshold. The principle of 
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the work of Artigas et al [38] was to use aperiodic QPM structures to maintain the 

acceptance bandwidth while increasing the gain length of the crystal. Careful modelling 

if this approach was presented in [38] where the model compared the conversion 

efficiency of a uniformly QPM crystal of KTP (PPKTP) and a linearly chirped QPM 

crystal of KTP (APPKTP). The results indicated that a Mold increase in the conversion 

efficiency could be achieved in a system incorporating an appropriately designed crystal 

of APPKTP. The experiment that is presented in the remainder of this chapter uses the 

principles developed in the work of Artigas et al (38] and discusses the successful 

implementation of aperiodic structures to reduce the operational threshold of an OPO. 

Table (3.1) draws together most of the experimental works mentioned so far 

where chirped QPM crystals have been used giving specific details of each work where 

the aperiodicity of the structure was important. For each entry the particular application 

the crystal was used for is given along with the grating period variation within the crystal 

structure and the wavelength that were involved. To date the most common use for 

chirped QPM gratings has been for simultaneous SHG generation and subsequent pulse 

compression (SHG and PC) of the SHG wavelength. 

Ref. Material Application Grating period Comments 

SHG and PC 
First demonstration of [10] LN ). P = 1.56gu 18.2-19.8ýtm 

'SHG=780nm simultaneous SHG and PC 

SHG and PC 

[11,12] KTP Xp = 1.25, um 14.2-15.45pm 
RTA pumped crystal, 

)'SHG = 625nm FROG used to test model 

SHG and PC 
9.6-11.7tim 8 gratings used, [13] IN XP = 1.251zn 

SHG = 625nm (most chirped grating) 700ýtm long crystal 

OPO 

[14] LN Xp 840nm 
21.89-23.55ým 8 gratings, 

X,, 1.167,3.0, um 
(most chirped grating) 5 cycle pulse generation 

SHG and PC 

[15,17] LT Xp =810nm 1.8-6.5gm Sub Us blue light pulses 
XsHG = 405mn 

OPO and SHG 2 processes simultaneously 
[26] LN Xp =790run 

Gratingl = 7.7-15.2pm 
phasematched in single X, j =l. l67,3-0jzn Grating 2=6.1-14.81im 

), 
SHG = 570mn crystal, 2 gratings 

Table M: Table summarising details ofeight of the references where chirped QPM gratings were used. 
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3.3 Experimental Setup - Designq Construction and Alignment 

An extensive list of the applications of OPOs was given in Chapter one and this will not 

be repeated here other than to say that OPOs are versatile sources of highly tuneable near 

to mid infrared radiation and so are significant research tools for a multitude of 

applications ranging from time resolved spectroscopy to all sorts of telecommunications 

based applications. Meeting the requirements of the long list of applications using normal 

laser sources has always been problematic due to the lack of gain media with an 

appropriate energy level structure necessary for stable operation at the particular 

wavelengths of interest. Due to this fact the development of optical sources of radiation 

using parametric conversion processes has been an important field of research since the 

early 1960's. As mentioned already in Section 3.2, in a fenitosecond parametric 

conversion process the conversion efficiency is governed by a relationship where the 

available gain and phasematching bandwidth are inversely related. This conventionally 
has meant that a compromise needs to be made between the gain required to overcome 

threshold and the practical phasernatching acceptance bandwidth necessary to phasematch 

all of the pump wavelengths, both of which depend on the length of the crystal. The trade 

off also limits the choices of nonlinear crystals with favourable phasematching conditions 
to a small handful and despite the major advances in the field of ultrafast optics in past 
few decades this fundamental limitation on the length of crystal still remained until the 

work described here was carried out. 
The problem is that broadband conversion requires a short crystal as the 

conversion bandwidth varies as the reciprocal of the crystal length and this means that in 

excessively long crystals phase mismatch occurs resulting in a back-conversion of the 

generated pulses. The back-converted output results in a reduction in the effective gain 

available from longer crystals. Conversely long crystals produce more parametric gain, 

which results in an improved conversion efficiency owing to the increased interaction 

length experienced by the pump and the resonant pulses. Therefore the very need to 

phasematch the interaction results in a compromise between the best conversion 

efficiency and the highest available gain needing to be made when choosing and 
designing a crystal. 

The introduction of the technique of QPM made it possible to access higher 

effective nonlinearities than in birefringent phasernatching and it allowed more materials 
to be used in OPOs, as the poling technique only required that the medium be nonlinear 
and ferroelectric. The higher nonlinearities that were available when using QPM 

materials did considerably reduce the operational thresholds of OPOs however the major 
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drawback to the technique of QPM was the increased group velocity mismatch between 

the pump and resonant pulses. In comparison to birefringent phasematching, quasi- 

phasematched processes saw an increase in the group velocity mismatch and the pulse 

overlap could only be maintained over short crystal lengths. This meant that maintaining 

the necessary temporal coherence between the pump and the resonant pulses was harder 

in QPM crystals than in the equivalent bireffingently phasematched crystals. Therefore 

for all the improvements made by making use of many advanced techniques in OPO 

design and implementation, none of them remove the fundamental need to make a 

compromise on crystal length when designing a system. This means that today in the 

field of OPOs one of the biggest restrictions is the need to use big and expensive pump 
lasers to overcome the high operational thresholds. High powered pump sources, such as 

the Ti: sapphire laser oscillator, are necessary to overcome the relatively high operational 

thresholds and this limits their appeal for use in many research areas. If it is possible to 

lower the operational threshold and allow pumping by lower powered systems such as 
diode pumped systems then these sources would become viable in many more fields. 

This is the issue that was addressed in the following experiment, which aimed to 

demonstrate a reduction in the operational threshold of a ferntosecond OPO by using the 

principle developed by Artigas et al [38], which is that by using a carefully designed 

chirped crystal, matched by an appropriately chirped pump-pulse it is possible to increase 

the gain and the acceptance bandwidth of the system. This technique allows long crystals 

to be used while still maintaining a broad phasernatching bandwidth, however increasing 

the interaction length of the gain crystal introduces another problem that must be solved 
before the approach can be effective and this is the issue of group-velocity walk-off 
between the pump pulse and the resonant generated pulses. Due to the difference in the 

group velocity of the pump and resonant pulses as they travel through the gain crystal 

their temporal overlap varies depending on the distance travelled through the crystal. The 

temporal overlap needs to be maintained throughout the crystal to make full use of the 

available gain and any walk-off that is too large will reduce the useful gain length. The 

simplest solution to this problem is to use chirped pulses that are longer than the amount 

of walk-off associated with the different transit times of the pump, signal and idler pulses. 
What follows is a detailed description of the experiment that was conducted as a 

primary test of the principle and this work shows how by careful design and preparation it 

was possible to overcome the main problems associated with adopting this approach to 

reducing OPO operational thresholds. The description includes all of the design, 

preparation and implementation stages, the results the experiment produced, the 
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conclusions that were drawn from the experiment and future plans for the principle 

including hindsight based improvements to this approach that could be used to make 

further reductions in the operational thresholds of OPOs. 

3.3.1 Crystal Design Basics 

The initial stage of the preparation for the experiment was to design the crystal and have 

it fabricated and what follows is a description of how the crystal design was implemented. 

As discussed previously the overall approach we have used is based on the work 

of Arbore et al [10] where a chirped pulse is used to pump a chirped crystal. The work of 

Arbore identified the main principle of chirped frequency conversion, namely that the 

spatial localization of the conversion processes means that each component frequency of 

the pump pulse is converted at different positions within the crystal. Where our work 

differs from [10] is that in our work we use this effect to increase the useable crystal gain 

length without the usual loss of acceptance bandwidth seen in longer unchirped crystals. 

By launching a pre-chirped pulse into a chirped crystal the spatial localisation of the 

chirped frequency conversion process can be specifically designed to ensure that all of the 

frequency components within the pump pulse are converted at different positions within 

the crystal. By combining this effect with a chirped QPM grating it can be used as a 

technique to maintain the conversion bandwidth while simultaneously increasing the 

crystal interaction length and thus improving the conversion efficiency of the process. 

Before going into the details of the principle of chirped frequency conversion it is 

important to define the direction of the chirp present on the pulse used in the development 

of the process. 

Propagation direction 
4 

Leading edge Trailing edge 

AA 
"a 0, 

III 

I IV v 
w 

Time, 

Fig. 3.1: A representation of the pump pulses showing the direction of the chirp with the shorterlbluer 

wavelengths on the leading edge of the pulse and the longer/redder wavelengths on the trailing edge. 

94 



Chapter 3: A Ferntosecond OPO based on chirped-pulse frequency conversion in KTP 

The type of pulse profile we will use is given in Figure (3.1) showing the temporal 

variation in wavelength where the shorter, bluer wavelengths are present in the leading 

edge of the pulse and the longer, redder wavelengths found on the trailing edge. 

Matching this chirp orientation to the crystal and considering the spatial localization of 

the conversion positions for each wavelength it is possible to develop a graphical 

representation of how the process occurs. Figure (3.2) shows this and indicates that the 

temporal overlap between the pump and the generated signal pulses changes as they both 

propagate through the crystal. As the pump pulse enters the crystal it is nearly a full pulse 

duration ahead of the signal pulse and there is a temporal overlap with the redder/slower 

wavelengths contained in the trailing edge of the pump-pulse, which are phasematched to 

the grating period at the crystal entrance (A I) and are converted first. As the pulse 

frequency components travel through the crystal at different velocities the aperiodic 

grating structure within the crystal ensures that the progressively shorter pump 

wavelengths overlap the signal pulse and so are converted by the progressively shorter 

gratings. This continues until the bluest/fastest wavelengths present on the leading edge 

of the pump pulse are temporally overlapped with the signal pulse that is now nearly a 

full pulse duration ahead and these wavelengths are phasematched and converted by the 

shortest grating period present at the exit of the crystal (A2)' 

Aý 

+A 

"""- 

Longer 
wavelengths are 
converted here 

A, 

Pump 
0 

Signal 

A2 

Shorter 
wavelengths are 
converted here 

Fig. 3.2: Schematic representation of how the temporal overlap variation and spatial localisation of the 

conversion process is used to ensure that the entirespectral content of the pump pulses gets converted by 

the nonlinear crystal. 

if we then consider how the conversion positions and group velocities of the pump and 

converted signal pulses result in the temporal variation of each converted wavelength 

component of the pump pulse we can develop a impression of how the generated signal 
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pulses will emerge from the crystal. Figure (3.3) is a time-distance plot of the conversion 

process showing the redder and bluer wavelengths of the pump pulse (whose duration is 

given by Az-P ) are converted at the entrance and exit of the crystal respectively and how 

the differences in group velocities of all of the wavelengths can be used to control the 

temporal duration of the generated signal pulses (A -r, ). 

E 
Points of 
conversion 

AT 

Unconverted pump:::::: -::: 
Converted signal 

Crystal length, Ic 

ATs 

k 

Fig. 3.3: A schematic representation of the difference in conversion points within the crystal and the 

difference in the group velocities of the pump and signal pulses result in a generated signal pulse of 

duration, Ar,. 

Using this approach it is clear that the launch duration of the pump pulses must be 

approximately half the difference in the transit times of the pump and the signal pulses, 

i. e., 

_rp = 2 vp 
- (3.1) 

where vp and v, are the group velocities of the pump and signal pulses respectively. 

These principles, equations and diagrams form the initial stages of the basic plan for the 

crystal. The remainder of this section will concentrate on the details of the design plans 
including the choice of nonlinear gain medium, how the crystal was mounted, the choice 

of appropriate pump and signal wavelengths, pump characterisation and a description of 

the alignment procedure we used to reach operation. 
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3.3.2 Material Choice, Grating Design and Experimental Preparation 
In choosing a suitable material in which to implement the scheme outlined above we 

needed to consider factors such as the parametric gain coefficient of the material, the 

operating temperature required and its resistance to photo-refractive effects. The material 

of choice was therefore aperiodically poled potassium titanyl phosphate (APPKTP) 

because it does not suffer from any significant photo-refractive effects at room 

temperature. APPKTP can therefore operate without any active temperature control 

while also offering a reasonably high gain coefficient (d33 =1 6.9pm/V [39]) in comparison 

to other nonlinear crystals (PPLN has a nonlinear coefficient, d33 =27pmN [40] but also 

requires heating to >100'C to avoid photorefractive damage). In determining the crystal 
length we chose as long a crystal as was practical to fabricate and pole, which turned out 

to be around 20mm. That left the final step in the crystal design, which was to determine 

the periods appropriate for the pump wavelength used and to calculate the amount of 

chirp that would be required to compensate for pump-signal group-velocity walk away. 

The eventual aim of the work was to apply the same operational concept used here to 

produce an OPO system that would be compatible with a diode pumped laser such as a 
Cr: LiSAF and for this reason we chose a central pump wavelength of 850nm. Based on 

this pump wavelength and assuming a fixed signal output wavelength of 1275nm the 

pump-signal walk-off over a 20mm crystal of KTP was calculated to be 2.8ps using the 

appropriate Sellmeier equations [41]. By considering a pump pulse bandwidth of 10nm 

(i. e. 845nm to 855nm) we calculated the period grating range using equation (3.2), 

AP 
+ 

A, (3.2) 

where A is the local grating period of in the crystal, nP is the refractive index of the 

crystal at the pump wavelength AP, ni is the refractive index of the crystal at the idler 

wavelength and n, is the refractive index of the crystal at the signal wavelength A, This 

calculation implied that for conversion of the bluer wavelengths (845nm) the crystal 

required a local grating period of 29.51irn and for conversion of the redder wavelengths 
(855nm) the crystal needed a local grating period of 30. Opm. The intermediate periods 

were chosen to show a linear variation between these values with a step of approximately 
0.05gm. The crystal itself was fabricated at the Royal Institute of Technology in 

Stockholm and then double anti-reflection coated for the pump wavelength of 850 nrn and 
the resonant signal wavelength of 1275 nm. 
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The next stage of preparation for the experiment was the task of designing and 

fabricating a mount capable of holding the 20mm crystal of APPKTP during, the setup, Zn 

alignment and operation stages of the experiment. Knowledge of the crystal dimensions 

and the planned cavity configuration were required to ensure that the mounting 

arrangement would offer the necessary degrees of freedom to permit easy crystal 

alignment. The plan was to hold the crystal mount itself in a standard 25mm mirror 

mount as allows tip and tilt fine adjustments of the intracavity beams during alignment 

and optimisation of the cavity during operation. Figure (3.4) shows the mount design we 

used with the main section of the mount being a piece of 25mm diameter aluminium rod 

so it could be held in the mirror mount and a thin aluminium sheet that was used as a 

brace plate to hold the crystal securely in place. 
Main 

Alurninium 
Rod 

Aluminium 
Brace Plate 

Fig. 3.4: Schematic of the mount designshowing how the aluminium brace plate held the egstal in place. 

The main section of the mount was cut from a 28nirn diameter rod of alumIniurn and was 

reduced to the required 25mrn in a lathe producing a smooth plane faced cylindrical rod 

with a length of 17mm. Then using a milling machine a flat face was cut into one side of 

the rod ready for a grove to be cut to hold the crystal. A small plate was then cut to 

roughly the same size as the face and milled to its precise size betore 4 clearance holes 

for M1.5 screws were drilled into the plate. This formed the brace plate, which was then 

held securely on top of the flat face of the rod while the central positions of the 4 screw 

holes were marked, drilled and tapped. The next step was to cut a grove along the length 

of the flat face of the rod to hold the crystal, which would need to be just deeper than the 

facet width of the crystal to ensure a secure fit. For the level of precision required a 

milling machine with a positioning system capable of accuracies of the order of 101till 

was used however before the grove could be cut the full crystals dimensions were 

necessary. The work-Ing dimensions of the crystal used during the experiment are given 

below: 

facet height 5.5mm 

facet width 0.5mm 
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o length = 20mm 

which means that for a crystal with a facet width of 50OAm and facet height of 5.5mm a 

grove with a width of 5.6mm and a depth of around 60OAm (± I Oýim) would be sufficient 

to hold the crystal securely. The final crystal mount used during the alignment procedure 

and the experiment itself is shown by the photograph below in Figure (3.5), which shows 

the main cavity section of the OPO including the mounted crystal during operation. 

Fig. 3.5: The mounted crystal during operation illustrating its extended length and the mounting 

configuration needed to brace the crystal effectively to ensure a securefit and allow the appropriate 
degrees offreedom necessaryfor optimal alignment. 

3.3.3 Cavity Arrangement 

Working with the crystal design given above the next step in the preparation was to match 

the pump pulse duration to the crystal chirp to enable the optimal threshold to be reached. 

The dispersive properties of multi-prism sequences have been described in earlier work 

[34,42] and calculations implied that stretching the output pulses from a Ti: sapphire laser 

through a Proctor-Wise type prism sequence should be sufficient to achieve the 

appropriate duration needed to match the crystal chirp. The elementary description of 

chirped-pulse/chirped-crystal phasernatching illustrated in Figure (3.2) and given by 

equation (3.1) implies that the duration of the pump pulses should equal half the group 

velocity walk-away time (calculated above to be 2.8ps), namely 1.4ps. This value is 

close to the optimum duration of 1.65ps predicted using a complete pulse propagation 

simulation [38]. Our Ti: sapphire laser was capable of producing pulse durations of 190fis 

(measured after an optical isolator) with an average output power of 750mW at 850rim. 

and with a bandwidth of l0nm as required. It was therefore necessary to stretch the 

output pulses from the Ti: sapphire laser by almost a factor of 10 to obtain the required 
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duration and chirp for the OPO to operate. The stretching arm was configured as shown 
in Figure (3.6) and using a ray-tracing simulation of a Proctor-Wise sequence [42] based 

on the difference in transit times around the arm for different wavelengths, we calculated 

that a separation between the pairs of prisms of 1.5m would be required to stretch the 

pump-pulses to the durations needed. Space restrictions on our optical bench meant we 

were unable to use the full prism separations necessary to reach the optimal pump-pulse 
duration therefore we used the maximum separation between the prisms allowed by the 

optical bench (850mm) to produce a non-optimal stretched pulse that we considered to be 

sufficient in duration to reach threshold. Figure (3.6) below outlines the experimental 

setup that we planned to use, it shows the output beam from the Ti: sapphire being steered 
directly into the pulse stretching prism arm (PI and P2) and then being reflected back 

upon itself (M2) where it was collected by the mirror M I. 

Ti: Sapphire LTý190fs, 
; ý=8522nmj 

mi 

M5 M4 L 
x 

M3 

pI 

2 
M6 M2 

Fig. 3.6: Schematic representation of'the cavity arrangement used in the experimental setup including the 

Proctor- Wise pulse stretching prism arm (PI, P2 and M2). The beam steering mirrors, A41 andM3,. f6cus 

the pump into the cqstal(X) through lens L, and mirrors M4, M5 and A46 represent the OPO cavity itself 

The returning beam was reflected back through the prism arm with a slight vertical 

displacement so when it returned to the output position of the Ti: sapphire it was several 

beam widths lower. This allowed mirror (MI) to be placed just below the output of the 

Ti: sapphire where it could collect the beam for steering into the OPO via mirror M3 

without changing the incident angle with the prisms. This ensured that Brewster's angle 

at all the prism surfaces could be maintained ensuring minimal losses at each face during 

the stretching stage. The OPO cavity itself was a simple V-forination standing wave 

design and consisted of just 3 mirrors, two curved mirrors (M4 and M5) used to focus the 

signal into the crystal and one flat mirror (M6) used as the output coupler of the system. 
The prisms were mounted in pairs on aluminium plates that were then mounted in 
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horizontally positioned mirror mounts, as shown in Figure (3.7), which were then 

themselves mounted onto aluminium, posts. 

Fig. 3.7. Photograph of one set of the prism pairs used in the stretching arm, showing how each prism in the 

pair is orientated with respect to the other and how the pair was then mounted as a unit to allow 

appropriate alignment adjustments to he madefor minimising losses. 

This arrangement allowed fine adjustments in the prism's tip and tilt angles to be made to 

optimise the beam transmission and allowed the stretching arm sequence to be optimized 

so that only an 8% loss in the beam transmission was seen after 17 surface encounters (4 

prisms, 2 faces each and the high reflecting end mirror, M2). Figure (3.8) is a photograph 

of the entire setup including the pump laser, the proctor-wise stretching arm and the OPO 

cavity itself after oscillation had been achieved. 

Fig. 3.8: Photograph showing the entire set-up during operation, the red line traces the path of the pump 

pulses around the stretching ann and into the OPO cavity. 

101 



Chapter 3: A Ferntosecond OPO based on chirped-pulse frequency conversion in KTP 

3.3.4 Pump-pulse Characterisation 

Before any alignment of the OPO cavity could be carried out it was important to 

characterise the pump-pulses to establish the pulse durations both before and after the 

prism-stretching arm. As only a basic characterisation was necessary we recorded 

spectral and autocorrelation traces of the pulses before the prism arm and after the prism 

arm. A Rees laser-scanning spectrometer was placed in the pump beam just before the 

OPO cavity itself to record pump spectrum traces and the autocorrelation traces were 

taken using a home built system. The arrangement used to record all of the pump 

characterisation data is shown in Figure (3.8) where two flipper mounted mirrors were 

used to send the pump beam into the autocorrelator before and after stretching. 

Flipper mirror I 
Pump Laser: picks off the pre- 
Ti: Sapphire stretched beam. 

M I, 

Ree's - 
---------- 

NP2 M3 
Flipper mirror 21 M2 
picks off the post- 
stretched beam. 

Pulse streching Section: 
........................ 

----------- ----------- -- ----------------------------------- 
ý50150 Beamsplitter at 

1.2 5 ýtm. 

I 

IInGnA-, Deie7n)7 

IScannind 
Autocorrelator Section I Mirror- 

............................................................. 

Fig. 3.9: Schematic diagram of the experimental setup used to record autocorrelation traces of the pump 

pulses before and after stretching by the Proctor- Wise prism arm. 

This arrangement made it possible to measure both the pre-stretched and post-stretched 

pulse durations with a single autocorrelator setup simply by flippIng the appropriate 
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mirror into or out of the beam path. With flipper mirror I in and flipper mirror 2 out the 

pre-stretched pulses could be measured while the post-stretched pulses could be measured 

with flipper mirror 2 in and flipper mirror I out. The only necessary change to the set up 

would be an increase in the amplitude of the scanning mirror for the longer post-stretched 

pulses. These data enabled us to estimate the pump-pulse duration after stretching and to 

ensure the post-stretched pulses contained sufficient chirp to match that of the crystal. 

The information recorded using the setup shown in Figure (3.8) is plotted below in Figure 

(3.9) and shows a pump pulse spectrum with a central wavelength of 852nm and a 

spectral bandwidth of just over 9nm. 
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Fig. 3.10: Spectral plot of the output pulsesfrom the Ti: sapphire pump laser showing a central wavelength 

of 852nm and a spectral bandwidth of around 9nm. 

Figure (3.10) shows the pre-stretched autocorrelation traces with the interferometric trace 

in black and the intensity trace in green. These autocorrelation traces indicate a pre- 

stretched pulse width after an optical isolator of 192fs assuming a sech 2 pulses profile, 

with the interferometric trace being used to calibrate the time scale for the intensity 

autocorrelation as described in Chapter 2. 
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Fig. 3.11: lnterferometric (blue) and intensity (green) autocorrelation traces showing a pump-pulse 
duration of 192fs assuming a sech 2 pulse profile. 

Figure (3.11) plots the pre-stretched and post-stretched intensity autocorrelations on the 

same time axis calibrated using the interferometric autocorrelation shown in Figure (3.10) 

and this indicates the exact amount the pulses have been stretched by after a round trip of 

the Proctor-Wise prism arm. 
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Fig. 3.12: Intensity autocorrelation traces showing a pre-stretched pump-pulse duration of 192fs (grey) and 

a post-stretched duration of 892fs (black). 
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This comparison between the pump-pulses before and after stretching indicated that the 

stretched pump pulse duration (892fs) was significantly longer than the original 
Ti: sapphire output pulse (192fs) measured after an optical isolator. With this being the 

maximum stretching possible due to the space restrictions on our optical bench it was 
decided that this duration would be suitable for alignment and at this point we began the 

alignment procedure. An important consideration was the crystal orientation because, for 

the OPO to operate as explained by our simple phasematching model only one direction 

of the chirp on the crystal would be suitably phaseniatched to the pump pulse and thus 

allow the OPO to oscillate. As the crystal was not marked in any way to indicate the 

chirp orientation the only way to ensure that the correct orientation was used was to 

attempt the aligriment procedure in both directions. In an attempt to remove this need the 

crystal was viewed under a travelling microscope however the poling structure within the 

crystal was not visible and we were forced to proceed with the alignment without 
knowing the correct crystal orientation. 

3.3.5 The Alignment Procedure 

Due to the long length of the crystal we were using it was critical that all of the 

components were as close to normal incidence to the beam as possible, minimising 

reflections and allowing efficient coupling of the pump pulses into the crystal. The 

normal alignment procedure of an OPO using a short crystal was not sufficient to ensure 

good beam overlap in the far field and required some ad ustments to be made in order to i 

achieve good spatial overlap throughout the OPO cavity. This section gives a detailed 

account of the design of the cavity, positioning of the mirrors and the beam overlapping 

procedure up to the point of oscillation and includes diagrams of the different stages of 

the cavity construction. 
It had been decided prior to beginning that the cavity would be based on a 3- 

miffor, V-shape made of two cavity mirrors and a single long arm ending with a flat 

miffor that could be replaced by an output coupler to extract an output beam. Before 

beginning to position any of the cavity mirrors it was necessary to carry out a simulation 
to find the necessary positions of the miffor that would achieve a focused beam in the 

centre of the crystal and a collimated beam at the output-coupling mirror. The simulation 

was carried out using an ABCD matrix based program called 'LCAV' that evaluated the 

complex beam parameter throughout the cavity. The program can calculate the positions 

of the cavity mirrors that allow stable operation, plot the beam shape throughout the 

cavity for particular mirror placements and find the necessary total cavity length needed 
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to allow synchronous pumping by the pump laser. With the initial parameters such as the 

resonant wavelength (1.25Am) and the curvature of the cavity mirrors (ROC=100mm) 

known, the code for the cavity was written and the optimal positions of each mirror were 

calculated based on cavity beam profile and overall cavity length. Figure (3.13) shows a 

plot of the beam shape throughout a simulated cavity with the optimal positions of each 

mirror calculated and this simulation was then used as the basis for the actual cavity. 
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Fig. 3.13: Simulation plot of the resonant beam shape throughout the OPO cavity showing the positions of 

the cavity mirrors, M4 and M5 and the end mirror, A46 given in Fig. 3.6. The blue line represents the 

tangential plane and the green represents the sagittal plane. 

This simulation shows that to position the resonant beam focus at the centre of the crystal 

mirror M5 needed to be positioned at a distance of 94.57mm from one of the crystal faces 

while M4 needed to be positioned 45.57mm from the other crystal face. These are the 

important mirrors when it comes to determining the exact position of the focus spot and 
how the beam behaves in the long ann of the cavity. The end mirror M6 only determines 

the repetition frequency of the cavity and so when positioned at a distance of 1240mm 

from mirror M4 it matches the cavity length to the pump laser (the Ti: sapphlre operated at 

exactly l05-8MHz corresponding to a cavity length of 1418mm). Figure (3.14) is a plot 

of the simulated cavity beam profile concentrating on the region around the 20mm crystal 

and shows the focus located in the centre of the crystal with a beam radius of 201im. 
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Fig. 3.14: Plot of the beam shape around the crystal itsel(giving the position and a beam radius 201Am. 

The exact positions of the cavity mirrors and the end mirror are given in the following 

alignment procedure along with a plot of the simulated stability region for the position of 

each cavity mirror. There was now sufficient infon-nation to begin positioning the mirrors 

and overlapping the beams, however before beginning several pieces of equipment were 

needed for the alignment process. 

An IR viewer - necessary to view the pump beam at very low powers. 

Several pinholed pieces of card - to enable the beam size to be reduced and allow 

them to be more precisely positioning and steered. 

* Several pieces of white card mounted and marked at 125mm (output helght of the 

pump beam) from the bench top; this allows all beams to be set at the same height 

and enables multiple beams to be viewed easily with the IR viewer. 

Having this equipment at hand, the pump beam was first heavily attenuation using a 

neutral density (ND) filter, allowing only a small amount of the total power to travel 

around the stretching arm and arrive at the place where the cavity was to be built. This 

ensured that while the mirrors and crystal were being positioned and moved only very 

small amounts of pump power were being used, minimising the chances of damage to the 

optics and stray beams posing a threat to anyone in the vicinity. 
Step I was to position the first cavity mirror, M5, which needed first to be 

mounted on a translational stage moving along the direction of the pump beam and set so 
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its centre was at a height of 125mm above the bench. M5 was then moved into the pump 

beam leaving sufficient room to allow the crystal, mirror M4 and the pump focusing lens 

to be positioned. The pump beam was at roughly normal incident to M5 and centred, 

initially by eye so that finer adjustments could be made later. Figure (3.15) shows the 

arrangement at this stage of the process and where the beam incident on mirror M5 

should be positioned, 

Stretched pulses 
from prism arm. 

M5 

mi 

M3 

Fig. 3.15: Arrangement after inserting cavii), mirror M5 and centring the pump beam in its surface. 

After the beam was appropriately centred on M5, a piece of white card with a cross on it 

was placed directly over the face of mirror M5 so that the pump beam was now centred 

on the cross on the card (the card needed to be in this position for some time so it was 

worthwhile using bluetac to stick it to the mirror mount) as shown in Figure (3.16). This 

card was used to monitor how the pump beam moved with the addition of each further 

element, ideally it should remain centred on the cross throughout but some deviation was 

difficult to stop and some tolerance was possible 

Fig. 3.16: Picture ofthe beam cenirm on the cross on the card covering the mirror A15. 

Step 2 involved bringing the KTP crystal into the path of the pump beam and 

aligning it so that the two end-faces were as close to non-nal incidence as was physically 
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possible. It was very unlikely that the two crystal faces were cut exactly parallel and so 

the reflections from the front and back faces of all the crystals used were offset and the 

idea of this step was to try and align the reflections so that the two spots were evenly 

spaced about normal incidence. To enable this aligriment one of the pinholed cards was 

brought into the path of the beam in such a position so as to allow the crystal to be 

inserted and still be able to see the side of the card closest to the crystal. With the pinhole 

in place the spot visible on the card over M5 reduced in size but had to remain centred on 

the cross (if not then the pinhole is not aligned properly so it will need repositioning). 

Alignment continued by then bringing the crystal (appropriately mounted on an XYZ 

translational stage so that tip and tilt adjustments were possible, 5 degrees of freedom are 

required) into the beam and aligning roughly by eye so that it appeared to be at normal 

incidence to the pump beam. The crystal-to-M5 separation was set at approximately 

95.5mm as determined by the simulation using a card cut to a length of 95.5mm. The 

tolerance in the positioning of this mirror could be within a millimetre either side of 95.5 

as indicated by the simulation the plot of which is shown in Figure (3.17). 
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Fig. 3.17. Plot of the stability region for determining the mirror (M5) to crystal end-face separation giving 

an optimal value of 94.5 7mm. 

Figure (3.18) shows the set-up at this stage after mirror M5 and the crystal (X) had been 

positioned and a pinhole placed in the pump beam. 
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Fig. 3.18: Schematic of the cavity after the crystal (X) was inserted and a pinhole positioned. 

The IR viewer was used to look for the pump reflections from the crystal onto the back of 

the pinholed card, which consisted of two bright spots separated by some amount that 

depended on the difference in the angles of the plane faces of the crystal. These spots 

needed to be steered so that they equally straddle the pinhole as shown in Figure (3.19) 

and this could be done by altering the crystal angle using the tip and tilt adjustments on 

the crystal mount. 

Reflected pump beams one 

_ 
from each crystalface , 

Fig. 3.19: Diagram of the correctly positioned reflected pump beams on the backside of the pinholed card. 

At this stage the crystal was sufficiently well aligned to move onto the next stage which 

in this setup was the insertion of the pump focusing lens and required that the pump beam 

be blocked just before the crystal but the pinhole left in place. The lens itself had an 

80mm focal and was anti-reflection coated for the pump wavelength of 850nm and was 

mounted on a translational stage. The lens focused the pump beam through the back of 

the cavity mirror M4 and so it's exact positioning depended on the position of M4 but at 

this stage it was sufficient to roughly position it at normal incidence to the pump beam. 

When in position and adjusted by eye to approximately normal incidence the IR viewer 

could again be used to look for a pump reflection on the backside of the pinholed card. 

When located it was steered back through the pinhole (towards the Ti: sapphire output) as 

shown by Figure (3.20) and this step was repeated at several different positions further 

away from the lens to improve the beam steering. There was no need to be concerned by 
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steering the pump beam back into the Ti: sapphire cavity as it had already travelled around 

the stretching arm before arriving at the lens. 

Move beam so it 
returns back 

II Pump beam reflection from 
backside of lens, L. 

Fig. 3.20: Diagram showing how the back reflectionfrom the pumpfocusing lens, L should be steered back 

through the pinhole. 

In some situations it was necessary to increase the intensity of the pump beam as the 

distance from the lens was increased, which could be done by carefully removing the ND, 

ensuring that the crystal was still blocked. After the reflection steering was complete the 

ND filter could be replaced and at this stage the crystal could be unblocked and pulled 

back out of the beam path. The pump beam spot that was originally centred on the cross 

covering mirror M5 in step I remained centred on the cross if the lens had been 

positioned correctly, however its size was increased due to the lens focusing the beam and 

the mirror being positioned behind the focus. 

Removing the pinhole and bringing the crystal back into the pump beam results in 

the visible frequency doubling of the pump beam (852nm) to its second harmonic 

(426nm), seen as a blue beam. This beam appeared on the card covering M5 and was 

usually intense enough to obscure the pump beam, which had reduced in intensity due to 

some portion of it being converted and due to losses at the mirrors. The intensity of the 

SHG beam could be altered by moving the position of the lens with respect to the crystal 

however as the cavity mirror M4 remained to be inserted (causing the focus to move) 

there was little point in trying to maximise the SHG intensity. The arrangement at this 

stage had the configuration shown in Figure (3.21) and the next stage was to insert the 

cavity mirror, M4 completing the cavity around the crystal. 
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Fig. 3.21: Schematic of how the setup should look after inserting the pump-focusing lens. 

The cavity mirror M4 needed to be positioned at a distance of 45.57min from the front 

crystal face as determined by the simulation and to do this the pump beam was blocked 

until the lens was roughly in place. The tolerances in the positioning of this mirror were 

again reasonably good, allowing the mirrors to be positioned up to Imin on either side of 

the required 45.5mm and still obtain stable operation in the cavity. Figure (3.22) shows 

the stability region for the M4-to-crystal separation as determined by the ABCD matrix 

simulation. 
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Fig. 3.22: Plot of the stability regionfor the M4 mirrOr-crystal end-face separation showing the optimal 

value of 45.5 7mm. 

A piece of card was cut to around 45.5mm and used to measure the separation distance as 

the mounted mirror was brought towards the crystal entrance face, allowing this distance 

to be quite accurately gauged. After positioning M4 the crystal could be moved out of the 

path of the beam then the pump beam could be unblocked so that it was incident on the 

card covering mirror M5. The spot had moved slightly after M4 was inserted due to the 
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fact that M4 needed to be at an angle to the pump beam and therefore caused the pump 

beam to be slightly horizontally offset with the cross covering M5. 

Bringing the crystal back into the path of the beam at this stage was likely to put 

the focal position of the pump beam inside the crystal causing the SHG beam to increase 

in intensity quite noticeably. The lens could be adjusted now to find the point where the 

SHG beam had the greatest intensity however as the crystal was 20mm long it was likely 

that the region where the lens could be positioned to produce a bright SHG beani could 

vary over 20mm as well. A useful technique to position the focus in the centre of the 

crystal will be given shortly. At this stage it was sufficient to put the focus inside the 

crystal generating a SHG beam clearly visible on the card covering M5. 

With the focus inside the crystal the beam on the card covering M5 became 

brighter and using the IR viewer it was also possible to find a second spot by adjusting 

the angle of the cavity mirror M4. The second spot is due to the SHG beam being 

reflected from the inner surface of the back-face of the crystal and travelling back through 

the crystal and reflecting off M4 back towards MS. The second spot may be faint and less 

obvious in comparison to the first spot but the movement of the mirror, M4 should be 

sufficient to locate it; if not, the lens could be moved to see if either spot brightened when 

viewed through the IR viewer. Once located the second beam needed to be steered 

towards the outside edge of M5 and past it so that it clearly missed the mirror completely 

and travelled past the mirror down the bench. Figure (3.23) shows how the beam needed 

to be steered so that it missed M5 and if a mounted piece of card was positioned just 

behind M5 and to the side slightly then the second beam was visible on the card. 

2nd Spol 
Move mirror, 

M4 until 
SHG spot 

cleanly passes 
mirror, M5 

St Spot 
Off-centre 
G spot due 
: he angle of 
vity mirror 

M4 

Fig. 3.23: Diagram showing the two separate spots incident on the cavity mirror M5 and how they should be 

positioned. 

This beam was eventually incident on the endmirror but for now it only needed to pass 

close to M5 with as small an angle as possible. Figure (3.24) shows the setup at this stage 

with only the endmirror needing to be positioned to complete the cavity. 
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Fig. 3.24: Arrangement of the cavity so far with all but the endmirrorM6 present. 

Before the cavity could be completed the beam focus needed to be positioned in the 

centre of the crystal as accurately as possible and this was achieved by considering the 

beam that had been directed past the mirror M5. The beam itself was made up of two 

reflections, one from the front-face or entrance-face of the crystal (face closest to M4) 

and one from the internal side of the back-face or rear-face. By translating the lens the 

pump beam focus could be moved through the crystal, passing through one face along the 

length of the crystal and out through the opposite face. As the focus moved towards each 

face of the crystal the reflection from that face reduced in size while the opposite face 

reflection increased in size until the face itself was reached at which point one spot will 

be at its smallest. Therefore, finding the two lens positions where each spot contracted to 

its tightest size gave the positions where the focus was on each crystal face and logically 

the halfway point between these two positions positioned the focus in the crystal centre 

sufficiently well to achieve oscillation. This was also a good method for fine-tuning the 

crystal alignment to ensure non-nal incidence with the pump beam. 

To carry out the above mentioned procedure for finding the centre of the crystal 

with the focus, the beam that had been steered past mirror M5 was directed onto a 

mounted card at as large a distance as possible from M4. In the case of this set-up the 

length of this path could be increased by reflecting the beam back along the optical bench 

onto the card. Figure (3.25) shows this arrangement allowing the path length to be of the 

order of several metres, which was more than sufficient to find the centre of the crystal 

and to achieve accurate crystal orientation. Over this path length the intensity of the 

beam incident on the viewing card was very low and the IR-viewer was necessary to see 

the reflected pump spots. 
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Fig. 3.25: Arrangement appropriatefor accurately positioning the pumpfocus in the centre of the crystal, X 

The first thing to do once the above arrangement had been achieved and the spots located 

on the viewing card was to move the lens, L, which caused the spot to appear to reduce in 

size and become more intense. There was also a faintly visible distorted oval around the 

bright spot but at times the intensity of this oval spot was too low to see, even with the IR 

viewer. If both reflections were visible then the spot on the viewing card looked similar 

to that shown in Figure (3.26), depending on which of the crystal faces the pump was 

focused. 

Tight focused spot 
due to reflection off,. " one crystal face 

Scan through 
crystal 

Broad unfocused spot 
due to reflection off 
opposite crystal face 

Fig. 3.26: Spot sizes of the two reflections as the pumpfocus is scanned through the crystalfi-om oneface 

(left) to the other (right). 

Once the positions of the tight, focused spots had been found it was straightforward to 

locate the centre of the crystal and the corresponding final spot contained both reflections 

with the same size and shape with good overlap, as indicated by Figure (3.27). The 

quality of the overlap of these two reflections gave an indication of the angle of incidence 
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the pump beam made with the two faces of the crystal and even if the faces were not 

plane parallel the crystal angle could be adjusted so these two spots were well overlapped. 

Spot sizes of both 
reflections roughly 
the same size and 
well overlapped 

Fig. 3.27. Diagram showing how the two reflections should be overlapped when thefocus is centred in the 

crystal. 

In the case where the two spots were roughly the same size and intensity but poor 

overlapping was visible then the crystal tip and tilt angle were adjusted until the overlap 

was maximised. When using this approach to find normal incidence of the crystal with 

the pump beam, the longer the path-length over which the reflections were viewed the 

more accurate the crystal angle could be made. 

With the pump focus now centred in the crystal and the crystal angle fine tuned to 

normal incidence with respect to the pump beam, the next stage was to remove the card 

covering the mirror, M5. This allowed the beam travelling straight through the crystal to 

be reflected and steered back through the crystal to follow a similar path to the crystal 

reflection, resulting in two spots appearing. The mirror itself had to be steered by eye 

until the reflected beam was clearly retro-reflected back through the crystal and then a 

viewing card placed beside mirror M5 before the second spot could be located (at low 

powers the IR-viewer was needed to find the second spot). 

Crystal 

Mirror 

Fig. 3.28: Diagram showing the arrangement used to locate the second spot due to the reflection by mirror 

M5. 
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Once this second spot had been located it needed to be overlapped with the first and the 

overlap needed to be maintained throughout the entire cavity. Using the same 

arrangement as shown in Figure (3.25) the spots could be overlapped in the far field by 

making adjustments to the tip and tilt angle of mirror M5. To overlap in the near field the 

approach shown in Figure (3.28) was used, which was simply to place a piece of mounted 

viewing card just behind and to the side of mirror M5 and make adjustments to the crystal 

angle to achieve overlap. This was an iterative process and could take 10- 15 iterations 

before a good overlap was found throughout the long arm of the beam. It was also 

necessary to have a small piece of card to block and unblock the beam reflection coming 

from the face of mirror M5 while overlapping in the near field as the beam sizes were 

small and good overlap was difficult to gauge at this distance. 

The final cavity element to be inserted was the end mirror, M6, which was 

mounted on a translational stage to allow cavity length adjustments to be made without 

loss of intracavity beam alignment. The simulation indicated that a separation distance of 

1240mm between M4 and M6 was needed, which could be set by positioning M6 with its 

translational stage at the centre of its scan and using a measuring tape to set the separation 

distance. With the mirror in place the final task was to ensure that it retroreflected the 

double spots back along the incident path, completing the loop and fon-ning the cavity. 
By placing a pinhole in the beam just behind mirror M5 as shown in Figure (3.29) the 

beam reflected by M6 could be located using the IR-viewer and then steered back through 

the pinhole. 

pinhole 

Pump reflection 
from M6 

-I 

Fig. 3.29: Diagram of the backside of mirror M5 showing the position of the pinhole used locate and steer 
the pump reflection from mirror M6 back into the cnval and complete the cavhýv. 
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Locating the beam could be tricky at this stage due to its low intensity but constant 

movement of the tip and tilt angle of mirror M6 was a useful aid. When the beam was 

located and steered back into the crystal only fine adjustments were necessary to prepare 

the cavity for oscillation and the cavity looked like the arrangement given in Figure 

(3.30). 

D 

Fig. 3.30: Schematic of thefinal cavity arrangement. 

At this stage it was a good idea to accurately measure the spaces between mirrors M4, M5 

and the crystal faces using accurately cut pieces of card and the distance between M4 and 

M6 using a tape measure. When these had been checked the final task was to scan the 

cavity and find the exact length match to allow oscillation. The best method for doing 

this was to place a piece of white card some distance behind mirror M5 directly in the 

beam passing through the mirror. With the lab darkened as much as possible the 

translational stage of the end mirror, M6 was slowly scanned. At the point of exact cavity 

matching there was a flash of colour on the white card as oscillation occurred and this 

was caused by various frequency mixing events between the parametric outputs, second 

harmonics and the residual pump. This flash only occurred if the parametric frequencies 

were present within the cavity and was fairly obvious, however if the cavity was scanned 

too quickly then it was easily missed. 

3.4 Experimental Results - Operational Characteristics 

After oscillation was initially achieved an 8% output coupler was used to replace the high 

reflecting end mirror and then exhaustive optimisation of the cavity for output power was 

conducted. This ensured that the cavity was appropriately aligned for the optimal 

conversion efficiency and would have the lowest operational threshold. At this point it 

was important to take several sets of data from the system to consider its operational 
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characteristics; the data that were recorded included a power measurement, a pump 

depletion spectrum and a slope efficiency measurement. 

3.4.1 Conversion Efficiency and Oscillation Threshold 

The output power of the system varied across the tuning range of the mirrors but at the 

optimal position the total output power from the system was 257mW for an input power 

of 678mw showing an extraction efficiency of nearly 38%. The readings were taken using 

a 'Melles Griot, 13PEM001' broadband thermal detection unit placed directly after the 

output coupler. The pump depletion spectra were recorded next and for optimal depletion 

the cavity alignment changed slightly to that for the maximum output power, Figure 

(3.31) shows the arrangement used to record the spectra and efficiency measurements 

(extraction and slope). 

Pump Spectrum Monitor Section OPO cgyiiy 

Ree's 
Spectrometer 

)PO endmirror/output coupler 

Melles Griot 
Power meter 

Pump 

Fig. 3.31: Schematic of the arrangement used to record the spectra needed to calculate the optimal pump 

depletion and to take the measurements needed to calculate the extraction efficiency. The power meter was 

placed in one of the two indicated positions to record a before and after measurement. 

To calculate the amount of pump depletion both the depleted and undepleted spectra were 

needed and recorded using the Rees laser scanning spectrometer mentioned previously. 

The undepleted pump spectrum was recorded by blocking the cavity end mirror during 

operation momentarily stopping oscillation and the depleted spectrum was recorded by 

then unblocked it allowing oscillation to continue. Using these plots a computer 

algorithm was used to calculate the exact value of depletion in the pump spectrum which 

was close to 80%, near the maximum value calculated by the theoretical model of 
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reference [38]. Figure (3.32) shows the undepleted and depleted pump spectra plotted on 

the same axis showing the high level of depletion in the pump spectrum. 
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Fig. 3.32: The pump depletion spectra for the system with the undepleted spectrum (black) and the depleted 

spectrum (grey) plotted together to show the 80% depletion in the pump during operation. 

Using the same cavity arrangement as shown in Figure (3.3 1), the slope efficiency of the 

system was measured using a half wave plate attached to the optical isolator to rotate the 

polarisation of the Ti: sapphire output beam and control the amount of pump power 

entering the OPO cavity. This was possible due to the number of prism surfaces present 
in the stretching arm (16) as they would effectively reject all of the horizontally polarised 

light during the stretching process. By progressively rotating the half wave plate it was 

possible to ensure that an increasing amount of the output power from the Ti: sapphire was 

present in the horizontal polarisation resulting in less of the output power entering the 

OPO cavity. Readings of the pump power entering the OPO cavity were taken just before 

the lens (using the Melles Griot detector again) and the data recorded was plotted and is 

shown in Figure (3.33). The value of the slope efficiency was measured at just over 35% 

indicating an operational threshold of 45mW using an 8% output coupler. A further 

reduction in this value was expected after a high reflector mirror was used to replace the 

output coupler and the cavity was again optimised. 
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Fig. 3.33: A 35% slope efficiency of the system was recorded using an 8YO output coupling endmirror 

indicating an operational threshold of 45m W. 

Accordingly, once we had optimized the cavity in the high-reflector configuration, we 

measured an operational threshold of 14.4mW, which to our knowledge is the lowest 

threshold reached in an OPO based on KTP. This infon-nation along with the 

performance data for the Ti: sapphire laser and the stretched pulse duration of 90ofsec, 

which operates with a pulse repetition frequency of 104 MHz, allowed us to calculate a 

threshold pulse energy of 138 pJ and a peak threshold power of 154W. For comparison 

Table (3.2) shows results comparing the performance of our system to leading threshold 

values of other ultrafast pumped OPO systems, including the work of the following 

references, [43-45]. 

References 

O'Conner et al. 
[0 1 Butterworth et al . 

143 1 Lefort et al. 1441 This Work 

Average threshold power 21mW l8mW 7.5mW 14.4mW 

Pump-pulse duration 270fs 2ps 4ps 900fs 

Laser repetition frequency 54MHz 76MHz 120MHz 104MHz 

Peak threshold power 1.44kW 118W 15.625W 154W 

Threshold pulse energy 389pJ 237pJ 62.5pJ 138pJ 

Slope efficiency 28% -28% 35% 

Conversion efficiency 23% 23% 38% 

Material PPLN PPLN PPLN APPKTP 

OPO cavity design Standing wave Standing wave Ring Standing wave 

Table 3.2: Comparison of 3 of the leading works regarding low operational threshold OPOs against the 

work discussed in this chapter. 
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These comparisons indicate that our system, although not fully optimised, is still capable 

of significantly reducing the threshold required when a ferntosecond laser is used as the 

pump source for the OPO. Although one other work reports a lower absolute threshold 

[44], this work used PPLN and was based on a lower-loss ring cavity, unlike our system 

which used KTP and employed a standing wave resonator. Ring cavities can always 

achieve a lower threshold because in any configuration parametric gain is only achieved 

in the forward direction due to the phasematching necessary for oscillation. Therefore, in 

a standing wave cavity, forward propagating waves experience gain but reverse 

propagating waves experience loss leading to a lower efficiency when compared to a ring 

cavity in which only unidirectional propagation through the crystal occurs. 

3.4.2 Tuning and Spectral Characteristics 

Using either the high-reflector or the output coupler mirrors discussed previously the 

cavity proved to be very stable and in the high reflector configuration the OPO cavity 

produced an output over a cavity length tuning range of 130Am. Figure (3.34) shows how 

the output power from the cavity varied as the cavity length was changed and also shows 

where the region of highest output power occurs as discussed above when recording the 

maximum output power. 
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Fig. 3.34: Variation in the OPO's output power as cavi4, length of the OPO is scanned over a range of 
130, wn. Red circles represent data points and the blue line is a linefit used to illustrate the trend. 
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The sharp cut off of the OPO oscillation at the longer cavity lengths is likely to be due to 

several factors but it is a characteristic of QPM OPOs as at the extremities of the tuning 

range the phasematching between the pump and the resonant output can be lost rather 

suddenly. At various points in the cavity tuning range output spectra were recorded and 

these are plotted in Figure (3.35), which shows the signal output pulses tuning from 

1194nm to 1455nm. 
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Fig. 3.35: Signal spectrafrom the OPO recorded after the end mirror as the cavity length was altered. The 

spectra showed two distinct operating regimes indicated by the blue and red plots. 

in certain (non-optimised) cavity alignments we were able to observe two distinct 

regions of operation depending on the signal wavelength oscillating, shown above by the 

red and blue spectra. One region produced signal pulses with a relatively narrow 

bandwidth and regular single-peak spectra whereas the other region produced signal 

pulses that were broader and showed irregular multiple peaked spectra. This was also 

studied in the time domain and is discussed again briefly in the section below on time 

domain measurements. 
The stability of the system is directly attributable to the wide range of cavity 

lengths tolerated by the OPO, which in turn can be understood by considering the large 

net single-pass cavity dispersion present. An approach developed by Reid et al [46], 

showed that it was possible to gain a direct measurement of the dispersion by tuning the 

cavity and the relationship is described by equation (3.3), 

dA 
dl 

(3.3) 

where a'(plaw' is the cavity dispersion, I is the cavity length, A the wavelength of signal 

at the cavity length I and dAldl is the rate of change in wavelength as the cavity is 

detuned. By plotting how the signal wavelength varies as the cavity is detuned one can 
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then produce a direct measurement of the dispersion, which is shown in Figures (3.36) 

and (3.37). 
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Fig. 3.36: Variation of the OPO oscillation frequency as the cavity was tuned over its operating range, the 

black circles represent data points and the green line is a polynomial bestfit line showing the trend. 

In Figure (3.37) the experimentally measured dispersion data (solid line) is compared to 

theory (dotted line) predicted using the appropriate Sellmeier equations for PPKTP [41]. 
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Fig. 3.37. - A comparison of the calculated experimental cavity dispersion with a polynomial bestfit (blue 

solid line) with the theoretical dispersion calculated by using the Sellmeier equationsfor KTP (dashed 

green line). 

124 

1.3 1.3b 1.4 1.45 1.5 1.55 1.6 
Frequency (rads/fsec) 

1.25 1.3 1.35 1.4 1.45 
Wavelength (grn) 



Chapter 3: A Ferntosecond OPO based on chirped-pulse frequency conversion in KTP 

The comparison shows good agreement between experiment and theory around the 

1275nm but the agreement is poorer as the OPO is tuned away from this wavelength. The 

coatings on the mirrors used in the OPO were centred at 1275nm suggesting that the 

disagreement between experiment and theory away from the 1275nin point was due to the 

increasing dispersion introduced by the mirrors. This is because towards the edges of 

their stop-band the cavity mirrors contribute significant phase changes to the reflected 

light. 

3.4.3 Time Domain Measurements 

It was mentioned above that the signal output spectra from the OPO were observed to 

differ qualitatively in two separate tuning regions, which typically produced different 

pulse spectral profiles and bandwidths. After the cavity had been fully optimized for 

power the two regions were less distinct but still showed different behaviour at the long 

and short wavelength extremes of the tuning range. We recorded spectral profiles and 

autocorrelation traces from different points in the tuning range to study the differences 

between the two regions. Figure (3.38) shows a spectrum from the expected narrow- 
bandwidth output region, 
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Fig. 3.38: Spectrum of an output pulsefrom the expected, single peaked region of the tuning range of the 
OPOcavity. The central peak is located at 1323nm and has a spectral bandwidth of about 3nm. 

while Figure (3-39) shows the fringe-resolved interferometric autocorrelation of the signal 

pulse from the same spectral region as the pulse spectrum shown in Figure (3.38). 
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Fig. 3.39: A fringe-resolved interferometric autocorrelation of signal pulses corresponding to the spectrum 

shown in Fig. 3.20. 

The corresponding intensity autocorrelation for the above interferometric autocorrelation 

plot is given in Figure (3.40). 
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Fig. 3.40: The corresponding Intensity autocorrelation relating to thefringe-resolved interferometric 

autocorrelation shown in Fig. 3.21 allowing the pulse duration to be calculated as 804fs assuming a sech2 
intensity profile. 
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These plots allowed us to calculate a pulse duration of 804fs assuming a sech 2 intensity 

pulse profile, which implied a time-bandwidth product of 0.358, suggesting that the 

pulses produced at this point in the cavity were nearly transform limited. The assumption 

of a sech 2 profile though not completely accurate is reasonably justified as a first 

approximation, which can be seen by considering the smooth spectral structure shown in 

Figure (3.38). By contrast when we consider spectra from the multi-peaked region, as 

Figure (3.41) shows, we can see no indications in the pulse profile that would justify 

assuming a sech 2 profile when dealing with multiple pulse spectra covering a broader 

bandwidth region. 
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Fig. 3.41: Sample signal spectrum takenfrom the multiple-peaked region of the OPO tuning range. 

As a result any time-bandwidth product calculated assuming a sech 2 profile would be 

meaningless as this is clearly not a valid assumption. To make a meaningful statement 

about the pulses here we used Fourier analysis to calculate the shortest pulse that could be 

supported by the spectrum in shown in Figure (3.41) and compared this to the intensity 

autocorrelation trace given in Figure (3.42). 
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Fig. 3.42: Intensity autocorrelation corresponding to the pulse spectrum of Fig. 3.20 indicating an 

autocorrelation duration of 12.9ps. 

The shortest pulse that could be supported by the spectrum given in Figure (3.40) was 

determined to have an autocorrelation duration of 2.9ps and comparing this duration to 

the autocorrelation duration measured from Figure (3.41) (12.9ps) the indication was that 

the pulses generated in this region were around 4 times longer than the transfon-n limited 

case. This meant that the signal pulses produced across the multiple-peaked region were 

highly chirped and quite different in structure to the pulses obtained in the single-peaked 

operating region. This effect may be attributable to operation far from the design 

wavelength of the crystal or it is possible we are dealing with two different types of 

operation. One possibility is that the residual chirp still present on the pulses with the 

multiple-peaked spectral profiles is due to higher order QPM where phasernatching 

occurs over 2 or more grating periods rather than one seen in standard QPM processes. 

This might account for the large amount of chirp still present on the generated pulses as 

higher order QPM processes wouldn't remove as much of the chirp as first order 

processes. 

3.5 Conclusions and System Improvements 

We have demonstrated that the chirped crystal/ pre-chirped pulse approach for parametric 

operation can significantly reduce OPO threshold values to sub 20mW values. With an 

optimised nonlinear crystal and OPO cavity design it should be straightforward to 

produce an ultrafast OPO pumped by a diode based solid-state femtosecond laser thus 

enabling the entire system to become more compact, efficient and user ftiendly. The 
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potential portability of a system like this would have attractive benefits in areas such as 
IR atmospheric gas sensing where the ability to install the system in a remote location is 

important. Other benefits of the experiment include an excellent cavity tuning range 

across which a range of good quality spectra were recorded and dispersion measurements 

were made allowing theory and experiment to be compared of a long length tuning range. 
Certain direct improvements to the system presented here would lead to further 

improvements in its performance. Firstly, the use of PPLN as the nonlinear crystal rather 

than KTP would achieve a higher gain coefficient, however as mentioned previously the 

major drawback to this approach is the need to control the crystal temperature to limit 

photo-refractive effects such as visible light-induced photo-refractive damage. Secondly, 

the pump pulses were stretched from around 190fs to around 900fs in the prism-sequence 

rather than the optimal 1.65ps suggested by Rcf. [38] or the rough calculation of 1.4ps 

based on group velocity mismatch from Equation (3.1). Although the pulses we used 

produced a significant improvement in conversion efficiency and threshold values, if we 

could stretch the pump pulse to the desired 1.65ps then we might expect to see further 

improvements on our results. This improvement would be due to a better overlap 
between the pump and signal pulses and would allow the full exploitation of the gain 

available from the longer crystal as intended. However we need to be careful with this 

idea for two reasons, firstly the pulse duration we have calculated from the 

autocorrelations depends on the sech 2 pulse profile that we assumed and secondly the 

calculation of Ref [38] was based on a pump pulse duration of 100fs and here the pump 

pulse duration is nearly 200fs. If this assumption is incorrect or oversimplified then the 

resulting calculated pulse durations would be wrong and further stretching may or may 

not result in further improvements. Thirdly, the use of a ring cavity rather than a standing 

wave cavity is expected to reduce the resonator losses and allow a further reduction in the 

threshold value opening the way for different lower-power pump sources. This factor is 

likely to make the most significant difference to the threshold value of the system 
however ring cavities are noticeably more complex and problematic to align and therefore 

could result in more complications. All of these factors together along with the above 

results could significantly reduce the operational thresholds for ultrafast singly resonant 
SPOPOs. This would allow future ultrafast OPOs to use diode pumped solid state lasers 

as pump sources significantly reducing the size and cost of an OPO systems making them 

more portable and affordable than the current Ti: sapphire based systems. 
What should be noted is the fact that the crystal design and the mirror coatings 

themselves impose the most significant limitations on the output wavelength because, 
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using QPM, the practical limit to the output wavelength and tuning capabilities is only 

determined by the crystal transparency and the mirror bandwidth. In this context we 

believe that the chirped-pulse/chirped-crystal technique will enable future ultrafast OPOs 

to be demonstrated over a range of wavelengths and using simple lower cost pump lasers. 
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4.1 Introduction 
This chapter describes an experiment designed to extend the work in this thesis on 

chirped-frequency conversion in quasi-phasematched (QPM), ferntosecond optical 

parametric oscillators (OPO). Outlined herein is all of the work involved in the design 

and construction a QPM OPO based on the periodically poled medium lithium niobate 

(PPLN). Lithium niobate is a commonly used nonlinear material in OPOs due to its high 

figure of merit (FOMtý dff'ln') which in comparison to the material KTP (see Chapter 

2 for a comparison of respective figures of merit) described in the previous chapter would 

in principle allow either a lower threshold to be achieved in a directly comparable device 

or if shorter crystals were required then an appropriate optical gain length to the 20nun 

used in the KTP OPO could be found. As a more mature material than PPKTP, PPLN 

can be readily sourced commercially with multiple gratings on a single crystal and so 

further motivation for using PPLN was to conduct a comprehensive comparison between 

chirped and unchirped frequency conversion in a ferntosecond OPO. The investigation 
0 
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would allow the operational characteristics of both operating regimes to be directly 

compared in a single OPO using a single crystal with multiple gratings of different chirps. 

Thus the work described in this chapter coupled with that outlined in Chapter 3 forms a 

complete study of chirped frequency conversion as a method for improving conversion 

efficiencies and reducing operational thresholds in conventional ultrafast OPOs. 

As the work described in this chapter fon-ris a natural continuation of the work 

outlined in Chapter 3 there is no further review of chirped-frequency conversion because 

this appeared already in Chapter 3. As a result the format for this chapter differs from the 

other experimental chapters of this thesis (3,5 and 6) in that the experimental work itself 

directly follows the introduction given here. The preparation of the pump laser is 

outlined first and involves the propagation of the pulses through a dispersive medium to 

introduce the necessary amount of temporal chirp to match that of the crystal. Following 

this is a description of the OPO preparation itself, which includes the design of the crystal 

structure and the physical construction of the OPO itself including the cavity design and 

alignment procedure. Next a comprehensive comparison of the more important OPO 

operational characteristics is given including measurements of power conversion 

characteristics, spectral characteristics and temporal characteristics. 
The final section of this chapter summarises the main conclusions gained from 

this experiment along with some hindsight based thoughts on how the system could be 

improved in future investigations. 

4.2 Pump Preparation and Characterisation 

As was described in Chapter 3 there are two key factors to consider when initially 

determining the pump pulse durations and chirp for a suitable chirped QPM OPO. Firstly 

the pump pulses must contain an adequate amount of temporal chirp to enable the 

localisation of the frequency-conversion process itself to be of sufficient benefit in 

maintaining a broad pump conversion bandwidth. This factor is important in determining 

the conversion gain length presented by the extended crystal to the pump pulses and is of 

significant influence in determining the conversion efficiency of the device. The second 
issue regards one of the fundamental criteria for any parametric conversion process, 

which is the necessity in maintaining a good temporal overlap between the pump-pulse 

and the resonant converted pulse throughout the nonlinear crystal. The dispersive nature 

of any dielectric medium means that waves of different wavelengths propagate with 
different speeds and pulses with different wavelengths will walk-away from each other as 

they propagate through the material. Therefore increasing the length of the conversion 
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medium will result in an increase in the walk-away length between the pump pulses and 

the resonant pulses (typically the signal pulses, but the same principle applies if the idler 

pulses are resonant). One strategy to minimise the effects of an increased walk-away 
distance is to stretch the pump pulses so that the pump and resonant pulse remain 

overlapped over a longer length. 

Both of the two factors mentioned above can be addressed using a single 

technique and this was adopted in Chapter 3 for preparation of the pump pulses in the 

APPKTP OPO system. Although based on the same principles of introducing chirp by 

using a dispersive medium, the implementation used for the system discussed here was 

slightly different to that of Chapter 3. Section 4.2.1 outlines the approach that was 
implemented in this experiment and, following this Section 4.2.2 presents the pump-pulse 

characterisation data used in assessing the level of pump-chirp, crystal-chirp matching. 

4.2.1 Pre-chirping of the Pump Pulses 

In Chapter 3 the strategy adopted for preparing the pump-pulses was based on a Proctor- 

Wise prism sequence [1] in which a four-prism sequence (two prism pairs) was used to 

introduce sufficient negative dispersion to stretch the pulses and increases the level of 
temporal chirp already present. Although this technique proved to be extremely 

successful in the APPKTP OPO the use of four prisms and a retro-reflecting mirror meant 

that the power losses due to the 17 surfaces were of the order of 8-10% and a large 

separation distance between the prism pairs was necessary to obtain the required pulses 
durations (>Im). For the experiment outlined in this chapter it was decided that a slightly 
different strategy should be used to enable both of these effects to be significantly 

reduced. 
The Proctor-Wise prism sequence used in Chapter 3 is an adaptation of a well 

known previous configuration in which it was demonstrated that positively dispersive 

prisms can be used to produce negative dispersion [2]. As a result, the amount of 
dispersion needed to stretch the Ti: sapphire pump-pulses to the appropriate lengths while 

producing a chirp on the pulses with the correct sign required a large separation distance 

between the prism pairs. It is also possible to use positive dispersion to stretch the pulses 
to the appropriate lengths however the direction of the chirp contained on the stretched 

pulses will be of the opposite sign. Therefore if the sign of the chirp is not important then 

it can be more attractive to use positive dispersion to stretch the pulses and in this case a 

rod of an appropriately dispersive medium can be used to produce the desired effect. This 

was the strategy adopted in this work and an appropriate medium is a highly dispersive 
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glass such as a flint glass or an SF index glass such as SFIO or SF14. After deciding 

upon SF10 as the best material based on cost and delivery time considerations the next 

stage was to determine the length necessary to stretch the pump-pulses to the required 

lengths. 

In Chapter 3a rough calculation of the pulse duration necessary to negate the 

pump-signal walk-away effect was gained by using the expression given in Equation 

(4.1). 

Arp =11-1 2 vp v,, 
(4.1) 

where A -rp is the required pump pulse duration, 1 is the length of the nonlinear medium 

and VP and V. are the respective group velocities of the pump and resonant signal pulses 

in the nonlinear medium. The same principle was used here however for this OPO the 

nonlinear medium was PPLN rather than KTP and the crystal length was 10mm rather 

than the 20mm. that was used in Chapter 3. Taking this into account and assuming a 

resonant signal wavelength of 1.05gm, Equation (4.1) revealed that the minimum pulse 

duration needed to make the pump-signal walk-away negligible was of the order of 620fs. 

As the pump laser to be used in this experiment was the same one as used in Chapter 3 

the same output pulse durations could be used as a first approximation to calculate the 

required length of SF10. Characterisation of the Ti: sapphire pump laser presented in 

Chapter 3 indicated that the pulses emerging from the system after a 30dB optical isolator 

were of the order of 190-200fs and therefore a stretch factor of the order of 3 or more 

would be necessary to broaden the pulses to the required 600-700fs length. In order to 

calculate the length of medium needed to produce this amount of temporal broadening a 

basic simulation studying the dispersive behaviour of SFIO [3] on a Gaussian pulse 

centred at 850nm and with the same spectral bandwidth as the pump pulses was 

performed. The results from this simulation indicated that a rod of SFIO with a length of 

107mm would be a sufficient length to produce a minimum stretch factor of 3. Figure 

(4.1) shows results from the simulation demonstrating the degree of temporal broadening 

a 125fs, transform limited Gaussian pulse would experience after it had propagated 

through 107mm. of SF10, the unstretched input pulse is shown in blue and the stretched 

output pulse in red. 
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Fig. 4.1: Plot showing a comparison in the temporal profile of a 123.5fs Gaussian pulse before (blue) and 

after (red) propagation through 107mm of SFIO glass where it is stretched to a duration of 371fs. 

Due to the simplicity of the simulation there were obvious limitations to its results, the 

main one being that although the simulation pulses were bandwidth matched to the actual 

pump pulses they were transform limited and this resulted in the simulation pulses having 

shorter durations (-125fs) than the actual pump pulses (-200fs). This discrepancy 

between the simulation pulse duration and measured pulse duration highlighted the effect 

the optical isolator had on the pump pulses namely the introduction of a noticeable chirp, 

which ultimately affects how the pulse will propagate through the SF 10 rod. 

The final design stage was to calculate the Brewster angle for the SF 10 rod, which 

was evaluated using Equation (4.2), and then produce an appropriate design for the rod 

and this is shown in Figure (4.2). Brewster's angle is given by: 

Ob = tan-' (n (A, )) 
(4.2) 

where the pump wavelength is Ap and n(AP ) is the corresponding refractive index of 

SFIO. Using Sellmeler data for SF10 [3] the calculated value for Brewster's angle was 

59'39'. 
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- 
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->0=59'39' 

Fig. 4.2: Brewster angled SFI 0 block cutfor A,, = 850nm and used to stretch the pump pulses. 
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In order to insert the rod into path of the pump beam and allow the transmitted beam to be 

optimised in terms of power the rod needed to be suitably mounted with the necessary 

degrees of freedom. To achieve this the rod was first mounted onto a flat circular 

aluminium plate allowing angular adjustments to be made once inserted into a 

horizontally orientated mirror mount which offered small 'tip and tilt' adjustments. The 

whole assembly was then mounted directly onto a translation stage allowing the rod to be 

moved into and out of the path of the pump beam whenever necessary. Figure (4.3) 

shows the whole assembly as it was used in the experiment. 

Fig. 4.3: Photograph of the SFIO block as it was used in the experiment, mounted on a aluminium plate that 

was inserted into a mirror mount and mounted onto a single translation stage. 

After mounting the SF 10 rod the next stage was to direct the pump beam through the rod 

and maximise the transmitted power, which turned out to be significantly easier than for 

the Proctor-Wise prism sequence used in Chapter 3. The ease of alignment was mainly 

due to the fact that the pump beam was clearly visible inside the SF10 block allowing 

Brewster's angle to be located quickly simply by rotating the rod until the beam travelled 

along its length. After this, the transmitted power was optimised using a thermally 

sensitive power meter (Melles Griot 13PEM001) placed at the exit face of the rod and the 

transmitted power was maximised using the tip and tilt adjustments on the horizontal 

mirror mount. 
At this point the remaining task in preparing the pump was to characterise the 

pulses in the temporal domain both before and after the SFIO rod by taking 

autocorrelation measurements of the input and output pulses. The aim of this was to 
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allow an accurate detennination of the pulse durations used in the conversion process and 

to compare them with the simulated pulses duration calculated previously. 

4.2.2 Temporal Characterisation of the Pump-pulses 

A temporal charactensation of the pump-pulses was achieved by recording both intensity 

and interferometric autocorrelation traces before and after the SFIO and the stretching 

factor was evaluated by calculating the ratio of the pulse lengths before and after the rod. 

Figure (4.4) shows schematically how the autocorrelator was configured so that the pre- 

stretched and post-stretched measurements could be recorded quickly and easily with the 

minimal amount of component changes. 

FMI 

1000mm 
of SHO 

FM2 

Nle I 

.............. 

50/50 
Beamsplitter at 

850nm 

............ ........ 

:U 

loscillosco 

Scanning 
mirror 

..................... 
Fig. 4.4: Schematic of the autocorrelatoi-set-up used to record both the pre-stretched and post-stretched 

pump-pulse traces. With theflipper mirrors FMI up and FM2 down the pre-stretched pulse trace can be 

recorded and with. flipper mirrors FMI down and FM2 up the post-stretched pulse traces can be recorded. 

To record pre-stretched pulse autocorrelations the flipper mirror FM I needed to be in its 

up position to direct the Ti: sapphire output directly towards the scanning mirror and 
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flipper mirror FM2 needed to be down in order not to block the beam. Figure (4.5) shows 

the pre-stretched interferometric autocorrelation trace that was recorded and used to 

calibrate the time axis on the both of the autocorrelation traces using the fringe counting 

technique discussed in Chapter 2. 

.0 

Fig. 4.5: Interferometric autocorrelation trace of the pre-stretched pump pulses showing the expected O. T-8 

contrast ratio. 

The slight misshaping of the wings of the upper and lower lobes in this trace indicates the 

presence of a small amount of chirp (see Chapter 2, Section 2.2.6) before stretching 

however it is only small and not sufficient to inhibit accurate counting of the fringes in 

the central region of the trace. In contrast, the equivalent interferometric autocorrelation 

recorded after stretching indicated a substantial chirp was present on the pulses resulting 

in the loss of ffinges across the majority of the trace making it useless as a calibration tool 

for its corresponding intensity autocorrelation. To calibrate the post-stretching traces the 

centre point of the scanning mirror was moved by a known amount resulting in a path 

length difference in the two anns. This path difference was clearly visible on the 

autocorrelation traces by a movement of the traces across the screen and by calculating 

the path difference and measuring the movement of the trace it was possible to accurately 

calibrate the time axis. Figure (4.6) shows the post-stretching interferometric trace after it 

had been calibrated using this technique and the substantial amount of chirp present on 

the pulses is clearly indicated by the severe deformation of the autocorrelation trace. 
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Fig. 4.6: Interferometric autocorrelation of the post-stretching pulses showing significant deformation 

resultingfrom the presence of large amounts of chirp on the pulses. 

The intensity autocorrelations for both the pre-stretched and post-stretched pulses are 

plotted in Figure (4.7) and after careful calibration of the time axis, the pre-stretched and 

post-stretched autocorrelation durations were 326fs and 692fis respectively. 
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Fig. 4.7. - Plot of the intensity autocorrelationsfor the pre-stretched (green) andpost-stretched (red) pulses 
indicating a pre-stretched duration of 326fs and a post-stretched duration of 692fs. 

If the pump pulses are assumed to have sech 2 profiles then the actual pulse durations were 

212fs before stretching and 449fs after stretching indicating that both the pre-stretched 
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and post-stretched pulse durations were slightly longer than those used in the simulation 

of Section 4.2.1. This post-stretched duration was considered sufficient to introduce 

considerable chirp onto the pulse and enable efficient operation of the OPO. The 

corresponding pump spectrum for all of the above autocorrelation traces is plotted in 

Figure (4.8) and shows the pulse with a central wavelength of 850nm and a spectral 

bandwidth of 8.8nm. 
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Fig. 4.8: Plot of the pump pulse spectrum centred at 850nm and with a bandwidth (ýf'8.8nm. 

Having the pulse duration and spectral bandwidth for the pump pulses enable the time 

bandwidth product to be calculated using Equation (4.3), 

Duration - bandwidth product =ArPAvP (4.3) 

where ArP is the pump pulse duration and AvP is the pump pulse spectral bandwidth. 

Using Equation (4.4) the wavelength bandwidth (AA) of 8.8nm can be converted into a 

frequency bandwidth (A v), 

Av= -C A 
A2 (4.4) 

where c is the speed of light in a vacuum (2.99x I 08m/s or 0.299/im/fs) and A Is the 

central bandwidth of the pulses (850nm). Therefore a wavelength bandwidth of 8.8nm 

corresponds to a frequency bandwidth of 3.65THz resulting in a time bandwidth product 

for the pre-stretched pump Pulses of 0.774. For a transform limited pulse with a sech 2 

profile the time bandwidth product is 0.315 indicating that the pre-stretched pulses are 

indeed chirped as the slight distortion of the interferometric autocorrelation suggests. 

Evaluating the time bandwidth product for the post-stretched pulses gives a value of 
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1.640 verifying that the pulses emerging from the SFIO rod contained severe chirp as the 

interferometric autocorrelation suggested. 
After charactcrisation the pump pulses were ready for use in the OPO itself and 

the next step in the process was to start on the preparation and construction of the OPO 

and this is described in the following section. 

4.3 Optical Parametric Oscillator Design and Construction 
The basic design for the OPO was based on the same configuration as for the experiment 
described in Chapter 3 however there were several key differences between the device 

built in Chapter 3 and the one built for this experiment. The first difference regards the 

design of the crystal, which is described in Section 4.3.1 and the next is the design and 

construction of the OPO cavity itself, which is outlined in Section 4.3.2. Section 4.3.3 

describes the alignment procedure used in achieving operation of the device and outlines 

the issues that arose during this stage of the OPO construction. 

4.3.1 Crystal Design and Mounting 

One of the most popular and frequently used nonlinear optical materials is lithium 

niobate, which in its periodically poled form is called PPLN (commonly pronounced pip- 
lin) and has a nonlinear coefficient of d33=27pm/V [4], which is about 50% larger than for 

KTP (d33=16.9pmN [51). This fact makes PPLN an attractive candidate for use in 
femtosecond OPOs and as a result it was thought an appropriate choice for this 
investigation irrespective of its high operating temperature. Furthermore, PPLN is readily 

available commercially (unlike PPKTP) and can be produced in the form of crystals 

containing multiple gratings of different designs, which makes a comparative study of 

chirped and unchirped gratings straightforward. To avoid photo-refractive damage PPLN 

needs to be heated to temperatures in excess of 100"C and as a consequence heating and 
temperature controlling equipment need to be included in the design of any PPLN based 

OPO. 
The crystal was designed for a pump laser with a central operating wavelength of 

850nm, which remained fixed throughout the experiments with the signal and idler 

wavelengths varying depending on the length of the OPO cavity and the period of the 

grating in the crystal. By modelling the efficiency of the QPM parametric conversion 

process it was possible to find the grating period needed to phasematch the fixed pump 

and varying signal and idler wavelengths. Equation (4.5) gives the relationship between 
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the phase mismatch vector (Ak) and the conversion efficiency ()7) of the parametric 

process, 

77ocsinC2 
Ak) 

(4.5) 
(2 

where Ak is the phase mismatch and I is the crystal length. Figure (4.9) is a colour map 

showing how the conversion efficiency of the parametric process varies depending on the 

combination of signal and idler wavelengths and the grating period within the crystal. 
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Fig. 4.9: Colour map plot showing how the conversion (ffliciency of a parametric process is affected by- the 

signal and idler wavelength combination and grating period. 

To generate this plot the conversion efficiency, defined in Equation (4.5), was calculated 

using a fixed pump of 850nm and a signal and idler wavelength combination was varied 

from 950nm to 5.5Arn for a grating period between 21 Am and 25Am. Using this result it 

was decided that a resonant signal wavelength of around 1.08Am should be used, which 

required a central grating period close to 23Am. Based on this a crystal design was 

developed containing 4 different lateral grating structures, 3 chirped gratings 

corresponding to different central wavelengths and one unchirped grating allowing a 

comparison between chirped and unchirped operation to be investigated. 

In each of the chirped gratings the minimum and maximum crystal grating periods 

can be calculated using Equation (4.8), 
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AP + 
(ni 

Al 
nj 

(4.6) 

where np, n, and ni is the refractive index of PPLN for the pump (AP), signal (A, ) and 

idler (Aj) wavelengths respectively. Keeping A, constant and taking a pump wavelength 

of AP± AAP /2 allows the grating periods at the two extreme ends of the crystal to be 

calculated for each of the 3 chirped lateral gratings with the intervening grating periods 

varying linearly through the crystal. To achieve a high gain a 10mm crystal was chosen 

and Figure (4.10) shows the final grating designs used with the gratings labelled 1-3 

being imm chirped gratings and grating 4 being a 2mm unchirped grating. This design 

made it possible to identify the individual gratings after mounting the crystal and aligning 

it within the OPO cavity. 

lomm 

Imm 

Imm 

Imm 

2mm 

A, ->A, =22.37-22.88ýtm 
Al-*A, =22.88-23.36ýtm 
A, ->A, =23.36-23.81 ýtrn 

A, =A, =23.12[tm 

Fig. 4.10: Grating structure designfor the lOmm PPLN crystal showing 4 lateral gratings (3 chirped and I 

unchirped) with gratings 1-3 each having different central periods and a linearly vaiying chirp throughout 

their length and grating 4 being the unchirped grating. 

This design was then passed on to the company selected to supply us with the crystal, a 

Taiwan based company called 'HC Photonics', and they generated the crystal mask and 

fabricated the PPLN crystal. 

With the crystal itself designed and fabricated the next task was to mount it in an 

appropriate oven allowing its temperature to be carefully controlled during operation 

without the ability to make small optimisation adjustments to its alignment being 

hampered. As a result a crystal mount was designed and built that would allow the 

crystal to be held securely in place and inserted into aI inch 'tip and tilt' mirror mount 

which could itself be mounted on a triple-axis translational stage. This approach allowed 

the crystal position and orientation to be fully adjustable, enabling the cavity alignment 

145 

A1 A, 



Chapter 4. - Comparison of Feyntosecond OPOs using PPLN andAPPLN 

and operational optimisation stages of the experiment to be carried out easily. The crystal 

mount design that was used is shown in Figure (4.11) and was produced based on the 

following crystal dimensions: 

o Crystal length = 10mm 

o Crystal height = 5mm 

9 Crystal thickness = 5001im 

lCrystal brace 

IPPLN Crystýa]l_ 

1" Brass ring t( 
mount into 
standard 

mirror mount. 

Fig. 4.11: Schematic of the crystal mount used to heat the ciystal to 100'C and to hold it in a/ inch 'tip and 

tilt'mirror mount allowing it to have 5 degrees offreedom when mounted to enable precise alignment of 

the crystal inside the OPO cavity. 

Control of the crystal temperature was implemented using an RS 159-938,1 OOQ, I OW 

heat-dissipating resistor and a then-nistor located inside the mount as close to the crystal 

location as was possible. The location on the crystal mount of both the resistor and the 

thermistor is shown in Figure (4.11). The resistor was connected to a manually controlled 

variable current supply and an RS 151-237 lOkf2 thermistor was connected to a digital 

multi-meter and inserted into the hole along with some with thermal paste to monitor the 

temperature of the crystal. Figure (4.12) shows the variation of resistance with 

temperature for the thermistor and using this graph it was found that to maintain the 

crystal at a temperature of I OO'C the thermistor should have a resistance of -6800. 
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Fig. 4.12: Resistance against temperature plotfor the RS 151-237,10kd2thermistor used to monitor the 

temperature of the oven in which the PPLN crystal was held. 

After the crystal had been fabricated and mounted in the oven and onto the triple-axis 

translational stage the next part of the experiment was to design and construct the OPO 

cavity itself 

4.3.2 Cavity Design and Construction 

The OPO cavity design used was similar to the OPO cavity described in Chapter 3 

because the same pump laser was used meaning that the OPO cavity length was the same. 

It was also considered appropriate to use the same V-cavity configuration as in the KTP 

OPO because the alignment procedure was relatively straightforward and well 

understood. 
Before beginning the cavity construction it was necessary to develop a model of 

the cavity to enable accurate positioning of the cavity mirrors for stable operation and to 

achieve the necessary intracavity beam profile. The model was developed using an 

ABCD matrix based simulation program ('LCAV'), which found the appropriate 

positions for the cavity mirrors to achieve both a tight focus inside the crystal and a 

collimated beam in the long an-n of the cavity. Figure (4.13) shows a plot of the 

intracavity beam profile produced by the simulation program indicating the exact 

positions for the 2 curved cavity mirrors and the flat end mirror. The two curved cavity 

mirrors, Mi and M2, both had 100mm radius of curvatures and the simulation implied 

these should need to be positioned 97.7mm and 48.7mm respectively from the crystal 
faces. 

0. 
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Fig. 4.13: Plot of the simulated intracavity beam proftlefor the OPO showing the exact position oj'the 

mirrors and the exact location of the beamfocus within the PPLN crystal. 

Synchronisation with the pump laser required the end mirror, M3, to be positioned a 

distance of 1249mm from mirror, M2, in order to match the repetition frequency of the 

OPO cavity to that of the Ti: sapphire laser (105.8MHz). Figure (4.14) is a plot of the 

simulated intracavity beam in the region around the crystal with the blue line representing 

the beam in the tangential plane and the green line representing the beam in the sagittal 

plane. 
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Fig. 4.14: Plot of the beam focus within the PPLN crystal indicating a beam radius of / 9, um in both the 

tangential (blue) and sagittal (green) plane. 
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The crystal faces are highlighted by the two vertical black lines and the beam can be seen 

to reach its focus in the centre of this region where the beam has a radius measuring 

19ýtm in both of the two perpendicular planes. The mirrors themselves had high- 

reflectivity coatings (>99.9%) for the resonant intracavity signal wavelength centred at 

1075nm and had a >99.9% reflection bandwidth ranging from 1000-1 150nm as well as 

being anti-reflection coated for the pump wavelength at 850nm. 

Once the cavity had been designed the next stage was to construct the OPO and 

Figure (4.15) shows schematically the configuration that was employed with the pump 

beam emerging from the SFIO rod being focused through the back face of mirror M2 and 

into the crystal by using an 80mm focal length lens. 

generated by the R. -sapphire measured after an optical isolator. The pump beam emerging from the SF1 0 

rod isfocused into the APPLN crystal through the back of mirror M2 using an 80mmfocal length lens. 

All three of the cavity mirrors as well as the lens and the crystal were mounted in such a 

way that translational movement was possible along the direction of propagation of the 

incident beam. The mirrors were then placed in the necessary positions by hand with the 

approximate spacing between one another at which stage they were clamped to the optical 
bench and small adjustments could then be made to their exact positions using the 

available translational movement. The exact alignment of the optical elements is 

presented in detail in Section 4.3.3 where the configuration procedure is described up to 

the point of oscillation and optimisation of the operational stability of the device. 

Due to the linear variation of the grating periods in the APPLN crystal it was 
important that the crystal be orientated in the correct direction to match the crystal chirp 
to that present on the pump-pulses. This meant that alignment of the cavity and attempts 
to achieve operation of the OPO would need to be carried out in both directions in order 
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to find the correct orientation of the crystal. The initial crystal orientation was chosen at 

random and the crystal was mounted and positioned within the cavity. The initial 

alignment was performed using the unchirped grating (the 2mrn grating labelled grating 4 

in Fig. 4.10) because OPO operation would not be affected by the orientation of this 

grating. 

4.3.3 Alignment Procedure 

The alignment procedure for a V-cavity OPO was outlined in considerable detail in 

Chapter 3, however the alignment procedure used for the PPLN OPO differed slightly 

from the earlier approach and is therefore given here. Before alignment began it was 

necessary to reduce the pump beam power, which was done using a reflective ND filter 

with an attenuation factor of around 95%. This reduced the risk of damage to the crystal 

and mirrors from the high pump pulse intensities during alignment and it also minimised 

the risk of powerful stray beams during miffor positioning. With the pump beam 

attenuated the OPO cavity was striped back to just the crystal, i. e. mirrors MI, M2 and 

M3 were removed, however the bases for the miffor mounts were not removed as their 

positioning was sufficient to use as an approximate guide. The pump-focusing lens was 

also removed allowing the pump beam emerging from the SFIO rod to be directly 

incident on the chosen entrance face of the crystal. At this stage alignment began and 
followed steps outlined below. In all of these steps an infrared viewer was used and 

alignment was carried out using the pump beam unless stated otherwise. 
Step one was to ensure that the incident pump beam was at normal incidence to 

the crystal faces however because it is not generally possible to cut a crystal with exactly 

parallel end faces a compromise must be made in the exact crystal orientation. The first 

task was to send the pump beam through a pinhole directly after the SFIO rod onto the 

crystal entrance face and then locate the retroreflected beam. This was located by altering 

the tip and tilt angle of the crystal and, if necessary, by moving the pinhole towards the 

crystal and repeating the adjustment of the crystal. The crystal retroreflects the pump 
beam from both its front and rear face and careful adjustments in the crystal angle 

allowed both of these beams to be located. At this stage the procedure was to position the 

two separate retroreflected beams so they were equally spaced both in distance and in 

angle on either side of the pinhole ensuring the crystal was as close to normal incidence 

with the pump beam as possible. 
Step 2 was to position the cavity mirror, MI and to do this the crystal was 

translated out of the path of the pump beam by using the triple-axis mount. Next, MI was 
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remounted on its post and adjusted so the pump beam was centred. A piece of a card 

marked with a cross was then placed over MI and the cross was centred on the pump 

beam giving a reference position for the pump beam during the positioning of the second 

cavity mirror, M2 and the lens. After positioning the card the crystal was moved back 

into the path of the pump beam at which stage SHG of the pump beam was obvious as a 

violet/blue beam at 425nm. This beam was clearly visible on the card over the face of 

mirror, MI and was a useful tool for positioning the crystal in the centre of the pump 

beam because an outline of the crystal was clearly visible on the card itself After the 

crystal had been moved back into position the pump beam was temporarily blocked to 

allow the separation distance between Mi and the rear face of the crystal to be set as 

close to the required 97.7mm as was possible by using a piece of card cut to length. 

Calculations performed using the same ABCD matrix simulation program used to 

calculate the beam profile also allowed the region over which mirror MI could be 

positioned and achieve stable operation to be found. Figure (4.16) shows the stability 

region for the separation between the mirror and the crystal exit face with the most stable 

position being where the waist size was greatest at 97.7mm. 
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Fig. 4.16: Simulation of the region over which mirror MI can be positioned with respect to the exitface of 

the crystal and achieve stable operation of the OPO. The blue line indicates the stability region in the 

tangential plane and the green line isfor the sagittal plane. 

Figure (4.16) indicates that stable operation occurs for a mirror-crystal face separation 

ranging from exactly 96.56-98.74mm and therefore the 97.7mm long piece of card that 
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was used to set the separation distance if not exact was sufficient to position the mirror 

inside the operational stability region. 
Step 3 was to reposition the pump-focusing lens in its mount and to make sure the 

pump beam was normal to the lens and that it passed through the centre of the lens. 

Before repositioning the lens a beam stop was placed directly in front of the crystal and a 

pinhole placed in the pump beam just after the SFIO rod so that using the beam passing 

through the pinhole the lens could be accurately centred. To ensure normal incidence of 

the pump beam on the lens the same technique used in step one was used to locate the 

rctroreflected pump beam and steer it through the pinhole back towards the output of the 

pump laser using tip and tilt adjustments of the pump-focusing lens. Further optimisation 

of lens angle was achieved by moving the pinhole further away from the lens, nearer to 

the exit of the pump laser, relocating the retroreflected beam and again steer it through the 

pinhole. The pump beam was not steered directly back through the pinhole as this would 
direct it into the cavity of the pump laser, which would terminate the modelocked 

operation of the Ti: sapphire laser. 

After completing step 3 the beam stop between the crystal and the pump-focusing 

lens was removed and an immediate increase in the intensity of the second harmonic 

beam was observed due to the tightening of the pump beam stop size. Optimal focusing 

of the pump however required the second cavity mirror, M2 to be positioned between the 

lens and the crystal. Before this, a check on the correct positioning of the lens and an 

accurate centring of the pump beam on the lens was performed by moving the crystal out 

of the pump beam again allowing it to be incident on the card covering mirror, Ml. If the 

lens had been positioned correctly then the pump beam would still be centred on the cross 

mark on the card, however the spot size would have changed due to the focusing caused 

by introducing the lens. Moving the crystal out of the path of the pump beam revealed 

that the lens had been sufficiently well positioned to move onto the next step, positioning 

of the cavity mirror, M2. 

Step four, the positioning of cavity mirror M2 was perhaps the trickiest stage as it 

required the positioning of a mirror at an angle that was sufficient to steer the reflected 
beam towards the end mirror while clearing both the crystal and the cavity mirror Ml. 

For this step both the pump beam and the second harmonic beam were used, the pump 
beam to centre the lens and the second harmonic beam to get the correct angle to steer the 

beam past mirror, MI. The easiest method found while arranging the APPKTP OPO was 
to start with the mirror already angled slightly and to centre the pump beam on the 
intracavity side of mirror, M2. This meant that the pump beam would not be incident on 
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the very centre of the backside of the cavity mirror and would result in a slight redirecting 

of the pump beam as it entered the cavity. This redirection was clearly visible by viewing 

the pump beam position on the card over mirror, MI when the crystal was again moved 

out of the pump beam. To get the correct angle of the cavity mirror it was necessary to 

mount a piece of card with a marker on it showing the required height for the beam to 

ensure it remained at the same level throughout the cavity. The pump laser itself operated 

at a beam height of -125mm (relative to the optical bench surface) and a card was 

therefore marked with a horizontal line at 125mm to use as a height marker. This card 

was then placed to one side but behind mirror MI enabling the beam reflected back from 

the intracavity face of mirror, M2, to be located and steered so it just missed mirror Ml. 

This was quite a tricky procedure because the idea was to keep the angle as small as 

possible and the crystal mount design meant that the beam could only be steered over a 

small angular range before being obscured by the brace used to hold the crystal in place. 

After the beam was located and steered so that it just passed mirror M I, the card was 

removed and the beam was allowed to be incident on the cavity end mirror, M3. At this 

stage the exact separation between the mirror M2 and the entrance face of the crystal 

needed to be set and so the same simulation was carried out for mirror M2 as was done 

for mirror Ml. Figure (4.17) shows the results of this simulation indicating the exact 

separation of 48.7mm needed to maximise stable operation. To achieve this separation a 

card cut to a length of 48.7mm was used to measure the distance and adjustments were 

made to the position of the mirror until the separation was as close as was possible using 

the eye. Small adjustments could be made after operation had been achieved since the 

tolerances for the positioning mirror M2 indicated that the crystal mirror separation could 

lie between 46.69-49.77mm, a more than sufficient tolerance to achieve operation. 

Inserting mirror M2 led to a small change in the focal position of the pump beam 

and the SHG beam intensity increased because the pump focus was moved closer to the 

centre of the crystal. Exact positioning of the lens was carried out after all of the cavity 

elements had been positioned. 
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Fig. 4.17: Simulation of the region over which mirror M2 can be positioned with respect to the entrance 

face of the crystal and achieve stable operation of the OPO. The blue line indicates the stability region in 

the tangential plane and the green line isfor the sagittal plane. 

The final element to be positioned was the end mirror, M3, which was positioned 

so the beam reflected from the angled cavity mirror, M2 was centred on its face and the 

length of this long arm was measured to have the required length of 1249mm. This was 

the length needed to match the OPO cavity to the repetition frequency of the pump laser 

(105.8MHz) however as this mirror was mounted on a translational stage capable of 

25mm of movement the exact position was not critical at this stage. The distance was 

measured to be reasonably close to 1249 mm and with the translation stage set in the 

centre of its range the exact length match could be found within the limits set by the full 

scanning range. At this stage it was possible to remove the ND filter used to attenuate the 

pump beam and allow the full pump power to be incident on the crystal, which enabled 

the lens to be correctly positioned with the pump focus lying in the centre of the PPLN 

crystal. To find the correct position of the lens it was simply a matter of moving the lens 

on its translational mount into or away from the crystal in order to maximise the SHG 

beam intensity visible on the card over the face of mirror, MI. 

Up until this point the alignment had only been concerned with the beams 

reflected from the PPLN crystal however another beam also needed to be aligned and this 

was the beam reflected from the first cavity mirror, MI. To prepare for this stage the 

mounted card with the height marker on it was again positioned just behind mirror, Ml 

and then the card covering the face of mirror, MI was removed. By carefully viewing the 
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back face of the mounted crystal it was possible to visually locate the returning SHG 

beam on the crystal mount as well as see the SHG beam as it emerged from the crystal. 
Adjustments in the angle of the cavity mirror, MI allowed the two beams to be 

approximately overlapped and then fine adjustments were made to the overlapping of 

these beams by viewing locating the two different pump beams on the mounted card. In 

order to achieve oscillation these two beams need to maintain a spatial overlap throughout 

the cavity and this overlap was achieved by overlapping the two spots in both the near 
field (close to mirror, MI) and the far field (over as large a distance as possible). To 

achieve an overlap in the near field the mounted card was placed just behind mirror MI 

and adjustments in the crystal angle were used to overlap the two spots. To achieve an 

overlap in the far field an aluminium mirror was placed just before the end mirror and the 

beam was directed back across the bench to a second mounted card resulting in an 

effective path length of around 4m over which to overlap the spots. The two spots were 

overlapped in the far field by making small adjustment in the angle of the cavity mirror, 

M1 however this altered the overlap in the near field and so the process needed to be 

repeated. The whole process was incremental, needing to be repeated many times before 

the two spots were accurately overlapped in both the near and far field at which stage 
there remained only one final alignment step to perform. 

Step 5 was to reflect the two overlapped beams back into the cavity using the end 

mirror, M3. This was achieved using a pinhole positioned as close as possible to the 

crystal itself without blocking any beams and sending the main pump beam through the 

pinhole and onto mirror, M3. Adjustments in the angle of this mirror then enabled the 

reflection to be located and steered back through the pinhole. At this stage the basic 

alignment had been completed and the OPO cavity was ready for oscillation to be found 

by scanning the position of M3 through its full range to look for the exact length match to 

that of the pump laser. 

When looking for oscillation within the OPO cavity perhaps the easiest technique 

to use was to place a piece of white 'viewing card' around 50cm behind mirror MI 

directly in the pump beam leaving the cavity through the mirror's back surface. With the 

viewing card in place the laboratory needed to be as dark as possible allowing the deep 

red pump beam to be clearly visible on the card. The card was then watched closely as 
the end mirror was used to scan the cavity length. At the point of oscillation various 
frequency mixing processes occur simultaneously producing many visible outputs which 

were clearly visible on the viewing card as a coloured beam. Basically the idea is to 

watch the card while scanning the cavity length and look for a coloured flash, however 
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this only occurs when the cavity alignment is very good. If no colour flash is seen then 

the alignment should be re-considered and some small adjustments made before repeating 
the scanning process. This process often took many attempts before any colour flash was 

observed, indicating that oscillation had been achieved, and this was indeed the case for 

this particular OPO. 

4.4 Comparison of OPO Characteristics Using Chirped and 
Unchirped Gratings 

After operation had initially been achieved the next task was to optimise the OPO and 

several methods were available to achieve this such as maximising the output power of 

the beam emerging from the cavity through the end mirror (W), maximising the tuning 

range of the cavity and maximising the depletion in the pump signal. The first method 

used was to maximise the power emerging through the end mirror and this was achieved 
by tuning the cavity length to the highest output power and then making fine adjustments 
in the angles of the cavity mirrors, crystal alignment and position and the pump focusing. 

At this stage the best positions for the two curved cavity mirrors were found by making 
incremental changes to their positions and looking for the best looking TEMoo output 
beam on the viewing card behind mirror MI while maximising the output power by 

scanning the cavity length. After this process had been performed the cavity length 

tuning range of the OPO had clearly increased indicating a definite improvement in the 
intracavity power. The next technique used was to monitor the pump spectrum as it 

emerged through cavity mirror MI and maximise the pump depletion seen during OPO 

operation using a spectrometer. A higher level of depletion in the pump spectrum 
indicates a higher level of conversion in the PPLN crystal and implies a better operational 

efficiency overall. Figure (4.18) shows the configuration that was used to measure the 

emerging pump power and monitor the pump spectrum showing a lens positioned behind 

the cavity mirror, M1 to collect and focus the emerging pump beam and direct it into the 

scanning grating spectrometer. Before directing the beam into the spectrometer head the 

emerging beam needed to be attenuated, as many tens of milliwatts were still present, 

which was more than sufficient power to saturate the detector and cause permanent 
damage. 
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Fig. 4.18: Arrangement used to monitor the output powerftom the cavity and the depletion in the pump 

spectrum during optimisation of the OPO. 

Once the cavity had been aligned and optimised the next stage was to look for oscillation 

in the chirped gratings, which involved slightly different cavity lengths for each grating 

due to the differences in the central periods within each grating. Effectively the centre 

period in the chirped gratings phase-matches the central wavelength of the chirped pulses 

and the periods at the two opposite ends of the grating structure define the maximum 

bandwidth of the pump pulse that can be converted by the grating. This means that each 

of the three chirped gratings has a different cavity length tuning range and when moving 

between gratings some cavity length tuning is therefore required. 

Once operation had been achieved and optimised with the crystal orientated in the 

first direction, data were collected regarding the operational perfon-nance of the OPO in 

three key areas, which were as follows: 

I Power conversion, which involved slope efficiency, threshold and pump 

depletion measurements. 
Spectral tuning measurements 

3 Temporal measurements, which involved measuring autocorrelation traces of 

pulses across the tuning range of the gratings. 

Once these data had been collected the crystal orientation was reversed, operation was 

again achieved using the unchirped grating and then operation was optimised using the 

same methods as before. The data collection process was then repeated for the second 

crystal orientation using all four gratings and Sections 4.4.1-4.4.3 present the data 

collected in the three categories outlined above and make comparisons between the 

operation of the OPO for each crystal orientation. As well as comparing the two 

orientations of the crystal three end-mirrors were available allowing three different levels 
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of output coupling. In some of the following measurements it was necessary to allow a 

certain percentage of the intracavity power to escape the cavity in order to make useful 

measurements. An obvious example of this is the slope efficiency study where some 

percentage of the intracavity power needs to be measurable after the output miffor in 

order to see how this power varies with input power. For experiments where a 

measurable output was required two different output-coupling mirrors were available and 

these had transmissions of 3% and 21%. Both mirrors were straightforward to replace 

and achieving oscillation only required the realignment of the end miffor as outlined in 

step 5 of the alignment process described in Section 4.3.3. 

4.4.1 Power Conversion 

Slope Efficiencies and Threshold 

The first comparison involved slope efficiency and operational thresholds measurements 
taken from all of the gratings in both directions and for this a 21% output coupler was 

used allowing the maximum level of signal powers (-100's of mW) to emerge. To vary 
the input powers available from the pump laser a polarising cube beamsplitter was placed 
in the pump beam immediately before entering the OPO cavity and was used in 

conjunction with a half wave plate placed at the output of the pump laser. The cube 
beamsplitter was mounted to allow the horizontal polarisation to be transmitted and reject 

the vertical polarisation. In this way it was possible to control the amount of power 

entering the OPO cavity by using a half-wave plate attached to the optical isolator to 

rotate the polarisation of the pump laser and hence control the amount of rejected pump 

power. 
In the first direction, herein called direction one, only three of the four gratings 

actually oscillated with the bearnsplitter present and these were gratings 1,2 and 4. Poor 

phasematching resulted in a much lower conversion efficiency and a smaller signal gain 

for grating 3 compared to the other gratings and as a result the introduction of the beam 

splitter was sufficient to reduce the power below the threshold value. Consequently it 

was only possible to collect slope efficiency data for gratings 1,2 and 4, and these data 

are shown in Figure (4.19) with grating 1 plotted in red, grating 2 in green and grating 4 

in blue. 
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Fig. 4.19: Plot of the slope efficiencies ftom the 3 gratings that operated when the crystal was in thefirst 

orientation and with the high-reflecting cavity end mirror, M3 replaced by a 21 % output coupler. 

The symbols in the plot represent the actual data recorded during operation and the lines 

correspond to trend lines that were calculated by minimising the error between the line 

and the data points. Grating 4 was the unchirped grating with a regular period of 

23.121im and gratings I and 2 were both chirped with grating 2 having the same central 

period and grating I having a centre period of 22.625Am. This made gratings 2 and 4 

ideal candidates for comparing the operational characteristics of chirped and unchirped 

frequency conversion however gratings I and 3 would allow comparisons of chirped 

frequency conversion to be made based on different central pump wavelengths and 

bandwidths. 

In this crystal orientation grating 1 had a slope efficiency of 25.4% implying a 

threshold of around 144MW, grating 2 had a slope efficiency of 47% implying a threshold 

of around 230mW and grating 4 had a slope efficiency of 37.5% implying a threshold of 

around 85mW. If all of the threshold values are compared then the value implied for 

grating 4 suggests that the OPO operated with the lowest intracavity losses in this grating 

rather than one of the chirped gratings, which would be expected from the incorrect 

orientation of the crystal. In contrast the results from grating 2 indicate that although its 

threshold was nearly three times the value of grating 4 it had a better conversion 

efficiency of more than 10% than grating 4. This suggested that once threshold had been 

reached grating 2 was able to convert more of the available pump than grating 4 was and 
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a good way to investigate this result is to examine the depletion in the pump spectra for 

the two gratings. This measurement is covered in the following section where the pump 

depletion in all of the gratings for both directions of the crystal is presented and 

compared. 
Before the crystal was reversed and oscillation established the pump laser required 

cleaning, which resulted in an improvement in the operational perforinance increasing the 

available pump powers resulting in an increase in output powers from the OPO, however 

this did not affect the absolute threshold values or the slope efficiencies but only the 

maximum input and output powers. After oscillation had been achieved the slope 

efficiency and threshold values of the separate gratings for the second orientation of the 

crystal, herein called direction two, were recorded and some noticeable differences were 

easy to spot. Again only three of the four gratings operated and Figure (4.20) plots the 

slope efficiencies for these gratings using the same colour coding as in Figure (4.19) for 

the crystal oriented in direction 1. 
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Fig. 4.20: Plot of the slope efficiencies ftom the 3 gratings that operated when the crystal was in the second 

orientation and the high-reflecting cavity end mirror, M3 had been replaced with a2/% output coupler. 

In this direction gating I had a slope efficiency of 27% implying a threshold of 372mW, 

grating 2 had a slope efficiency of 56.6% implying a threshold of 28OmW and gating 4 

had a slope efficiency of 34.5% implying a threshold of 248mW. 
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In order to visualise the comparisons between the two crystal orientations it is 

perhaps most appropriate to plot the two different slope efficiencies on the same axis for 

each of the three gratings that achieved operation in both directions. Figure (4.2 1) shows 

these comparison with plot (a) showing the case for grating 1, plot (b) for grating 2 and 

plot (c) for grating 4 (the unchirped grating). 
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Fig. 4.21: Comparison plots showing the slope (ff1cienciesjbr each grating with the crystal in both 

direction I (red) and direction 2 (green) orientations. Plot (a) shows the data, for grating 1, plot (b)shows 

the data for grating 2 and plot (c) shows the data for grating 4. 

Clearly the slope efficiencies for grating I and 4 are very similar in both orientations of 

the crystal and the only real operational difference being in the thresholds values 

themselves; however grating 2 is obviously quite different. Not only are the threshold 

values for the two opposing directions very similar but the slope efficiency for the 

direction 2 orientation of the crystal showing a noticeable improvement of around 10% 

over direction 1. Table (4-1) brings all of these results from the three gratings in both 

crystal orientations together where a clearer impression of the quantitive differences is 

more obvious. 
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Slope Efficiency (%) Threshold (rnW) 

Grating I Grating 2 Grating 4 Grating I Grating 2 Grating 4 

Direction 1 25.4 47 37.5 144 230 85 

Direction 2 27 56.5 34.5 372 280 248 

Table 4.1: Slope efficiencies and threshold valuesfor the three gratings in the APPLN crystal that operated 

when the crystal was oriented in both direction / and direction 2. 

As was clear from the plots shown in Figure (4.21) all of the threshold values were higher 

in direction 2 than direction I but in terrns of the slope efficiencies there were clear 

differences. For example, grating 2 in direction 2 out performed grating 4 in the same 

direction by roughly 20% suggesting that direction 2 has the crystal correctly orientated 

with respect to the chirped grating and the frequency chirp on the pump pulses. However 

by considering the operational threshold values of grating 4 for the two opposing crystal 

orientations the differences in the absolute values also suggests that the alignment for 

direction 2 could be less than optimal. The sharp increase in threshold is mirrored by the 

values seen for grating I however the differences of threshold values for grating 2 are 

smaller further compounding the idea direction 2 is the correct orientation and operates 

more efficiently than the other two gratings. 

Pump Depletion 

Depletion in the pump spectrum is another indication of the operating efficiency of a 

conversion process and by directly comparing the depletion seen for each gratings in both 

directions the performance of the chirped and Linchirped gratings can be compared. For 

this experiment all four of the gratings were operated in both directions and spectra were 

recorded using all three of the available end mirrors, i. e. the high-reflector, tile 3% output 

coupler and the 21% output coupler. The arrangement used to monitor the pump 

spectrum during operation was the same as the one shown in Figure (4.20) where the 

spectrometer was placed directly after the cavity mirror labelled MI. Figure (4.21) 

presents the depleted pump spectra from all four of the gratings in both direction I and 

direction 2 using the high-reflecting end mirror. Horizontally the two plots correspond to 

the same gratings but with opposite crystal orientations, e. g. plot (a) and (c) correspond to 

operation in grating I with (a) being for direction I and (e) being direction 2. 
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Fig. 4.22: Pump depletion spectrafor allfour gratings with the crystal oriented in both direction I and 2 

while using the high-reflecting end mirror. Plots (a)-(d) represent gratings 1-4for the crystal in direction I 

while plots (e)-(h) represent gratings 1-4for with the crystal in direction 2. 
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Chapter 4: Comparison of I-enitosecond OPOs using PPI. N and APPLN 

Comparing the spectra for all four gratings in both directions yields some interesting 

results enabling a useful conclusion to be made regarding the correct orientation for the 

crystal in terms of matching the direction of chirp on the crystal to that on the pump 

pulses. In both directions the important comparison is between gratings 2 and 4, the 

chirped and unchirped gratings with the same centre period of 23.12gm as these give an 

accurate indication of the differences in chirped and unchirped operation. 

With the crystal oriented in direction 1, grating 4 had a higher depletion (84.9%) 

than grating 2 (77.25%) indicating that the unchirped grating operated more efficiently 

than the chirped grating by about 8%. In comparison, with the crystal oriented in 

direction 2 the results were the reversed with the chirped grating, grating 2 having the 

higher depletion (75.9%) than for the unchirped grating, grating 4 (68.4%). The higher 

level of depletion in grating 2 while the crystal was in direction 2 was strong evidence 

that this was the correct orientation for the crystal in terms of matching the chirp in the 

crystal structure with that in the pulse spectrum. A second point to note about the overall 

results from this experiment is that the depletion values were consistently higher in 

direction I than 2 with the lowest value in direction 1 being 65.5% in grating 3 while in 

direction 2 the lowest value was 42.3% also in grating 3. Both of these results agreed 

with the result from the slope efficiency experiment which indicated that while direction 

I showed the best overall performance it was in the unchirped grating whereas in 

direction 2 the chirped grating performed better than the unchirped grating. 
Next, the same situation of pump depletion in all four gratings in both directions I 

and 2 was considered but this time using a 3% output coupling mirror rather than a high- 

reflecting end mirror, allowing powers of the order of many tens of milliwatts to emerge. 

Figure (4.22) shows the appropriate plots for all four of the gratings with plots (a)-(d) in 

the left hand column showing operation in gratings 1-4 for the crystal in direction I and 

plots (e)-(h) in the right hand column showing operation in gratings 1-4 for the crystal in 

direction 2. 
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Fig. 4.23: Pump depletion spectrafor allfour gratings with the crystal oriented in both direction / and 2 

while using the 3% output coupler. Plots (a)-(d) represent gratings 1-4 for the crystal in direction / while 

plots (e)-(h) represent gratings 1-4for with the crystal in direction 2. 
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Chapter4: Comparison of FemtosecondOPOs usingPPLN and APPLN 

With this arrangement plots (a), (c) and (d) indicate strong conversion in gratings 1,3 and 

4 when the crystal is in direction 1, with all three gratings showing a depletion of greater 

than 68%, however grating 2 performs very badly showing a depletion of 37%. A direct 

comparison of operation in gratings 2 and 4 in direction 1 indicates that grating 4 out- 

performs grating 2 by a considerable amount with grating 4 showing 79.2% depletion 

while grating 2 shows 37%, a reduction of more than 50%. Looking at the same situation 

for direction 2 we see an almost reversed result with the depletion in gratings 1,3 and 4 

shown in plots (c), (g) and (h) being considerably lower than for direction 2. The lowest 

of these three being grating 4, which shows a depletion of less than 60% while grating 2 

demonstrated a depletion 72.2%. Directly comparing gratings 2 and 4 again shows that in 

direction 2 it is grating 2 that out performs grating 4 with grating 2 showing a depletion of 

72.2% against the 57.8% seen in grating 4. These results appear to confirm the results 

from the slope efficiency experiment which indicated that direction one appeared to 

operate better in absolute terms but with the chirped grating, grating 2 being out 

performed by the unchirped grating, grating4. While operation in direction 2 

demonstrated a lower overall performance quality, grating 2 generally out-performed 

grating 4 by noticeable amounts. 
The last arrangement for the OPO cavity was to use a 21% output coupler as the 

end mirror allowing powers of the order of several hundred milliwatts to emerge. In this 

configuration the pump depletions for all the gratings in both directions were again 

recorded however the large output coupling was expected to reduce depletion levels and 
for one grating in direction 2 operation was not achievable. Figure (4.23) presents the 

plots for the pump depletion data and shows operation in all four gratings in direction I in 

plots (a)-(d) and operation in the gratings in direction 2 in plots (e), (0 and (h) using the 

same labelling as in Figures (4.21) and (4.22). The left hand plots represent the data for 

the crystal oriented in direction I while the right hand plots represent the data for the 

crystal in direction 2. 
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Fig. 4.24: Pump depletion spectrafor allfour gratings with the crystal oriented in both direction / and 2 

while using the 21% output coupler. Plots (a)-(d) represent gratings / -4 
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in this configuration the differences in operation between directions 1 and 2 were more 

substantial than previously seen with all four gratings operating in direction I but with 

very low depletions where a maximum depletion of only 38.5% was recorded in grating 2 

as compared to 35.8% for grating 4. This was the first case of grating 2 out-performing 

grating 4 in direction 1 and the absolute performance was also much lower than for 

direction 2 with grating 3 registering a depletion of just less than 10%. In direction 2 

grating 3 did not operate (DNO) however the overall performance was better than in 

direction I with grating 4 showing a depletion of 62.1% in comparison to the 35.8% seen 

in direction 1. Directly comparing the operation of grating 2, where a depletion of 71% 

was recorded, with grating 4, where a depletion of 62.1% was recorded, showed a 

difference in operation of nearly 10%. These results suggest that in a high output 

coupling configuration the chirped grating out performs the unchirped grating in both 

directions and the absolute performance in direction I appears to be more affected by the 

output coupling level than in direction 2. 

The results of the pump depletion experiment in all three end mirror 

configurations, in both crystal directions and for all four gratings are given in Table (4.2) 

allowing a direct comparison of depletion levels to be made. In this way the performance 

of the two most important gratings (2 and 4) can be compared in both directions and 

against each other more easily. 

Pump Depletion 

High-Reflector 3% Output Coupler 21% Output Coupler 

Direction I Direction 2 Direction I Direction 2 Direction 1 Direction 2 

Grating 1 71.6 51 69.7 42.7 35.2 51 

Grating 2 77.25 75.9 37 72.2 38.5 71 

Grating 3 65.5 42.3 72.9 34.8 9.9 DNO 

Grating4 84.9 68.4 79.2 57.8 35.8 62.1 

Table 4.2: Pump depletion valuesfor allfour of the gratings in directions] and 2 ofcrystal orientation 

using the three available end mirrors (High-Reflector, 3%01C, 21%OIC) in the cavity. 

If the absolute data values of both gratings 2 and 4 in direction I are considered then an 

overall reduction in the performance is clearly visible as the level of output coupling 

increases. However in direction 2 grating 2 shows very little variation for the different 

levels of output coupling with the absolute depletion level remaining between 71 and 

76% throughout 
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Based on all of the power conversion data collected in Section 4.4.1 it was 

concluded that the correct alignment of the crystal to match the chirp on the pump pulses 

to the chirp in the crystal gratings was direction 2. 

4.4.2 Spectral Characterisation 

After considering the power characteristics of the OPO the next investigation was to 

consider and compare the spectral characteristics by recording tuning data in both 

orientation directions of the crystal and for appropriate gratings. As gratings 2 and 4 are 

the best gratings to use in order to make a comparison between chirped and unchirped 

frequency conversion it was decided that only these gratings would be used in this study. 

Likewise, as the tuning behaviour of the unchirped grating should not be affected by 

orientation spectral data need only be recorded in one direction therefore 3 sets of spectral 

data were recorded, gratings 2 and 4 in direction I and grating 2 in direction 2. To record 

the spectra for either orientation of the crystal a spectrometer was placed directly after the 

end mirror M3 and readings were taken at intervals throughout the cavity length tuning 

range of the OPO for that grating. Figure (4.24) shows schematically the set up that was 

used to record spectra with the spectrometer positioned directly after the output mirror of 

the cavity, M3, which for the vast majority of the reading was the high-reflecting end 

mirror. 

mi M2 
r's APPLN r1l 

M3 

Fig. 4.25: Schematic of the experimental set-up used to record the signal spectraftoin APPLN crival when 

oriented in both possible directions. 

Direction I 

Starting with grating 4, the unchirped grating, the cavity length was varied in increments 

of around 10jim across a total length of 120itm with a signal spectrum being recorded at 

each position. Figure (4.25) presents a selection of the recorded spectra that were then 

169 



Chapter 4: Comparison of Feintosecond OPOs using PPLN andAPPLN 

normalised and plotted on the same axis with each spectra alternating in colour between 

red and blue. Due to the reflectivity bandwidth of the cavity mirrors very little power 

(-ImW) escapes the cavity and therefore the spectra recorded are of very low intensity 

and noise levels at the spectrometer are more significant. 

1 

g 0.8 

0. E 
0 0.4 

Fig. 4.26: Plot of the normalised spectra recorded during operation in the unchirped grating (grating 4) of 

the APPLN crystal with the crystal oriented in direction 1. Consecutive spectra alternate in colour to allow 

distinction between adjacent profiles and the coverage rangesfrom 1093-11 74nm. 

The wavelength coverage shown by the peaks of the data range is 81nm running from 

1093-1174nm with full -width-hal f-maximurn bandwidths ranging from 2-11 nm. All of 

the spectra shown in Figure (4.25) have an irregular shape and most have a rough multi- 

peaked profile, which is usually associated with high intracavity powers and caused by 

shaping in a nonlinear medium. A high reflectivity mirror often has a reflectivity of at 

least 99.9% meaning that, on average, a single pulse can be considered to experience 

1000 round trips of the cavity before emerging through the end mirror. In 1000 round 

trips the pulse passes through the OPO crystal 2000 times, which as it is highly nonlinear 

results in significant shaping effects through high order dispersion contributions and other 

nonlinear effects such as self-phase modulation (SPM). As a result the profile of the 

emerging pulses is greatly influenced by the nonlinear medium and cannot be expected to 

remain smooth and well defined. However the reflectivity bandwidth of the cavity 

mirrors is an important consideration because as the cavity resonant wavelength increases 

above 1150nm the reflectivity of the mirror coatings reduces quickly. This is clearly 

visible in Figure (4.25) by considering the smoothness of the final spectrum at 1174nm. 

This spectrum was recorded at a much higher power than the others and therefore noise 

levels are less significant and after normalisation the spectrum appears much cleaner. 
Moving onto grating 2, the chirped grating, the recorded spectra are plotted in 

Figure (4.26) where the wavelength coverage of the signal pulses appears to be broadened 
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Chapter 4: Comparison of Feintosecond OPOs using PPLN andAPPLN 

slightly and shifted upwards by about 10nm, now covering a range of around 90nm from 

1103-1194nm. The spectra recorded in Figure (4.26) appear to be narrower than for the 

unchirped grating with FWHM bandwidths in the order of 4-7nm and, on the whole, the 

profiles appear to be less severely shaped with the pulses at the longer wavelength region 

appearing smoother than at the shorter wavelength end of the tuning range. This 

observation suggests that there is more intracavity power for the shorter wavelengths and 

this was to be expected based on the reflectivity bandwidths of the cavity mirrors used. 

Another possible contributing factor to the smoothing in the spectral profiles of the 

generated pulses is the presence of some frequency chirp, which could be compensating 

for some portion of the intracavity dispersion introduced by the nonlinear crystal. 

I 
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Fig. 4.27; Plot of'the norinalised spectra recorded during operation in the chirped grating (grating 2) ol'the 

APPLN crystal with the crystal oriented in direction 1. Consecutive spectra alternate in colour to allow 

distinction between adjacent profiles and the coverage rangesfrom II 03-1194nm. 

Direction 2 

Considering the same situation of spectral tuning in grating 2 but with the crystal oriented 
in direction 2 the cavity length tuning was repeated and spectra were recorded at regular 
intervals over a slightly longer length tuning range of 135/tm compared to the 120Am 

seen during operation in direction 1. Figure (4.27) shows a selection of the spectra 

recorded over the cavity length tuning range, with each spectrum normalised and then 

plotted on a single axis with adjacent spectra alternating between red and blue. The 

wavelength coverage range of these spectra increased to 114nm, running from 1080- 

1194run with the majority of the spectra having a FWHM bandwidth of around 3-4nm. 

This is an increase of around 25nm on the tuning range of the OPO recorded using grating 
2 in direction I and an increase of around 35nm in the tuning range of grating 4 in 

direction 1. The FWHM of the pulses generated throughout this tuning range appear to 

be very consistent and regular, remaining virtually constant at 3-4nm with the pulse 
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profiles becoming obviously smoother. The reduced variation in the spectral bandwidths Z) 

suggests a stabilisation in the intracavity pulse shaping processes with it having 

developed into a predictable and repeatable process rather than the erratic behaviour seen 

in direction I in both grating 2 and 4. The observed reduction in spectral bandwidth is 

also an expected by-product of chirped frequency conversion technique as outlined in 

Chapter 3, Section 3.3.1. The linearly varying frequency components of a temporally 

chirped pump pulse are converted at varying positions within a chirped crystal such that 

the generated pulses are all of the same frequency. As a result the generated signal pulses 

have taken on a profile more closely related to the profile of the Ti: sapphire pump pulse 

shown in Figure (4.8) but with a narrower spectral bandwidth. The spectral narrowing is 

to be expected if the simple picture of chirped frequency conversion is reconsidered in 

slightly more depth at the point where the chirped pump pulse overlaps with the 

unchirped signal pulse as they travel through the converting crystal. At each grating a 

small section of the pump pulse will be converted to an unchirped signal pulses (in 

principle) at different points within the crystal and the reduced bandwidth is likely to be 

due to the Jk variation allowed by the local crystal grating period at the position of 

conversion. 

0. i 

< 0. 
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Fig. 4.28: Plot of the normalised spectra recorded using the chirped grating (grating 2) of the A PPLN 

crystal with the crystal now oriented in direction 2. Consecutive spectra alternate in colour to allow 

distinction between adjacent profiles and the coverage rangesfrom 1080-1194nm. 

The cleaner profiles of the pulses plotted in Figure (4.27) also suggest that the severe 

pulse shaping clearly visible in direction I has been significantly reduced in direction 2 

which may be to do with the frequency chirp present on the pulses. 

Table (4.3) draws all of these results together and allows a direct comparison in 

the tuning behaviour of the two gratings during operation in both direction I and 2 to be 

made. 
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Spectral Characteristic 

Grating 2 (chirped) 

Tuning Range (nm) I FWHM Bandwidth (nm) 

Direction 1 1103-1194 4-7 

10 Direction 2 1080-1194 3-4 

Grating 4 (unchirped) I Direction 11 1093-1174 1 2-11 

Table 4.3: Comparison of the spectral characteristics during operation in direction I for grating 4 and 
directions I and 2for grating 2. Both the total tuning range and thefull-width-hat(-maximum bandwidth of 

the pulses is compared. 

Discussion 

The operational characteristics of grating 4 during oscillation were used as a base 

measurement due to the fact that the grating was unchirped and with the crystal oriented 
in direction 1 it demonstrated a tuning range of 81nm centred at 1133nm ranging from 

1093-1174mn. Considering the operation of grating 2 in both directions I and 2 and 

comparing them to grating 4 gives an indication of the differences in the tuning 

capabilities of a chirped grating against an unchirped grating. In addition the comparison 

of the operational characteristics of grating 2 in the two different directions of orientation 

enables the positive and negative directions of chirp to be compared. Grating 2 oriented 
in direction I demonstrated a tuning range of 91nm centred at 1148 ranging from 1103- 

1194 and comparing this to grating 4 an increase of 10run was seen in the tuning range 

along with a shift of 15m-n of the centre point of the tuning range to longer wavelengths. 
The slight increase in tuning indicates there has been a small increase in the small signal 

gain and suggests that some improvement in tuning capabilities may be gained by using 

chirped frequency conversion. Also considering the FWHM bandwidth of the generated 

signal pulses it can be seen that while grating 4 showed a considerable variation in 

bandwidth across the tuning range the variation in grating 2 was less and perhaps suggests 

a reduction in intracavity pulse shaping mechanism in addition to the expected spectral 

narrowing due to chirped frequency conversion processes. 
Moving onto the operational characteristics of grating 2 during operation in 

direction 2a clear increase in the size of the tuning range was visible and the centre 

wavelength had again shifted. In direction 2 grating 2 demonstrated a tuning range 

spanning 114run and centred at 1137nm ranging from 1080-1194mn. This was an 
increase in the size of tuning range of 33nm for grating 4 and 23nm for grating 2 during 

operation of the crystal oriented in direction 2. Besides this increase in tuning range the 

variation in the bandwidth of the pulses generated in grating 2 in direction 2 reduced 
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considerably over grating 4 and noticeably over grating 2 in direction 1. This suggests 

that the pulse shaping within the OPO cavity due to the chirp of the APPLN crystal 

dominated other pulse-shaping effects, with the pulses becoming more regular and 

predictable with virtually all of the recorded spectra showing smooth profiles similar to 

that of the Ti: sapphire pump pulses. The pump pulse profile presented in Figure (4.8) had 

a spectral bandwidth of around 8run therefore some spectral compression of the output 

pulses has occurred as expected by chirped-frequency conversion. Combining these two 

points, the extended tuning range of grating 2 in direction 2 over both grating 2 and 4 in 

direction I and the spectral stabilisation and smoothing of the pulse profiles, adds weight 

to the suggestion presented in Section 4.4.1 that the correct direction of orientation for the 

crystal in order for the OPO to operate most effectively and correctly match the chirp on 

the pulse to the chirp on the crystal is direction 2. 

As a final part of the spectral tuning section it is possible to consider the effects of 

intracavity power on the spectral profiles by using the 3% and 21% output couplers in 

place of the high-reflecting end mirror. The increase in the powers coupled out of the 

cavity at the end mirror results in both a reduction in the intracavity power and a 

reduction in the effective average number of cavity round trips an individual pulse will 

experience before leaving the cavity. In the case of the high-reflecting end mirror 

(reflectivity =99.9%) an individual signal pulse will effectively experience 1000 round 

trips of the cavity resulting in 2000 passes of the APPLN crystal, therefore the nonlinear 

shaping caused by the crystal plays a significant role in shaping the pulses via high-order 

dispersion and self-phase modulation. Decreasing the intracavity power by using a lower 

reflectivity mirror or larger output coupler reduces the average number of roundtrips a 

pulse experiences and the influence of the nonlinear crystal on the emerging pulse 

profiles. For the case of a 3% output coupler the average number of round trips a pulse 

experiences before escaping from the cavity is of the order of 30 resulting in around 60 

passes of the crystal. In the case of a 21% output coupler the average number of round 

trips for each pulse is around 5, which results in each pulse seeing just 10 passes of the 

crystal. Therefore, as the output coupling increases the effective number of crystal passes 

made by each pulse reduces along with the influence that the crystal's nonlinearity has on 

the pulse profile. Considering the case of grating 2 with the crystal oriented in direction 2 

the spectral tuning experiment was repeated but this time using the 3% output coupler and 

then the 21% output coupler in place of the high-reflecting end mirror. It was expected 

that the tuning range would reduce due to the reduction in the intracavity powers and this 

can be seen in Figure (4-28), which shows spectral tuning from 1089-1194nm with pulse 

174 



Chaptcr 4: Comparison qfFontosecond OPOs using PPLN andAPPLN 

bandwidths of the order of 4-1 Imn. So a slight reduction in the tuning range is seen in 

comparison to the high-reflecting end mirror tuning data and the spectral profiles have 

altered depending on their position within the tuning range indicating less of an influence 

of chirped frequency conversion on the generated pulse profiles. 
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Fig. 4.29: Plot of the normalised spectra recorded during operation in grating 2 with the c? Iystal oriented 

indirection 2 and using the 3% output coupler as the end mirror. Consecutive spectra alternate in colour 

between blue and red with tuning occurring over the range of 1089-1194nm. 

For instance the 3 spectra covering the 1090-11 IOnm range appear to have cleared up 

noticeably showing considerably smoother profiles with all 3 having FWHM bandwidths 

of 4nm however the remaining spectra covering the 1125-1194nm region still appear to 

have experienced some intracavity shaping effects. 

Changing the output coupler to the 21% severely reduced the tuning range of the 

OPO to the region of highest gain and highest reflectivity of the mirrors but the profiles 

that were recorded suggested that minimal shaping of the pulses occurred during their 

cavity life. Figure (4.29) plots the four normalised spectra that were recorded covering a 

tuning range of just under 20nm, running from 1083-1109nm with FWHM bandwidths of 

the order of 5-7nm. 
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Fig. 4.30: Plot of the normalised spectra recorded during operation in grating 2 with the crystal oriented in 

direction 2 and using the 21% output coupler as the end mirror. Consecutive spectra alternate in colour 
between blue and red with tuning occurring over the range 1083- / 109nm. 

All four of the spectra shown in Figure (4.29) fall in the same wavelength region as the 

smooth well defined profiles mentioned previously with respect to Figure (4.28), 

suggesting that not only is this region of the cavity higher in gain but also that the pulses 

generated in this region experience less dispersion related intracavity shaping. 

4.4.3 Temporal Characteristics 

The final consideration for this experiment was to perform a temporal characterisation of 

the pulses generated by the OPO using grating 2 of the crystal in its correct orientation 

and to investigate the time-bandwidth product of the pulses generated throughout the 

tuning region of the OPO cavity. To enable the time-domain measurements made in this 

investigation an autocorrelator was built using the output emerging through the end 

mirror, i. e. mirror M3 in Figure (4.15). The autocorrelator design that was used to collect 

the intensity autocorrelation traces is shown in Figure (4.30) along with the appropriate 

spectrometer arrangement used to record spectra of the pulses being characterised. 
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Fig. 4.31: Schematic of the arrangement used to generate and record intensity autocorrelation fraces and 

take spectra of the OPO output pulses. With theflipper mirror up the output beam was diverted into the 

spectrometer and with theflipper mirror down the output beam entered the autocorrelator. 

Due to the available bench space it was necessary to steer the signal beam into the 

interferometer using two silver coated flat mirrors which had a broadband reflectivity 

range that covered the output range of the OPO however losses were still quite high due 

to the angles of reflection. These steering losses, coupled with the losses seen at the 

beamsplitter due to its reflectivity, meant that the output powers of the OPO necessary to 

ensure a visible trace needed to be of the order of 70-8OmW. To achieve these kinds of 

output powers it was necessary to use the 21% output coupler as the end mirror and this 

severely restricted the operating tuning range of the OPO to a range of several tens of 

nanometres. Even with the 21% output coupler in place, the maximum power incident on 

the photo-detector (silicon) at any point within the tuning range of the OPO cavity was 

around 10-20mW. As a result, only the highest output power region of the OPOs tuning 

range had sufficient power to produce a detectable autocorrelation trace and the four 

traces are shown in Figure (4.3 1) along with their associated spectra. 

177 



Chapter 4: Comparison of Feintosecond OPOs using PPLN and A PPLN 

(a) 

-308 308ý 

v 'F 
\ 

1087nm 1 1506 ýýcý- 1095nm 
%X-4 5nm X=5 5nm 

04- 04, 

02 
902 

0,0 
1070 1C75 I&SO 1085 109C 1095 1100 1105 1080 1085 1090 1095 1 ioc 

Wavelength (nm) Wavelength (nm) 

(b) 
o 8ýý 

. 
308 

'S06 06 

-574ft 04ý c 04- 

-E 0 21k 02 

-500 0 500 1000 
Delay (fsec) 

Iý 1ý1 
-30 8ý 

0 6ý \Xý= I 102nm 

-i ý;, -S 3nm 
04 

02 

0 
1085 1090 1095 1100 1105 

Wavelength (nm) 

0 si 

06 

04ý 

02: ý 

(c) 

1105 1110 

(d) 

-1000 -500 0 500 1000 
Delay (feec) 

(e) (g) 
S 0,8ý 

I,. - II 13nm S06 
ax-7 Onm 

04r 

02 

1120 1095 1100 1ID5 1110 1115 1120 1125 1 130 
Wavelength (nm) 

0 8ý 

'SO 6 

04 

0 21 

OLý 

-1000 -500 0 500 1000 -1000 -500 0 500 1000 
Delay (faec) Delay (faec) 

Fig. 4.32: Spectral and autocorrelation plots for thefour measurements taken over the tuning range ofthe 

OPO operating with the 21 % output coupler and recorded using the arrangement presented in Fig. (4.30). 

The red plots (a), (c), (e) and (g) correspond to the spectra and the green plots (b), (d), (/) and (h) to the 

accompanying intensity autocorrelation traces. 

To calculate the time-bandwidth product for each of the pulses measured, their spectral 

bandwidths, central wavelengths and durations were recorded and marked on the 

individual plots. In this cavity configuration as mentioned in Section 4.4.2, the pulse 

profiles were deten-nined mainly by the intensity profile of the pump pulses, which were 

assumed to be sech 2 in nature and therefore the signal pulses were assumed to have the 

same sech 2 profile. Therefore, knowing that the time bandwidth product for a transform 

limited pulse with a sech 2 profile is 0.317, it is possible to infer how chirped the signal 

pulses from the OPO cavity were. Any variation in the duration-bandwidth product 

throughout the tuning range gives an indication of how the chirp present in the pulses 

changes with the signal central wavelength. 
The spectra shown in plots (a), (c), (e) and (g) of Figure (4.31) were used to 

measure the FWHM wavelength bandwidth of the pulses, however the frequency 
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bandwidth is required to calculate the duration-bandwidth product. Equation (4.4) was 

used to convert from wavelength to frequency bandwidths using the appropriate central 

wavelengths measured on the spectral plots of Figure (4.3 1) and these, along with the 

durations of the autocorrelation traces and the actual pulses, are given in Table (4.4). The 

autocorrelation durations can be converted to actual pulse durations by again assuming a 

sech 2 profile and dividing the measured values by the appropriate deconvolution factor of 

1.54. 

A% (nm) kmt. (nm) Avp,,,.. (THz) AT. W. US) ATpulse US) (AV A'Opul. 
Position 1 4.5 1087 1.1425 574 328 0.375 

Position 2 5.5 1095 1.3761 535 347 0.477 

Position 3 6.3 1102 1.5563 479 311 0.484 

Position 4 7.6 1113 1.8405 393 255 0.469 

Table 4.4: A table oj the spectral bandwidths (wavelength andfrequency). pulse durations (autocorrelation 

and actual) and time-bandwidth products of thepulses recorded infour cavity positions andshownin 
Fig. (4.3 1). 

Considering the four measurements made within the cavity tuning range, what can be 

seen from the data given in Table (4.4) is that as the wavelength increases from 1087nm 

to 1113run the bandwidth increases while the pulse duration decreases. The rates of 
increase in spectral bandwidth and decrease in pulse duration are not identical but it does 

result in the time-bandwidth product remaining relatively close to the transform-limited 

case throughout the tuning range. The pulses generated at 1087ran are the least chirped 

within the tuning range with a time-bandwidth product only 1.18 times the transform- 

limited value indicating only a small amount of chirp. As pulses tunes to longer 

wavelengths the level of chirp on the pulses increases to a maximum at around 1102nm 

where the pulses are 1.52 times the transform-limited case, at which point the chirp starts 

to decrease again and at 11 13nm the time-bandwidth value is 1.48 times the transform- 

limited case. 
These results suggest that the pulses generated throughout the OPO cavity tuning 

range at 1080-1120 are close to transform limited with the presence of only small 

amounts of chirp. However, judging by the spectral profiles of the pulses at longer 

wavelengths, the level of chirp contained in the generated pulses is likely to change 

considerably throughout the entire possible tuning range. This was also the case for the 

APPKTP OPO described in Chapter 3 where two regions of operation appeared to 

overlap within the cavity tuning range, another where the pulses were close to transform. 
limited and one where the pulses were highly chirped. 
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4.5 Conclusions and System Improvements 

The results from this comparison indicate that the use of chirped frequency conversion in 

optical parametric oscillators can have several key benefits on the operational 

characteristics of a fenitosecond OPO. The two main advantages appear to be an 
improved intracavity small signal gain directly resulting in an increased tuning range and 

enhanced slope efficiency. An additional outcome of the comparisons performed here 

was the ability to determine the correct crystal orientation by comparing the power 

conversion characteristics between chirped and unchirped gratings with the same central 

grating period. 
Improvements in the performance of the OPO when using the chirped crystal in 

the correct orientation indicate that under optimal pulse chirp/ crystal chirp matching 

conditions the largest tuning range (small signal gain) and highest conversion efficiency 

(lowest threshold) would be seen. Future work on this device should include the 

optimisation of the pump-pulse stretching ensuring that, at worst, the stretched pump- 

pulse length matches the minimum required length necessary to negate group velocity 

walk-away between the pump and resonant pulse. In this case the pump pulses would 

more efficiently extract the gain available from the conversion crystal and the slope 

efficiencies, threshold values, pump depletions and tuning ranges might improve on the 

values measured during this experiment. In terms of the temporal measurements made, 

an enhanced small signal gain would increase the tuning range even when using an output 

coupler as high as 21%, so allowing more of the spectral tuning range to be scrutinised. 
This would allow a fuller understanding of how the variation in spectral profile and pulse 
duration changes across the tuning range and might indicate similar operational regions as 

previously observed in the APPKTP OPO described in Chapter 3. There was a hint from 

the four results collected in this chapter that there were differences in the temporal 

characteristics across the available cavity tuning range and optimal pump-pulse stretching 

could perhaps produce more measurements across a wider tuning range and so enable a 

more detailed temporal study to be performed. 
Finally it makes sense to draw a direct comparison between this experiment and 

the APPKTP experiment described in Chapter 3 in order to consider how APPLN 

compares to APPKTP as a nonlinear medium in chirped frequency conversion. Table 

(4.5) presents the main operational characteristics of both OPOs in their high-reflecting 

configurations unless stated other wise. For the case of the APPLN OPO the data 

recorded during operation in grating 2 orientated in direction 2 is used for the comparison 
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due to the suspicion that it is the correct crystal orientation and that it appears to have 

operated more efficiently then the other two gratings in either direction. 

APPLN OPO APPKTP OPO 

Tuning range (nm) 1080-1194 1194-1455 

Threshold (mNN) 280 (2 1% O/C) 45mW (8%) 

Slope efficiency 56.5 (21% O/Q 35% (8% O/C) 

Pump depletion 75.9 79.3% 

Crystal length (mm) 10 20 

d, ff (pmV') 17.0 [4] 10.8 [5] 

Pump pulse duration (is) 449 892 

Pump pulse wavelength (nm) 850 852 

OPO resonant wavelength (gm) -1.14 -1.325 

Table 4.5: Table comparing the operational characteristics of the APPLN OPO described in this chapter to 

the APPKTP OPO described in Chapter 3. 

As is immediately clear from this table the two OPOs gave very different performance 

data with the APPKTP OPO outperforming the APLN OPO in most areas however it 

should be noted that in some cases the data being presented is not directly comparable. 
The threshold values and slope efficiencies are not directly comparable due to the 
difference in the output couplers used in the two systems with the APPKTP OPO only 

using an 8% output coupler while the LN OPO used a much higher 21%. So while the 
APPKTP could have been under coupled enabling a possible improvement in 

performance the APPLN system was almost certainly over coupled reducing its 

performance. An interesting comparison to make though involves the length of the 

crystals and the effective nonlinear coefficients (dff) of the two different crystals. If a 
direct comparison is made then it might suggest that operation in the two systems should 

yield similar results based simply on available gain. The KTP crystal is twice as long as 
the LN hence will have twice the optical path-length but the effective nonlinear 

coefficient for LN is nearly twice that of KTP giving it a similar optical gain value. In 

practice these similarities didn't play out and perhaps the best way to understand this 

would be to consider the figure of merit (introduced in Chapter 2) for the two materials. 
The optical gain of the interaction in either material can be considered to be given by 

Equation (4.7) [6], 

gain oc 
2deff "' 

(4.7) 
n, n, npA, A, 
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where A., and A, are the respective signal and idler wavelengths, dff is the nonlinear 

coefficient, I is the length of the nonlinear material and np, n, and ni are the respective 

refractive indices for the pump, signal and idler frequencies involved in the parametric 

interaction. For the APPLN OPO the gain is given by Equation (4.8) using the 

appropriate Sellmeier equation [7] and for the APPKTP OPO the gain is given by 

Equation (4.9) also using the appropriate Sellmeier equation [8]. 

gainAppLN oc 
172 xIO' 

= (4.8) 
(2.165X2.146X2.078XI. 14X3.314) - 

gainAPPKTP oc 
10.8 2x 20' 2456 (4.9) (1.841XI. 828Xl. 797XI. 325X2.371) 21 

Considering these values it is clearly obvious why the APPKTP OPO was able to 

outperform the APPLN as it was purely a matter of available gain, with the APPLN OPO 

having about a quarter of that of the APPKTP OPO. To match the gain of the APPKTP 

OPO the APPLN crystal length would need to be increased to 17.6 mm if the same 

resonant wavelength was used however if the resonant wavelength was changed to match 

that of the APPKTP OPO then the APPLN crystal length needed would be 16.1mm. 

However if the APPLN crystal length was increased to match the APPKTP length of 

20mm then the value of the gain given in Equation (4.8) becomes 3168 easily improving 

on the APPKTP crystal. 
Although the APPLN OPO did not achieve a threshold close to that of the 

APPKTP OPO of Chapter 3 the system did produce useful results, not least the difference 

in the operational performances of the two possible crystal orientations. This difference 

gave a useful qualitative indicator as to the correct crystal orientation where the crystal 

chirp matches the pump-pulse chirp. The OPO could be improved by increasing the 

APPLN crystal length to match the length of the KTP crystal used in Chapter 3, which 

could allow an improvement on the low threshold recorded in the APPKTP OPO. The 

upside of this issue is that due to the maturity of PPLN fabrication technology crystal 

lengths of 20mm and longer can be readily produced whereas for KTP 20mm is the limit 

requiring specialist fabrication facilities to produce. 
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5.1 Introduction 
The experiment described here, although different in its approach, follows the same 

theme as the previous experimental chapters in that it makes use of a novel technique as a 

method for improving the operational efficiency of an optical parametric oscillator 

(OPO). The principles introduced and developed in this experiment apply to a specific 

category of OPO however they can also be combined with other techniques (such as those 

discussed in Chapters 3 and 4) to enhance certain operational characteristics of parametric 

frequency conversion devices. These enhancements can include reducing the operational 

threshold and increasing the intracavity small signal gain, which in turn can increase tile 

spectral tuning range of the OPO and give more stable operation. 
Applications that utilise OPOs often only make use of one of the two available 

tuneable outputs (either the signal or the idler) meaning that a certain amount of tile 

output energy is wasted due to the unused output being ignored and simply discarded. 

The underlying principle behind the experiment discussed in this chapter involves making 

use of this discarded output by using a further frequency conversion step to cnhancc the 

overall conversion efficiency of an OPO system. As a result the proposcd technique 

reduces the amount of wasted energy and in this context the approach developed in the 
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following experiments can be described as a 'photon recycling' scheme. The main 

principle behind the work was to develop a method for improving the quantum efficiency 

of the parametric conversion processes (defined as the ratio of the number of photons 

generated at the output wavelength of interest to the number of input photons at the pump 

wavelength) by including a second conversion process that is designed to convert the 

unused output into an output with the same frequency as the desired output. In the case of 

an idler-resonant OPO two photons at the idler wavelength can be generated by each 

pump photon that is destroyed thus improving the quantum efficiency by a maximum 

factor of two (see Fig. 5.1). 

The approach makes use of two cascaded conversion processes occurring in 

tandem, the exact details of which are explained in full in Section 5.3 but the principle is 

to design and develop a device called a 'Tandem Optical Parametric Oscillator' or TOPO. 

p 

ýI st conversion step I 

S 
£ 

2nd conversion step 

i 

Fig. 53: Schematic plot of a two stage cascaded parametric generation process with the pump photon (p) 

generating a signal (s) and idler (i) output in thefirst conversion stage and the unused signal output 

undergoes further parametric conversion in a second conversion stage generating a second idler and a 
longer output called idler(2) (ij. 

This chapter will start with a basic overview of tandem optical parametric 

oscillators, which is designed to familiarise the reader with the basic concepts behind 

TOPOs and to present a historical development of these devices placing them into the 

specific context of this project. The review also describes the development of 

intermediate two-stage devices such as the early dual-process (two crystals) extracavity 

systems in which a second crystal was pumped using the output from a standard OPO. 

Naturally this led to the development of intracavity dual-process systems, which in turn 
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led to the development of the tandem OPO proper and more complex multistage 
frequency conversion devices incorporating three or more crystals. A large list of 

applications exists for OPOs in general (several of which were discussed in some detail in 

Chapter 1) and many of these applications also apply to tandem OPOs however due to 

their unique operational characteristics several applications exist that are almost unique to 

tandem OPOS. Several specific applications are therefore discussed in the review along 

with some recent concepts regarding TOPO development including several works that 

were fundamental in the conceptual development of this project. 

The review is followed by a full and detailed description of the experiments 

carried out for this project including all of the design, equipment preparation and 

alignment procedures that were necessary for the successful operation of the TOPO. The 

experimental data collected from the system during operation is presented including a 

comparison of spectral data taken with the system operating in the tandem and non- 

tandem configuration, with all of the collected data represented on appropriate 

phasematching plots. Performance related characteristics such as operational threshold 

values and slope efficiencies are included along with temporal information giving the 

generated output pulse durations. Lastly Section 5.5 concludes by analysing the merits of 
the TOPO approach and proposing possible improvements for future systems that should 

enable more robust and efficient devices to be developed based on the work described 

here. 

5.2 Review of the Tandem Optical Parametric Oscillator 

After the original conception [1] and first successful demonstration [2] of an OPO in the 
1960s more complex frequency generation schemes utilising the specific operational 

characteristics of OPOs were quickly devised. One such scheme was the development of 
birefringently phasernatched OPOs incorporating additional nonlinear crystals for the 

purpose of secondary cascaded conversion processes. These devices can be thought of as 
dual-process conversion systems and were originally introduced because they presented 
an opportunity to develop more efficient methods for generating multiple frequencies 

across a much broader spectral range than discrete laser sources and OPOs combined. 
The early systems made use of sum-frequency generation (SFG) and second harmonic 

generation (SHG) as the secondary processes and were investigated from both a 
theoretical [3] and experimental [4] perspective. The basic principle behind both of these 

approaches [3,4] was to make use of any residual pump left after the primary parametric 
conversion process and to use the resonant signal frequencies generated by the conversion 
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process to generate additional frequencies in a second crystal. Figure (5.2) shows 

schematically the type of experimental arrangements used in the early investigations of 

dual-process systems with two separate nonlinear crystals present inside a ring cavity 

where each crystal was responsible for a separate conversion process. The early 

investigations concentrated on dual-process systems where the first conversion process 

was parametric generation and the second process was either SFG or SHG as these were 

both common conversion techniques at the time. 

The ring cavity arrangement was favoured in these early experiments and is still 

popular in many of the more recent experiments due to its lower Intracavity losses, 

unidirectional operation and the ability to contain all of tile converted light Ili a single 

output beam. With the exception of intracavity SHG, all other frequency conversion 

processes (OPO, DFM, and SFG) are only phasen-latched Ili one direction (pliaselliatching 

is a vector condition) meaning that any photons travelling through tile cavity Ili tile 

reverse direction only experience loss. Therefore due to the fact that In a ring cavity 

resonating frequencies are only able to oscillate in one direction they arc inherently less 

'wourable lossy and more efficient than standing wave cavities and thus a more 1'. 

configuration if operational efficiency is the major issue. 

ýPO 
Crystal 

[SFC/SliC 
Crystal 

I 

(I) 

(') 

V 

4/ 

Fig. 5.2: Schematic representaiiOn of a duld-process 0110 ink-olpol-aling Ill'o cri'sta/s Ivithin 11 ring cal'I I tv 

with each ci-vstal being responsible. f6r a tlýfferent con version process. pisthepionp, is the resonant 

signal, i the non-resonant id1crand Iisthe. fi-eqiii, lic-, i, genet-ate(iiiitiiest, t-o)i(l(-t: i, steil. 

For example, in the case of the secondary process being SFG the resIdUal punip 

remaining after the parametric conversion process and the resonant signal frequencies 

generated by the parametric process are mixed in the second crystal to produce a suni- 
frequency output described by Equation (5.1 ). 
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0 -'ý O)p + O)s 

where Cop is the residual pump, 0), is the resonant signal generated in the first OPO 

crystal and Wd is the sum frequency generated by mixing the pump and signa in te 

second crystal. This two-stage process can be represented using the abbreviation OPO- 

SFG, which reflects the order in which the two conversion processes occur. For the case 

where the secondary process is SHG the second crystal is used to convert the resonant 

signal to its second harmonic and this process is described by Equation (5.2), which can 

be represented by the abbreviation OPO-SHG and here, 

O)d = 2cos (5.2) 

where 0). is the signal generated in the first crystal and O)d is its second harmonic 

generated in the second crystal. At the time of the first investigations the only available 

nonlinear materials and pump sources meant that the dual-process systems being 

developed were restricted to the use of doubly resonant OPOs as they offered the only 

viable option to allow the successful operation of the device. Considering the poor 

spectral quality from early doubly resonant systems it is easy to understand why these 

early devices were little more than research curiosities rather than useful experimental 

tools. Due to these factors little progress was seen in dual-process systems until better 

quality and higher gain nonlinear materials had been developed and pump lasers had 

advanced far enough to allow singly resonant OPO systems to be used. 
During the 1980s both of these two requirements were finally met'and in 1989 

dual-process OPO systems reappeared when Minton et at [5] demonstrated the first 

extracavity OPO-SFG system based on the nonlinear material lithium niobate (LiNbOA 

Using the newly available high-powered pump sources it was possible to output couple 

sufficient power from an OPO to achieve sum frequency mixing between the depleted 

pump and the signal of the same OPO in an external nonlinear crystal. Minton et at were 

only able to observe very small amounts of output power due to the very low conversion 

efficiencies of their devices. The highest output powers and hence highest conversion 

efficiencies occurred only when the flux densities of both the emerging depleted pump 

and signal frequencies were equal and this only happened over a short spectral range. A 

model offering an explanation for the low conversion efficiencies seen in Minton et at's 

extracavity system was presented in 1993 by Koch and Moore [6] when they published a 

theoretical study of OPO-SFG processes. This study was the first in depth investigation 

of the operational requirements of a dual-process device and it revealed that although 
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very high conversion efficiencies were in principle possible in dual-process systems they 

could only be achieved when the combined processes result in a near complete depletion 

of the pump. The exact requirement for the near complete depletion of the pump was 
dependent on the two processes involved in the device and only occurred for particular 

combinations of processes. For example in an OPO-SHG system pump depletion can 

only occur in the OPO crystal which is responsible for converting the pump into signal 

and idler frequencies, the second crystal simply converts the generated signal into its 

second harmonic and only requires the presence of a certain level of signal power to 

operate efficiently. By contrast in an OPO-SFG system depletion of the pump spectrum 

occurs in both crystals, the OPO crystal depletes the pump to generate a resonant signal, 

which is then mixed with more of the pump in the SFG crystal generating the sum- 

frequency output, which causes further depletion of the pump. This analysis offered an 

explanation as to why the extracavity system of Minton et al had exhibited such low 

conversion efficiencies, namely the extracavity SFG crystal had not seen a resonant signal 

and had thus only experiencing a single pass of both the pump and signal outputs. As a 

result the depletion of the pump was only slightly higher than for the single process alone 

except when the flux densities of both the mixing beams had matched. Under these 

circumstances the depletion of the pump is maximised and therefore the SFG process is 

also maximised resulting in the highest overall conversion efficiency. For comparison, 

reference [6] also studied intracavity systems and the models that were developed 

suggested that intracavity systems would offer a considerably higher level of flexibility in 

terms of the distribution of pump depletion. The resonant signal with its higher 

intracavity power makes it possible to drive the SFG or SHG crystal at a higher power 
level because any unconverted signal simply re-circulates within the cavity rather than 

being lost as in the extracavity case. One of the interesting points about this work was 

that in the case of OPO-SFG processes Koch and Moore found that by changing tile 

ordering of the two crystals within the cavity it was possible to alter the operational 

stability of the device. Surprisingly they found the most efficient and stable arrangement 
had the SFG crystal positioned before the OPO crystal (known as an SFG-OPO process 
due to the ordering of the two crystals). Later that same year Koch and Moore extended 
this work to show that it was also possible to obtain high conversion efficiencies and 

steady state operation with small amounts of phasernatching detuning [7] offering a 

quantum efficiency of over 40% for a factor of 34 variation in pump intensity (compared 

to the factor of 12 variation seen in [6]). This variation in intensity factor was important 

as it allowed the plane-wave models developed in [6,7] to be extended by way of 
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iterative techniques to include pulsed systems, which were the only types of OPO systems 

available at the time. The principles developed by the two theoretical models of [6,7] 

were incorporated into a practical demonstration in 1994 [8] that compared the 

operational characteristics of an intracavity synchronously pumped OPO-SFG system (as 

well as an SFG-OPO system) with an extracavity OPO-SFG system. In this work an 

actively modelocked Nd: YAG pump laser producing 100ps pulses at 1.06411m was used 

to generate approximately 100ps signal pulses at 1.319gm in an OPO crystal of silver 

thiogallate (AgGaS2). These two frequencies were then mixed in a SFG crystal of 

potassium titanyl phosphate (KTP) to generate near-transform-limited pulses at 589nm 

with a duration of less than 50ps. This comparison of the intracavity and extracavity 

systems demonstrated that the intracavity arrangement did in practice improve the overall 

conversion efficiency of the combined processes. The intracavity arrangement 
demonstrated an increase in conversion efficiency by a factor of 3 over the extracavity 

arrangement improving the efficiency from 3.5% to 10.5%. Unfortunately no 
improvement in conversion efficiency was observed when the intracavity crystals where 

reordered (i. e. from OPO-SFG to SFG-OPO), which the authors attributed to the limited 

peak powers available from the pump source. 
In a slightly different approach to improving the conversion efficiency of a 

standard single-process OPO device Koch and Moore developed a model for a device 

involving two identical parametric conversion processes [9], i. e. an OPO-OPO system. 
Two OPO crystals placed in series within a ring cavity would in principle allow highly 

efficient, high gain OPO systems to be built capable of conversion efficiencies in excess 

of 100% due to the increased level of depletion in the pump spectrum. In [9] Koch and 
Moore considered two configurations in their plane-wave model, based on what they 

called the 'non-resonant' and 'singly-resonant' cases. For the 'non-resonant' case only 
the pump frequency was resonant with both the parametrically generated outputs being 

completely output coupled at different points within the cavity, the signal after one crystal 

and the idler after the other, as shown in Figure (5.3). The 'non-resonant' case was not an 

altogether new approach and had previously been investigated experimentally using 

single crystal OPO devices based on BBO (10] and KTP [11] crystals. In both of these 

single-crystal systems the cavity arrangement was based on a standing wave 
configuration where the pump beam was retro-reflected back through the OPO crystal at 

one end of the cavity and the generated signal and idler frequencies were output coupling 

at opposite ends of the cavity. Therefore the two crystals were the same, though two 
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crystals in series with reversed directions of walk-off were used tO ensure the appropri Lite 
temporal overlap between the pump and generated frequencies was maintained. 

Fig. 5.3: Schematic (ýflhc *non-l*CS01llolt' dual-prot OPO bascd th, vit c ii 1wrt, the only remmant 

frequency is the pump, O)p . 
Both ci-i-stals are identical, each using the sanit, pump to gencraw thesaine 

outputs (O)i and 0), ), which are output coupled tit (/ý#ýIvnl positions within the cal'itv. 

The 'non-resonant' configuration investigated first in [9] tended to display very unstable 

and inefficient dynamics leading Koch and Moore to concentrate oil tile 'singly-resonant' 

cases as their models suggested they would offer superior opcratlonal stability and 

efficiency characteristics. As the name suggests the 'singly-resonant' case involved one 

of the generated outputs being resonant as well as tile punip and ill tile basic model 
developed in [91 the signal was chosen as the resonant Crequency with tile Idler being 

output coupled after each crystal (it should be noted that in [9] tile Icrill signal' is used to 

imply the resonant frequency rather the output with tile higher Frequency, which is what is 

commonly implied by the terni 'signal'). Several perin Litat i oils of' the 'singly-resolialit' 

model were investigated in this study in all attempt to find the most efficient 

configuration offering the highest level of pump depiction and hence output po\\'cl*s. 

These permutations involved varying the aniount of' output coupling and tile position at 

which the resonant 'signal' frequency was output coupled as well as Ilic ratio ol'the two 

crystal lengths. The overall conclusion to this work was that thcre was indeed a pref'cri-cd 

configuration that would demonstrate a higher operational stability, higher conversion 

efficiency and a higher Output beani quality than any ol'the other 'singly-resonant' 0110- 

OPO configurations and conventional single crystal 0110 systems. This prct`errcd 

configuration was one in which tile signal I-reqLICIICY was partially OLitl)Ut COLIPIC(l aRCr 
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the first crystal only and the idler frequencies were completely output coupled alter each 

crystal (as shown in Fig. 5.4). 

Fig. 5.4: S( hemwit týf thc optimal coqfigurationjor a dua/ prm OPO ba, wd d(II( C III 

which both the pump, co P and signal, 6ý, ftequencies are resonant. A small all'OUnt 0/ thc-, ý4ýnal (0), ) is 

extracted Oter thefirst c-tystal, the idler (Ct)i) is coinplete4v reinoved qficr both ci: vsfals and tilt, iwo 0110 

oystals have d4krent lengths. 

The variation in the ratio of crystal lengths indicated that t1or optimal coliverslOll 

efficiency one of the crystals should be short (tile first crystal to See tile Pump bcani) wid 

would supply the power source while the other should be Imiger aiid acts as tile gain 

source. All of the calculations in this work were based oil a plaile-wavc model, willch 

meant that they applied specifically to Continuous wave pumped systems. As tills was a 

bit unrealistic due to the lack of CW OPOs at the time the report 11SO Included all 

example where the main principles were adapted for a pulsed 0110 system. 'Flic Illodel 

was adjusted to consider the case of a synchronously pumped, Q-switclied Modclocked 

Nd: YAG ( )Ll, = 1.064Axi ) pumped system \, \,, here each Q-switchcd punip envelope 

contained 20 modelocked pulses. It found that tile model still indicated that there was a 

similar preferred configuration and that the crystal length RltlOS thOUgh 110t CXaCtly 

identical showed the same characteristics, i. e. one crystal acted as a power SOUrce (sllort 

crystal) while the other acted as a gain source (long crystal). 
Another option for a dual-process OPO based device was to make use ofimotiler 

nonlinear conversion processes called differeiice frequeiicy illixilig (DIN) as tile 

secondary process, i. e. an OPO-DFM device. Ill 1995 Koch et al 1121 presented 

theoretical work based on this kind of device in which they modelled tile inixing between 

the signal and idler frequencies generated by the OPO crystal ill a second DFM crystal 
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producing further output frequencies. Equation (5.3) describes the situation of DFM in a 

dual-process OPO-DFM device where the generated signal and idler frcqUeIlCies arc 

mixed in a second crystal generating a higher frequency OUtpUt. 

(1) 
(1 = (01 - (t), (5-3) 

where 0), and O)i are the respective signal and idler frequencies generated in the initial 

OPO process and (t), 1 is the frequency generated in the second crystal by the DI'M 

process. The ring cavity arrangement that was used by Koch et al in this investigation 

[12] is shown in Figure (5.5) where the second DFM crystal is placed within a signal 

resonant OPO cavity and the non-resonant frequencies generated by both processes arc 

output coupled through the same mirror. 

OPO 
(') p 

IN- 

DFM- J 

Fig. 5.5: Schematic ofan OPO-DFAf devict, pumped by thep-cquellcv. (01, - wher" Mc (avill. i'ssignal 

resonant, (0, and the non-resonant idler (O)i) and DFM ((0, j) art, output coupled 

through the same mirror. 

Difference frequency mixing between the signal and idler Outputs ofan OPO was also not 

a new concept having been studied prior to this work in 113-151 howcver ilic illodel 1. 
developed by Koch et al In [121 differed from these In that It Used an intraca\ity DFM 

crystal xithin a ring configuration. Koch et al's review presented a detalle(I ýJjjalysls of 

the operational characteristics of an OPO-DFM device and highlighted mo Important 

issues regarding this type of systern. The first issue was that under certain comlitions the 

OPO-DFM process had the potential to increase tile quantum efficiency of tile idler 

conversion process by a factor of two, meaning that as tile punip approached complete 
depletion the quantum efficiency increased with a maximum of' 2001! /o being possible. 
This in effect meant that under particular conditions two Idler photons could be 

-generated 
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for each pump photon that was destroyed. The second issue concerned the small signal 

nonlinear gain and loss contributions from the two conversion processes involved. 

Signal-resonant (singly resonant) OPO-DFM systems operate much the same as OPO- 

SFG (SFG-OPO) or OPO-SHG (SHG-OPO) systems where the OPO crystal acts as a 

source of nonlinear gain and the SFG, SHG or DIM crystal act as source of nonlinear 

loss. Therefore by choosing the appropriate coupling parameters these contributions can 

be balanced and steady state operation can be achieved. However in an idler-resonant 

(singly-resonant) OPO-DFM system both of the nonlinear crystals act as sources of gain 

and the device is equivalent to an OPO-OPO device. The main drawback to idler- 

resonant systems was that in order to achieve maximum conversion efficiency for the 

combined process it was necessary to maximise depletion in both the pump and signal 

spectra whereas in signal-resonant systems it was only necessary to maximise depletion in 

the pump spectrum to achieve a maximum combined conversion efficiency. In effect this 

meant that signal-resonant systems could offer higher conversion efficiencies over a 

much larger dynamic range than an idler-resonant system generating higher powers of 

O)d radiation over a larger spectral region. 

A new addition was made to the small family of dual-process OPO based devices 

in 1996 when Moore et al first introduced the concept of the 'Tandem Optical Parametric 

Oscillator' or TOPO [16]. The original concept of the tandem OPO was based on a dual- 

process OPO-OPO type device in which two OPO crystals arranged in tandem within a 

single cavity allowing two cascaded parametric generation processes to occur. The 

tandem OPO differed from previous dual-process OPO-OPO devices in that one of the 

outputs generated in the initial OPO conversion process was used as the pump for the 

second OPO conversion process. This concept meant that a relatively simple two-crystal 

OPO based device could be used to generate three tuneable outputs all at different 

frequencies further increasing the spectral tuning range of an OPO based device. 

Equations (5.4) - (5.6) describe mathematically the conversion processes that occur in a 
TOPO with Equation (5.4) describing the initial conversion process that occurs in the first 

crystal, Equation (5-5) describing the secondary conversion process that occurs in tile 

second crystal and Equation (5.6) describes the combined conversion processes. So, 

ojp OJ., l + O)a (5.4) 

describes what occurs in the first crystal where o)p is the primary pump frequency which 

generates an initial signal, C0,1 and idler, Coll output. 
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The initial signal, O-), j is then used as a pump for the conversion process in the second 

crystal, 
0)31 = 0) 

s2 
+ Coi2 (5.5) 

where Co.,, generates a secondary signal, 0). 2 and idler, C012 OUtPUt- When both processes 

are combined the entire dual-process system can be described by a single equation: 
ü) 

p -> ojil + a), 2 + Coi2 (5.6) 

where c9p is the primary pump, coil is the idler generated in the first crystal 

and O)s2 and C'oi2 are the respective signal and idler frequencies generated in the second 

crystal. For the case when any two frequencies match we have the situation discussed 

previously where two output photons can be generated for each pump photon that is 

destroyed. 

The tandem OPO cavity arrangement analysed in [16] is given in Figure (5.6) and 

shows that one of the output coupled beam can contain all three of the generated 

frequencies given in Equation (5.6) depending on the reflectivity of the cavity mirrors at 

each frequency. The introduction of the tandem OPO meant that now there was a device 

that besides being capable of highly efficient and stable operation was also capable of 

producing a maximum of four tuneable outputs (col, coil, co, 2 and co,, ) from a single input 

making it a versatile source for research. Two stage parametric generation processes arc 

not only restricted to multiple-element nonlinear devices but can also be observed as 

cascaded conversion processes in a single crystal device by exploiting the high cfficiency 

of quasi-phasematched processes. In 1997 Vaidyanathan et al [17] reported the 

observation of secondary cascaded parametric processes in a standing-wave cavity OPO 

using a single crystal of the quasi-phasernatched nonlinear material periodically poled 

lithium niobate (PPLN). 
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Fig. 5.6: Schematic Qfasignal-resonant Tandon OPO dcvicv. 0/10 / ciý. swl i. N /)y (o/, gCn(T1111/1g 

(t),, (the resonant signal) and oi, (extracted afier thefirst oystal). I'lit, 0/10 2 ci-vstal is thoi pumped 

bj, (o,, generating(t),, and(oi2 anY or all qf'which can he extracted through thefinal ca I it,, inirror. 

In this experiment a 43ns Q-switched Nd: YAG pump laser (1.064jini) operating with a 

repetition frequency of 20OHz was used to pump a single 251nni long crystal of' PPLN In 

order to generate a signal and idler output at 1.428fini and 4.184[tin respectively. The 

signal generated in this initial conversion process then Underwent Curther conversion 

generating a secondary signal and idler output at 1.992[ini and 5.040[ini respecti\ cly \ izi 

the same cascaded parametric processes utilised Ili I tandeni OPO. All of' these 

parametrically generated outputs could be tuned simultaneously by si _ 
11 Imply altering Ic 

operational temperature of the PPLN crystal. Further theoretical development of tills type 

of device was made in 1998 when Moore et al looked Ili detail at the case of' I 

'simultaneously phasematched tandern OPO' (STOPO) I 181, again using ýl ring cavltv 

arrangement. This work considered the case where both ofthe convei-sion pi-ocesscs of-a 

tandern OPO are phasernatched within a single crystal, which has the benefit oflmving I 

simpler cavity arrangement and a simpler alignment procedure. Ili some cases a 

simplification in the cavity is desired however tills simplification comes at tile cost of' a 

reduction in the overall conversion efficiency of the two cascaded conversion processes. 
For a given pump wavelength there is an optimal crystal length lor which tile sniall signal 

gain is maximised. Ili a tandern OPO two different conversion pi-ocesscs ai-e invoked 
based on two different pump frequencies both of' which need to be niaxinilsed it, tile 

combined conversion efficiency is to be optuniscd. When two crystals are used each 
interaction length can be individually set to niaximise the combined conversion 
efficiency, however if only a single crystal is used then only a single length Is available 
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for variation. This means that there are three possibilities, two in which either of, tile 

processes is maximised using the appropriate optimal crystal len,,,, )tli 11or that process juld 

one in which the combined conversion efficiency is optimised using non-optinial crystal 

lengths for both processes. In general this meant that a single crystal STOPO would liavc 

lower conversion efficiency than a double crystal tandem OPO. Fl"Lirc (5.7) shows 

schematically the cavity arrangement investigated by Moore et al in 1181 showing flic 

resonant frequencies ((o, a), ) and where the outputs flor each SI1OL11d be extracted to 

optimise conversion efficiency and operational stability. 

Figý5. -: Schcmalic (ýI'a fandi'm OP0 (S/0110) im, oll im" aN ill, 1, It (I I ý1'11 

Both of the conversion processes are phasema tt: -heel in the single etystal and the cavitY is resonant /or both 

of the signal wavelengths a), and CO,, but a small portion oj'Ct)s, is also output coupled through the saint, 

mirror as both ofthe idlers (t)il all" 

The most significant result of the reduction in conversion ctficiency due to simultaneous 

phasernatching two processes in a single crystal is the reduction in tile small signal gam 

within the cavity. This has a direct affect on the region ovcr which tile device call 

maintain stable operation and this causes a reduction In tile Output tLining range. When 

combined these consequences only make simultaneously phascinatchcd tandem Ol'Os a 

preferred option over two crystal tandem OPOs when simplicity is favoured ovcr 

efficiency. A good example would be when only a limited Output ti. 11111111, ranl. ýC is 

necessary and the main consideration is the development ol'a simple and 1-011LISt device. 
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Further extensions in the operational characteristics of dual-process OPO based 

devices are possible by combining several previously mentioned concepts into a single 

system and in this way it is possible to enhance particular operational characteristics and 

allow multi-process devices to be developed. With this in mind Moore et al (19] 

presented work in 1997 where they considered various crystal arrangements within a ring 

cavity as a method for enhancing the gain and improving the high conversion efficiencies 

of dual-process systems. This study drew mainly on previous work by the same group [9] 

where it was shown that by using two nonlinear crystals in a single process OPO-OPO 

device it was possible to significantly improve the conversion efficiency by increasing the 

level of pump depletion in the entire system. Moore et al used these ideas to develop the 

concept of a 'multistage intracavity frequency conversion' device (MSIFC) in which 2 or 

more conversion processes could occur involving 3 or more crystals for different tasks. 

Earlier work had shown [9] that in a single process OPO-OPO device both crystals 

contributed to the overall depletion in the pump and hence the conversion efficiency 

however the two crystals performed different roles within the cavity. The study indicated 

that the optimal configuration should include an initial crystal (which should have the 

shorter length of the two), which acts as the power source while the second crystal, which 

should be longer acts as the gain source. In this configuration the model of (9] suggested 

that in principle it was possible to design and develop a device that was capable of 

demonstrating near complete depletion of the pump spectrum. In [19] Moore et al simply 

adapted this principle to include a third nonlinear crystal that then performed some 

secondary conversion process such as SFG, SHG or DFM. The main issue addressed by 

this study was a problem with MSIFC devices pumped by Q-switched pulses where a 

compromise between the small signal gain of the system and the need for stable efficient 

operation after saturation was required. Single OPO crystal MSIFC devices can only 

maintain a low small signal gain during operation in the stable regime above saturation 

however this compromise can be removed if the twin crystal OPO configuration of [9] are 

used. They allow the cavity small signal gain to be increased significantly without the 

same losses in stability and efficiency previously seen in single crystal MSIFC devices. 

Several different gain-enhancement schemes were investigated in this work using 
different crystal orientations and secondary conversion processes. These investigations 

indicated that each dual-process device considered had an optimal configuration where 

&complete pump depletion' in the pump spectrum was possible. Two of these schemes 

are shown in Figure (5.8) indicating the necessary ordering of the crystals and the 
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appropriate output coupling of the generated frequencies in order to achieve complete 

pump depletion. 

OPO-DFM-OPO 

(1) 
p 
joý 

(1) 0), 

(I) 

Fig. 5.8: Ti%" ol the -1-t I whenw. % ill I 'C'stigatt'd ill//, )/ I III onlIdt, tt, IMMI) 

depletion can be achieved. (a) Optimal arrangement. /br a OPO-DFA4 dual-proces,,; int-orporating 

m, o gain cvystals, one on either side qI'the DFM cystal. (b) Optimal arrangenicnifi)r an OPO-Slý'(; (hill/- 

process device with the SFG ctystal preceding tht, two OPOgain ci: vstals. 

The work concluded that in the case of ring cavity MSIFC devices several Lýaln crystals 

arranged in series are more beneficial than a single extended gain crystal as they call lie 

arranged around the frequency conversion crystals to achieve complete punip depIC11011 

and maximise the conversion efficiency ofthe device. 

In terms of practical applications for multi-process conversion dcviccs slicli as the 

tandem OPO where they would be preferable to standard singic-proccss OPOs, perhaps 

the most obvious is multiband generation of tuneablc infrared outputs. In flic tandem 

OPO the cascaded processes allow the generation of three Ulneable infrared outputs to be 

achieved, often with one output in the near infrared ( I-2pin) and two in the mid infrared 

(2-51tm). Applications exist that could make use of' these inultipic IR outputS SLIC11 as 

atmospheric sensing and pollution detection where the S11111.11tancous docction ot'different 

gases or absorption regions would be very attractive. Recently works have been reported 

concerning systems specifically designed to develop IIILIltIbM1d IR 
-9CIM-ýHIOII Using 

materials such as PPLN and KTP. In 1998 Chuang et al [201 reported the simultaneous 

generation of 3 mid-IR outputs covering a range of 2.5-41tin From a single device using 

two OPOs arranged in series. The first OPO based on a noncritically phasernatched 

crystal of KTP was pumped by a 1.5W, l5kH/ Q-switchcd N(I: )'I. I, ' laser ( 1,1.047'Uni) 
producing outputs at 1.541im and 3.41tm. The 1.54pin output 1roni this OPO was then 
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used to pump a second PPLN OPO producing two more mid IR outputs at 2.5gm and 

4[tm demonstrating that a single, relatively simple, high powered, two-stage OPO based 

device was capable of delivering four output simultaneously, one near IR output 

(1.54gm) and three mid IR outputs (2.5gm, 3.4grn and 4gm). More recently McEwan et 

al [21) demonstrated a similar type of device but instead of using two OPOs arranged in 

tandem they used a single cavity tandem OPO with a dual-crystal configuration and were 

also able to generate three mid-IR outputs that were nearly continuously tuneable across 

the 2-5gin region using temperature tuning and multiple lateral gratings in both PPLN 

crystals. The double crystal arrangement used in this experiment incorporated the 

nonlinear material PPLN and verified the model developed by Moore et al [ 16] where the 

concept of the tandem OPO was first introduced. Moore et al had indicated that there 

should be an improvement in the operational conversion efficiency for mid-IR generation 

and McEwan et al were able to experimentally verify this fact by designing the cavity so 

that the second crystal could be removed at will. The PPLN based system they developed 

demonstrated the expected improvement in the mid-IR conversion efficiency with an 

increase of nearly two-fold occurring (from 13.5% to 25%) when the second PPLN 

crystal was introduced into the cavity. The high powered pumping scheme that McEwan 

et al had used favoured the dual crystal cavity arrangement and with just the single crystal 
in use strong back-conversion of the resonant frequencies was observed resulting in poor 

conversion efficiency and beam quality as predicted by [16]. As the second crystal was 
introduced into the cavity a noticeable reduction in back-conversion of the generated 
frequencies was observed and this in turn improved the output beam quality. 

Another attractive application for tandem OPOs is in the generation of mid-IR 

outputs in the 5-10pim range and higher. Commonly used nonlinear materials such as 

PPLN and KTP (the titanyl arsenate isomorphs in general also have this problem) have 

strong absorption windows around Sgm and 7gm therefore they are of limited use in the 

efficient generation of wavelength above 5gm. As a result different nonlinear crystals 

with transparency windows going out to much higher wavelengths are required for use in 

frequency conversion devices such as OPOs. Nonlinear materials such as zinc 

germanium diphosphate (ZnGeP2 or ZGP for short), which is transparent across the 2.5- 

12gm region [22], and silver gallium selenide (AgGaSe2), which is transparent across the 

0.78-181im region [23]. are commonly used as materials for parametric generation in 

these regions. However both require a pump in the near-IR between 1.5 gm and 2.1 gm 
for efficient operation and in order to achieve a suitable wavelength for pumping the 

output from another OPO is couple into the cavity of the AgGaSe2 OPO. A common 
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approach for pumping a AgGaSe2 OPO is to couple the output from a primary OPO, 

which is generating the necessary near IR output into the secondary OPO cavity 

containing the AgGaSe2 crystal. Previous work was carried out using this approach in the 

nanosecond regime and PPLN OPOs have been used to generate an outputs at 1.82ýtrn 

that were then used to pump an AgGaSe2 OPO and efficient operation was achieved in 

the 2.151im to 12gm range [24]. The nanosecond pulses used as the original pump in this 

work were derived from a Q-switched Nd: YAG however by using a modelocked, 

Ti: sapphire pump laser as the original source it is possible to generate pump pulses in the 

ferntosecond regime. This allows other lower gain materials to be used in a cascaded 

configuration for example cesium titanyl arsenate (CTA) has been used to produce 120fs 

pulses at 1.55pm for use as the pump pulses in a AgGaSe2 OPO [25] to generate a 

ferntosecond output covering 1.93-2.49gm and 4.1-7.9ptm respectively. The main 

problem with these cascaded conversion techniques is that they are not particularly 

efficient and the combined conversion efficiencies in the nanosecond regime are usually 

around the 2-4% mark with equally poor slope efficiencies of the order of 10% (24,26]. 

These efficiencies are slightly better in the ferntosecond regime with combined 

conversion efficiencies of around 13.9% and slope efficiencies of 18.1% being measured 

[25]. Recent attempts to improve this situation have been reported where coupled tandem 

OPOs have been used and successful operation has yielded an optical-to-optical 

efficiency of 32% and a slope efficiency of 43% [27]. This work used a slightly different 

coupled arrangement in that the second OPO cavity was placed within the first allowing 

the pump wavelength of 2gm to resonate as well as pump the second OPO crystal. A 

broad operating region with a multiband tuneable output ranging from 2.03grn out to 

6.7gm was observed however previous work at a reduced optical-to-optical conversion 

efficiency had demonstrated a tuning range covering 2.7-8pm [28]. 

The main reason for the continued development of dual process devices is the 

enhancement they can have on conversion efficiencies and as mentioned earlier under the 

appropriate conditions pump-to-idler photon conversion cfficicncies can be greater than 

100%. Several works have recently focused on this fact and interesting experimental and 

theoretical works of late have been reported where this has been the main objective of the 

research. One of these works was a report on the operational characteristics of a OPO. 

DFM device in which a pump to idler photon conversion efficiency of 110% [29] was 

measured when the DFM conversion stage of the device was phasematched. At low 

pump powers of less than 5-6W the OPO-DFM device operated with much the same 

characteristics as the standard OPO device however as the pump power was increased 
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above about 7W towards the maximum available power of 16W the back conversion of 

the pump increased and the pump to idler conversion efficiency started to fall off By 

contrast when the same increase in pump power was performed in the OPO-DFM device 

the pump to idler conversion efficiency continued to increase up to a maximum of 113% 

with signs that it could increase further if more pump power was available. The increase 

in idler power was accompanied by a steady increase in the pump depletion and a 

reduction in the intracavity signal power resulting in a more stable cavity configuration. 

This was a successful experimental demonstration that it was possible to exceed 100% 

pump-to-idler quantum efficiency (more than one idler photon is generated for each pump 

photon destroyed). More recent theoretical works [30] have suggested that it is also 

possible to achieve greater than 200% quantum efficiencies in OPOs when consecutive 

conversion processes are utilised to generate more of the wavelength of interest from the 

unused frequencies generated in each previous conversion process. For example in [30] 

the discussion is of an initial parametric conversion process generating the desired 

wavelength (defined as the signal but more often treated as the idler due to its longer 

wavelength) along with its complement (defined as the idler but conventionally treated as 

the signal). By considering consecutive conversion processes that convert unused idler 

frequencies into desired signal frequencies it is possible to continually increase the 

quantum cfficiency of the pump-to-signal conversion process until a maximum is 

reached, which in some cases can be greater then 200%. In a parametric process in which 

the pump input is converted to a signal output the quantum efficiency is defined as the 

ratio of the number of signal photons generated over the number of pump photons 

destroyed (which is a statement that can be derived from the Manley-Rowc relations 

[3 1 ]), as shown in Equation (5.7), 

'7q (P 
-> S) = 

"signal 

npump 
(5.7) 

where Rq(P->S) is the quantum efficiency of the pump-to-signal conversion process, 

n,, ig,,,,, is the number of signal photons generated in the conversion process and lip,,., is 

the number of pump photons destroyed by the conversion process. The energy efficiency 

of the conversion process depends on the quantum efficiency of the process as shown by 

Equation (5.8), 
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l7e -"ý77q 

Ap 

(5.8) A, 

where q, is the energy efficiency of the pump-to-signal conversion process, q,, is its 

quantum efficiency, AP is the pump wavelength and A, is the desired signal wavelength. 

As the pump wavelength will always be larger than the converted wavelength the 

wavelength ratio will always be less than one and if a single signal photon is generated 
for every pump photon that is destroyed then the quantum efficiency is one, necessarily 
implying an energy conversion efficiency less than unity. However if n consecutive 

conversion processes are included then it is possible to generate n signal photons for each 

pump photon destroyed, improving the quantum efficiency of the pump-to-signal process 
by a factor of n and also increasing the energy conversion efficiency by a factor of it. 
This analysis was the basis of Becouam et al's [30] work and was based on a CW 

pumping scheme however Artigas and Reid [32] considered a slightly different system 

based on ferntosecond OPOs. The work of Artigas and Reid [32] forrns the theoretical 

basis for the experiment described hereafter in this chapter and in this work they compare 

the operational characteristics of idler resonant and signal resonant systems incorporating 

a two-stage tandem OPO conversion process designed to improve pump-to-idler 

conversion efficiency. In [32] a model is developed that varies the lengths of the two 

crystals to find the optimal length combination that maximises the combined tandem 

conversion processes and it compares the cases for signal and idler resonant systems to 
find the most efficient of the two. The outcome was that an idler resonant device would 
be the most energy efficient allowing the quantum efficiency of the pump-to-idler 

conversion to be increased by a maximum factor of two, meaning that under the 

conditions where all of the signal photons are converted to the resonant idler in the 

secondary process two idler photons will be generated for each pump photon destroyed. 

Today fabrication techniques are such that quasi-phasematched crystals of 

periodically poled lithium niobate (PPLN) can be readily fabricated to contain multiple 

gratings. This technique is commonly applied to crystals used in OPOs to create parallel 
lateral gratings in the same crystal, which allows each lateral grating to incorporate a 
different grating period offering a certain degree of wavelength tuning of the output due 

to the grating-dependent phasematching conditions. A less common implementation of 
this technique is the fabrication of two or more cascaded gratings in series so that the light 

generated in the first grating can undergo further frequency conversion in the second 
grating. These fabrication techniques make it possible to design crystals such that dual- 
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process based OPO devices can be simplified by restricting the intracavity conversion 

elements to a single crystal. This approach has the appeal that it reduces reflection losses 

and simplifies alignment procedures making the device more compact and robust without 
the gain losses seen in the STOPOs mentioned previously. Experimental demonstrations 

of dual-process OPO devices incorporating monolithic dual-grating crystals that 

simultaneously phasernatch two different processes have been reported previously in an 
OPO-SFG device [33]. In this demonstration a single crystal of PPLN was fabricated 

with two consecutive grating structures, the first grating was designed to phasernatch the 

conversion of a CW output from a Nd: YAG pump at 1.064gm to a signal output at 
1.5411m around which a resonant ring cavity was built. The second grating was then 

designed to phasernatch a secondary SFG conversion step between the pump and signal 

generating an output at 629mn at which wavelength a total output power of 2.5W was 

recorded for an input power of 1 1.9W. 

The principle behind the experiment described in the remainder of this chapter 

was to combine the above mentioned quasi-phasematching fabrication techniques with 

the principles of Artigas and Reid [32] and demonstrate a tandem OPO device based on a 
double grating crystal that was specifically designed to improve pump-to-idler conversion 

efficiency in an OPO device by improving its quantum efficiency by a maximum factor of 
2. 

5.3 Experimental Set up - Design, Fabrication and Implementation 

The experiment outlined in this chapter describes the design, construction and operation 
of a dual-process, idler-resonant, optical parametric oscillator based on the functional 

principles of a tandem OPO. The device is based on a single crystal with two gratings 

arranged in series and specifically design to obey a cascaded conversion scheme with the 
first grating following an initial conversion process, given by Equation (5.9): 

ü) p= a)s + 0-), (5-9) 

where O)p is the initial pump pulse which is converted to a primary, non-resonant signal 

pulse at a frequency 09, and a primary, resonant idler pulses at a frequency 0j, . In the 

second grating the non-resonant signal pulse act as a secondary pump for a further 

parametric interaction given by Equation (5.10), 

0)i + Ct)i 2 
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where CO, acts as the pump being converted to a second primary idler pulses C0, which is 

also resonant and a secondary, non-resonant idler (referred to here as 'idler(2)') with a 

frequencyCoi2. In this way the idler pulses (C0, ) experience gain twice with the 

possibility (under strong pumping) of achieving greater than 100% quantum efficiency in 

the conversion of the pump pulses to idler pulses. Our crystal design concept was to have 

both of the conversion processes take place inside the same crystal in a cascaded fashion. 

We have classified the device as an 'idler-resonant tandem OPO' although an equivalent 
description of the device in terms of the nature of the cascaded conversion processes 

would be an OPO-DFM device [12]. This classification is based on the operational 

principles of a standard tandem OPO device and the fact that in our device the resonant- 
idler frequencies that are generated by both stages of the conversion process experience 

gain twice. This means that small signal gain associated with the resonant idler 

frequencies is increased improving the conversion efficiency of the device. In this sense 
both processes are truly parametric in nature making the combined processes an OPO- 

OPO dual-process device and because they occur in series in the same way as the original 

tandem OPO device we feel the "tandem" classification is accurate. 
To illustrate the differences between the approach outlined in this chapter with 

other OPO devices, Figure (5.9) shows schematically the differences between a 

conventional idler-resonant OPO (Fig. 5.9a), a cascaded OPO system with the idler 

resonant in both cavities (Fig. 5.9b) and the tandem idler-resonant OPO (Fig. 5.9c) device 

around which the experiment was designed. In all three cases the cavities have highly 

reflecting mirrors at the idler wavelength and high transmission for all other wavelengths. 

in the first case (Fig-5.9a) as the pump light is depleted in the OPO crystal the signal 

wave experiences gain and, in proportion to the exact ratios of idler to signal photon 

energies, the majority of the pump energy is coupled from the cavity in the signal wave. 

In the cascaded OPO concept (Fig. 5.9b) the signal extracted from the first OPO is used as 

a pump for the second OPO, which is resonant at the same wavelength as the first. The 

gratings in the first and the second OPOs are chosen to phasernatch the 

interactions cop = o), +o), and 0-), = O-)i + Coi2 respectively. The cascaded OPO system 

shown in Figure (5.9b) is conceptually very similar to the idler resonant tandem 

configuration (Fig-5.9c) in which the signal wave is again used as a pump for a second 

parametric down-conversion stage that takes place in a second grating situated in the 

same crystal immediately after the first. In this second crystal the signal light is depleted 

and supplies further parametric gain to the resonant idler and the inclusion of this crystal 

205 



therefore creates a second, tandem OPO that shares the same resonator with tile first. As 

mentioned in [12] the behaviour of an idler-resonant tandem 0130 is sinillar to a 

cascaded-process OPO with the difference that simultaneous strong depiction of' tile pLllllp 

and signal waves is not possible. This is due to the different intracavity pulse 

synchronisation constraints that apply in the two cases because of' groLip-N, clocity walk- 

away between the pump and idler pulses in the first gratIng and the signal and idler ill tile 

second. Tandem operation leads to the generation of a second, longer wavelength Idler 

output, idler(2), whose presence provides a userul experimental SIgnatUre of tandem 

operation. Although schematically the tandem OPO is represented as consisting oftwo 

separate crystals, in practice only a single monolithic crystal was used ill tile work 

described here and the conversion took place in two (101'erently quasi-phaselliatchcd 

gratings. 

JILI fill) ->ý,,, gil aA 'tj Pititip 
Idler 
Idler(2) 
Sigiial 

HRýy 
Grating I 

HR, a Graling2 IIIZ«1ý Gratingl /1"Iicf 

(C) 
pti m 11 ->4, ign a 1+ý, id IcI LL 

................ 

---------- 
kilcl 

Grating I (, rating 2 

Fig. 5.9: Schematic representations (ýfth'. k, c i'll"J. -resonant OPO t%'il/l dift(Tt"It 

(a) standard single-process cavhy, (b) twin cavity, dual-pl-ocess dcvice where the non-rcsontint outpu t 

thefirst cavity is used as a pumpfin- the second cavitY, and (c) dual-process t(Indt"n devict, in which the two 

cascaded conversion process occur within Mesanic idler-l'Csonant cavity. 
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5.3.1 Crystal Design and Mounting Arrangement 

in previous theoretical work ['32] numerical 1110deIIIIII-1, WaS LISCLI tO III\CSII, -atC the 

efficiency of conversion in a tandem OPO from the pump to the Idler in Idler-resonant 

and signal-resonant configurations. Unsurprisingly the modelling, in this work flowid that I- 
the most efficient configuration for punip-to-idler generation was in the Idler-resonant 

cavity and further modelling was carried out to find the optimal interaction lengths I'Or the 

two conversion processes. Figure (5.10) illustrates the results of this modelling in the 

form of a contoured plot showing how the conversion efliciency of the combined 

processes varies as a function of the lengths of grating I and --, rating 2. 

1.70 
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= 1.10 1 ýs , 

0.80 
U Z; ýý- iz, 

, .4 0.50 IL2-ickisw, , 
0.00 0.50 1.00 

c 

lop 

oop CJ** 

1.50 

lop 

Length grating 2 (mm) 

Fig. 5.10: Theoretical, greyscale contourplotshowing how the con version 

efficiency in a tandem OPO varies as a. /unclion ofthe ration ofthe two grating lengths bascd oil plonp 

pulse. 5ofai-ouiidlOOfsdui-ation. Whiter colouring represents highcr con vers ioll (fficit'lli ýv and th, - (III. % hcd 

line represents the situation of maximum conversion Cýfjiciellcj, fiw the pidws durations of / 901., ý iýCll (TIM 'd 

bY ourplailp laser. 

The results of this modelling indicated that the optimal convcrsioii is achieved Micii flic 

ratio of the lengths of gratings I and 2 is approximately 1: 1.6. The absolute tilaxIII11.1111 III 

conversion efficiency is predicted when tile first grating has a lcil,,,, tli of -0.0nini flicrel'ore 

the second grating length needs to be -0.9min. These lengths originate In tile model Iroill 

an assumption that the interacting pulse durations are -I OOfs wilicli therctlore limits the 

interaction distances within each crystal bctweeil tile pump, sigiial and Idler pulses 

because of their different group-velocities arId pulse walk-off distariccs at tile 

wavelengths involved [32]. In practice we chose to use a crystal with the same optiniuln 

ratio of grating sizes but with lengths of I inni (,, rating I) arid 1.6mm (orating 2) as our 
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laser produced longer pulses (-190fs) than those assumed in the original numerical model 

(dashed line in Fig. 5.10). 

Knowing the optimal ratio needed for grating 1 and grating 2 lengths the next step 

was to choose an appropriate gain material and design a grating structure to generate the 

appropriate idler wavelengths. Due to current commercial abilities to readily fabricate 

complex grating structures in periodically poled lithium niobate it was chosen as the gain 

medium which had the added benefit of a very high nonlinear gain coefficient, 

d33=27pm/V [34]. To allow a high degree of wavelength tuning and a large variation in 

the pump wavelength it was decided that several lateral grating pairs would be included 

however the initial structure was based on a pump wavelength of 850nm with a fixed 

idler wavelength of 2.3gm. Conservation of energy enabled a signal wavelength of 

1.348[Lm to be calculated and then the necessary QPM period for grating I was found 

using Equation (5.11), 

A, n, -ni + n, -n, 
Ap AS 

where A, is the period of the initial conversion grating where the primary pump 

AP generates a primary signal A, and primary idler Aj and nP, n. and nj are the respective 

refractive indices of the pump, signal and idler wavelengths in PPLN. Using the same 

principle for the second grating period but changing the pump for the primary signal with 

the generated outputs becoming the primary idler and a secondary idler, called idler(2), 

the Equation (5.12) is now the one needed to calculate the period of the grating, 

A2 ns -ni2 
+ n, 2- n, 

AS Ai 

where A2 is the period of the second conversion grating, the pump is the primary signal 

A, and the primary idler A, and secondary idler A, 2 are the generated outputs with 

ns P n, and n12 being the respective refractive indices of the signal, idler and idler(2) 

wavelengths in PPLN. Using these two equations and allowing for the central pump 

wavelength to be variable the crystal design shown in Figure (5.11) was used and 
included 7 lateral pairs of gratings (labelled A-G). All of the grating pairs had a vertical 

size of lmm except for grating G, which had a 2mm vertical size in order to make non- 

operational distinctions between the gratings possible. 
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One of the drawbacks to using PPLN in any frequency conversion system is its 

susceptibility to photorefractive damage at room temperature and to remove tilps ISSLIC 

PPLN needs to be heated to temperatures in excess Of I OOOC, \VhICh I-CCILIII'CS 111 OVCII and 

the appropriate thermal monitoring equipment. 

Grating A 

Grating B 

Grating C 

Grating D 

Grating E 

Grating, F 

Grating G 

I nim 1.6mm 

21.60pni 25.23pni 

22.68pni 30.13pni 

21.77pm 32.78pm 

22.85pni 34.1 3pni 

22.94pni 34.7 1 pm 

23.02piii 34.83ptii 

23.09pin 34.68pm 

I tiun 

I iiin 

null 

I HlI1l 
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I 111111 

2mir 

Grating I Gratino 2 1 

Fig. 5.11: Detailed gratingstructure of the tandem crystalshowing till 7 andtheir 

periods along with the appropriate length and licight ofeach given in millinicti-es. 

This makes the set-up slightly more complex as tile oven needs to be part oftlic Inolinting 
design to enable effective temperature control and monitoring as well as a nioLinting 

configuration with the necessary degrees of freedom to allow ad. jilstnients in its 

orientation during the alignment and optirnisation of the cavity. 

Figure (5.12) shows the design that was used to hold and to heat the crystal and 

includes all of the main components needed for the efTective licat control tile crVstal. The 

heating element was an RS 159938,100Q, IOW heat-dissipating resistor that \\as 

screwed directly onto the backside of the mount with a good thermal contact inaintalned 

by a heat conducting paste. A manually controlled varlable current SLIPPIY "'as Uscd tO 

heat the oven to around I OO'C and an RS 151-237 1 OkQ thcrinistor was pkiced into tile 

hole in the mount (as shown in Fig. 5.12) to enable the temperature of' tile Illotint aild 

crystal to be accurately monitored. The hole itself' was only shilitly -_c- 11 1111 g1 11 al tile 

thermistor head (roughly 2mm diameter) and was the exact depth to enable the therimistor 

head to be positioned directly adjacent to the crystal but inside the mount. licat 

conducting paste was used inside the hole to ensure a good thermal contact bet\,,, ecii tile 
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thermistor and the mount and the resistance of the thermistor was monitored using a 
digital multi-meter. 

lBrace to hold thý 
crystal n place. I 

LN 

111 Brass ring to 
allow the mount 

to fit into a 
standard 

mirror mount. 
j 

Heat dissipating resistor used to 
heat the mount and the crystal 
to the required temperature. 

I thermistor to ! 
'allow the crystal, 
I temperature to 
ý 
__be 

monitored. 

Fig. 5.12: Diagram of the crystal mount used to hold the tandem crystal during operation showing the 

resisfor used to heat the crystal to the required 100 OC, the brace to hold the crystal and a brass ring used to 

mount the oven in a standard I" tip and tilt mirror mount 

The data sheet supplied with the thermistor allowed a resistance versus temperature plot 
to be produced so the appropriate temperature could be reached by monitoring the 
resistance. Figure (5.13) shows this plot and the required resistance necessary to maintain 
the PPLN crystal at a temperature of I OO'C has been highlighted, 
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Temperature (OC) 

Fig. 5.13: Plot of the resistance versus temperature relationshipfor the l0k. thermistor used to monitor the 

temperature of the PPLN crystal during alignment and operation of the tandem OPO. 
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The operating temperature of the oven was relatively constant but small periodic 

adjustments in the current supply to the heating resistor were necessary to compensate for 

small fluctuations in the laboratory environmental conditions. 

5.3.2 Cavity Design and Construction 

Before any construction or alignment of the set-up began the cavity was designed and 

modelled using an ABCD matrix based cavity simulation program, which aided in finding 

the correct mirror positions for stable operation. In order to have the necessary spot size 

inside the PPLN crystal to achieve stable steady-state operation the cavity configuration 

needs a tightly focused resonant beam inside the PPLN crystal and a collimated beam at 

the flat mirror, M3. The ABCD matrix simulation program allowed the beam profile 

within the cavity to be plotted as the mirror positions were altered to allow the optimal 

configuration to be calculated and the simulated beam profile is plotted in Figure (5.14), 

this configuration gives a high-finesse cavity at the resonant wavelength of 2.31im. 

2 

Clavity mirror, Ml 

E Cavity mirror, M2 
E 0.5 
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Tangential plane 
Sagittal plane 

End mirror, M3 

-1 

Beam fo(Al,, wýed it) centre ot crystal 

500 1000 1500 
Cavity position (mm) 

Fig. 5.14: Simulated intracavhýy beam profilefor the resonant wavelength in the landem OPO allowing the 

precise positions of mirrors MI and M2 to befound so that the beam is tightlyfocused inside the crystal 

and the exact position of the end-mirror, M3 so the resonating beam arrives at it collimated. 

The configuration that was eventually used for the experiment is shown in Figure (5.15) 

and was based around a V-cavity configuration that needed to be length matched to the 

Ti: sapphire pump source. The Ti: sapphire pump laser operated at 845nm and produced 
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pulses with durations of 150fs at a repetition frequency of 106MIiz and typical average 

output powers of 750mW, which were focused into the PPLN crystal through the cavity 

mirror MI with a 80mm focal length AR coated lens. 

(; rating I Grating 
1111111 1.6mrn 

Fig. 5.15: The J'ý-cavhy configuration used in the experimental set-up, with af- 80nun lens used tofi)cus the 

pump beam into the PPLN crystal and the cavity consisting (ýftwo planoconcave mirrors, M/ and A12 (with 

radii of curvatur(, ýY of -100mm) and aflat end mirror, M3, all (ýf which were highly rt. flectivc tit the idler 

wavelength of'2.3ton. 

To ensure the crystal was held at the focus of the resonant wavelength it was necessary to 

position mirror MI at approximately its focal point from the crystal, i. e. at a distance of 

around 49.8mm for a 100mm radius of curvature mirror. Mirror M2 was then placed at 

its radius of curvature distance further from the crystal, i. e. a distance of' 100111111 (tile 

modelling program found this distance to be exactly 199.4min), then the flat mirror was 

placed 1262mm down beam from that in order to length match tile OPO cavity to the 

pump laser cavity. All of the cavity mirrors were coated to be highly reflective 

(R>99.9%) at the resonant wavelength (2.3itm) and in Some COIIIILýLirations where all idler 

output was necessary the flat high reflecting end mirror was replaced with a flat 2% 

output coupling mirror. 

5.3.3 Alignment Procedure 

Once all ot the cavity components and been initially positioned It was then necessary to 

carry out a more intricate alignment procedure. This was essentially very similai- to that 
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described in Chapter 3 whereby the cavity was stripped back so it only contained mirror 

MI and an attenuated incident pump beam. Firstly mirror MI was positioned so that the 

pump beam was centralised on it and a card with a cross on was positioned in front of this 

mirror so that the pump beam was also centred on the cross. Then the crystal was moved 
into the path of the pump beam and a pin-hole was positioned in the pump beam prior to 

its incidence on the crystal to allow a back reflected pump beam from the crystal's front 

face to be found and retroreflected back through the pinhole. This allowed the crystal 
itself to be aligned at approximately normal incidence to the pump beam. The pump 
beam was then blocked to stop it hitting the crystal and the second cavity mirror M2 was 
be positioned with the pump beam travelled through its centre. As this mirror was used to 

steer the pump beam towards the end mirror normal incidence did not matter and no 

retroreflected pump beam was searched for. Next the focusing lens was placed in the 

pump beam and centralised, normal incidence was required at this surface and so the 

retroreflected pump beam was found and sent back through a pinhole again. Once both 

mirror M2 and the focusing lens were approximately aligned the exact positioning of 

mirror M2 was carried out so that the distance between the crystal face and mirror M2 

calculated in the simulations was achieved as accurately as possible. Then by gradual 

movement of the focusing lens and by maximising the pump SHG intensity the position 

of the pump focus was moved so that it was roughly in the centre of the crystal. At this 

point the SHG beam was used to line up the mirror, M3, which was then blocked by a 

card and the card-covering mirror MI was removed. Using an infrared viewer and with 
the beam incident on a card blocking the end mirror, two spots were located and roughly 

overlapped. One spot was from the front face reflection off the crystal and was reflected 
by mirror M2 and the other is the pump beam travelling through the crystal and reflected 
back upon itself through the crystal a second time and then reflected by mirror M2. To 

align the crystal so that it was as normal to the pump beam as possible mirror MI was 

again blocked and using an infrared viewer the single beam coming from the crystal 

reflection was viewed over a much longer distance. Small movements in the tip and tilt 

angles of the crystal were made to allow the single beam to be separated into the two 

spots originating from the front and back faces of the crystal to be found. These two 

spots were then severely misaligned, small movements of the focusing lens were made to 

exactly centralise the pump focus and then the two spots were more carefully overlapped. 
At this point the pump beam was quite accurately focused into centre of the crystal and it 

was as close to normal incidence as was possible. 
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The next stage was then to position the mirror MI so the cavity beam was 

collimated over a large distance and the two distinct beams from the crystal and mirror 

Mi were overlapped. To collimate the intracavity beam, mirror MI was again unblocked 

and the two reflected beams misaligned and viewed over as large a distance as possible 

(this was about 3 metres). Translational movement of mirror MI collimates the beam 

reflected by this mirror and allows its shape to be rounded and its size minimised and 

when this was achieved the two beams were overlapped again. The penultimate stage of 

the alignment procedure was to overlap the two beams over the entire cavity length to 

ensure a good spatial overlap throughout. This was achieved by successively overlapping 

the two beams close to the crystal, using the crystals tip and tilt adjustment and far from 

the crystal using mirror MI's tip and tilt adjustment. After about 10-12 successive pairs 

of beam overlapping adjustments the two beams were sufficiently overlapped to attempt 

the final alignment stage which was to retro-reflect both beams back through the crystal 

using tip and tilt adjustments of the mirror, M3. Before this was carried out the end 

mirror was positioned so that at some point near the middle of its translational scan range 

the OPOs cavity length exactly matched the pump cavity length (the exact length for the 

OPO cavity can be calculated if the repetition rate of the pump laser is known accurately). 
The two pump beams were then sent through a pinhole that was positioned close to mirror 
MI and the beam reflected by the unblocked mirror, M3 was located and sent back 

through the pinhole and into the cavity. 
At this stage the intracavity beam was sufficiently aligned so that parametric 

fluorescence could oscillate within the cavity, seeing further small signal gain in each 

roundtrip, until threshold was overcome and steady state operation occurred. When 

steady state operation occurs the frequencies generated during the parametric conversion 

process interact and result in the generation of many visible frequencies due to mixing 

processes such as SFM, DFM. By careful observation of the SHG beam these visible 
frequencies it is possible to tell when parametric oscillation occurs and hence when the 

two cavity lengths are exactly matched. Therefore with the beams overlapped the last 

task before operation was achieved was to scan the cavity length using mirror M3 and 

watch for visible outputs from the cavity. Several attempts were necessary before 

oscillation was achieved with small adjustments being made in the beam overlap at 

various cavity positions after each failed attempt. However once oscillation had been 

achieved several days were spent extensively optimising the cavity for stability by 

monitoring the signal output spectra and pump depletion spectra on a Rees scanning 
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mirror spectrometer and by maximising the very small amounts of output power after the 

mirror M3 using a Melles Griot broadband thermal power meter. 

5.4 Experimental Results - Operational Characteristics 

Once oscillation had been achieved and the cavity had been extensively optimised for 

power, stability and tuning, data was recorded regarding the OPO spectral characteristics, 

pump depletion, slope efficiencies, pulse durations and conversion efficiencies. An 

interesting comparison was also made between the operational characteristics of the 

system during what we termed tandem and non-tandem operation. This distinction was 
dependent on the physical orientation of the crystal because the OPO could be operated 

with the crystal in either the forward orientation, where the shorter-period grating was 

nearest the pump entrance face of the crystal (we called this the tandem configuration) or 
in the reverse orientation where the longer-period grating was nearest the pump entrance 
face of the crystal (we called this the non-tandem configuration). With the crystal in the 

tandem configuration we expected to see more efficient conversion, more stable operation 

and an extended tuning range when compared to the non-tandem configuration and most 
obviously the generation of much stronger idler(2) frequencies due to the phasematched 
conversion process in the second grating. In contrast to what we expected, idler(2) 

frequencies were still generated when the crystal was in the non-tandem configuration but 

the efficiencies were significantly lower. In the following sections the results obtained 
from both configurations are presented and compared in order to give a full and detailed 
description of the operational characteristics of this device. 

5.4.1 Spectral Domain - Phasematching Plots and Experimental Data 
In Chapter 2 it was shown that the conversion efficiency of a parametric process is 

proportional to sinC2 (Akl/2), where Ak is the wave vector mismatch and I is the crystal 

length. It is often useful when studying the operational behaviour of a phasematched 

process to produce a colour contoured plot showing the regions of highest conversion 

efficiency (Ak = 0) for the signal and idler wavelength pair for a fixed pump wavelength 

using a given grating period. This situation occurs in each of the primary gratings of each 

of the seven pairs in the crystal and an example of this is shown in Figure (5.16), where 

the 2mm grating (labelled grating G in Fig. 5.11 and 5.15) is used. This grating had a 

period of 23.09ýtni and the plot shows how the conversion efficiency of the primary 

parametric conversion process varies with the pump wavelength (which varies from 8 10- 
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890nm) for a given signal and idler output pair. For a given pump wavelength a vertical 

slice shows the wavelengths that are phasernatched in the conversion process and for the 

chosen wavelength of 850nm four wavelength regions with high conversion efficiency 

are visible. These regions represent the possible wavelengths for the generated signal and 

idler outputs, with the lower two being for the signal and the higher two for the idler. 

Conservation of energy dictates the actual signal and idler wavelengths that are generated 

but in this experiment the restrictions imposed by the reflectivity bandwidth of the cavity 

mirrors limit the idler wavelength to that lying between the two dashed horizontal lines 

shown in Figure (5-16). This restricts the corresponding signal wavelength to lie in the 

range also indicated in Figure (5.16) however other phasernatched outputs are possible 

without the reflectivity restrictions. 
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Fig. 5.16: Phasematching efficiency plotfor a single stage conversion process showing the pump 

wavelength variation of the signal and idler wavelengthfor afixed grating period. 

For this experiment the key area of interest was the second grating where the variable 

signal generated in the first grating acts as the pump generating a variable idler and 
idler(2) output with the idler output matched to the same wavelength as the one generated 
in the first grating. This situation is more complex than for a single grating crystal OPO 
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and the production of an appropriate phasematching efficiency plot is equally complex. 

The phasematching conditions for the second grating can be represented in a similar way 

to conventional phasematching conditions by building up a plot of the idler and idler(2) 

wavelengths generated in the second grating for each signal wavelength generated in 

grating 1. In order to build up this plot the pump wavelength is fixed and the signal is 

then incrementally varied over a range to build up an efficiency plot of the idler and 

idler(2) outputs (for a particular signal wavelength the idler and idler(2) wavelengths are 

fully detennined if the pump wavelength is known). Figure (5.17) shows this type of 

phasematching plot for the signal conversion in the second grating of the 2mm lateral 

grating, labelled grating G in Figures (5.11) and (5.15). The variation in signal and idler 

wavelengths has been constrained to the region of interest (namely the area around which 

the highest conversion efficiency occurs) and the colour shading of the plot represents the 

level of conversion efficiency (red being the highest efficiency and blue being the lowest) 

determined by the function given in Equation (5.13). 

l7converstOn = sinC2 
AM) 

2 
(5.13) 

where 1 is the length of the crystal and Ak is the wave vector mismatch. The wave vector 

mismatch is given by Equation (5.14), 

Ak = 
2; zn(A�) 27zn(, ti) 2; 7n(A, 2) 21r 

(5.14) 
lt. ' Iti 

AG 

where n(A, ), n(Ai) and n(A, 2) are the respective refractive indices of the signalA., 

idler Ai and idler(2) ", 2wavelengths in the nonlinear crystal and AG'Sthe grating period 

within the crystal. Tandem operation in any idler-resonant TOPO is constrained by 

several experimental factors, the key ones being the reflectivity bandwidth of the cavity 

mirrors and energy conservation relating directly to the initial pump wavelength. Firstly 

the OPO can only operate at an idler wavelength that falls within the reflectivity 
bandwidth of the cavity mirror, limiting the range over which an idler output will be 

generated. The upper and lower limits of the reflectivity bandwidth of the mirrors used in 

this experiment are represented on the following plots by a pair of grey horizontal dashed 

lines. The second constraint to tandem operation is the need to meet the two energy 

conservation requirements determined by the cascaded conversion processes involved and 
both of these are represented on the phasematching diagrams by two solid curves. Energy 

conservation in grating I is governed by Equation (5.4) which allows the expected idler 

output to be calculated for a fixed pump and a variable signal. This situation is indicated 
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on each plot by a solid pink line and efficient conversion of the pump to the 

corresponding signal and idler output can only occur when this line intersects the red 

region of the efficiency plot. Energy conservation in grating 2 is governed by Equation 

(5.5) which allows the expected idler(2) output to be calculated based on the signal and 

idler generated in grating I for a fixed pump. This situation is indicated on each plot by a 

solid green line and again efficient conversion can only occur when this line intersects a 

red region of efficiency plot. Combining these constraints means that efficient idler 

generation will only occur in grating I if the energy conservation curve for grating I 

(solid pink line) intersects the red region of the conversion efficiency plot between the 

dashed horizontal lines. This determines the range over which tandem operation can 

occur and this is provided the energy conservation curve (solid green line) for grating 2 

also intersects a red region of the conversion efficiency plot. 
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Fig. 5.17. Phasematchingplotfor grating Gin the ciystal showing the conditions of idler and idler(2) 

generation for a given signal pump wavelength. The colour map represents the conversion efficiency of 

tandem operation with the scale given by the colour bar on the right. The dashed horizontal lines represent 

the reflectivily bandwidth of the cavity mirrors and the two solid curves indicate the expected idler (pink) 

and idler(2)(green) wavelengths predicted by conservation of energy within each grating. 
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Chapter 5. - A Fenaosecond Idler Resonant Tandem OPO 

In a synchronously pumped OPO the oscillator responds to small changes in the cavity 
length by modifying the centre wavelength of the resonant pulses so that the cavity period 

remains constant due to the wavelength-dependence of the group-delay in the crystal. 
For each gating pair cavity length tuning was used to modify the signal wavelength and 

experimental idler and idler (2) data was obtained over the entire signal tuning range. 
Figures (5.18) to (5.22) show the appropriate phasematching plots for the grating pairs 

where tandem operation occurred and include all of the experimental data that was 

recorded with the crystal orientated in the direction of tandem operation, i. e. grating I 

being closer to mirror M2 then grating 2. These five plots show the phasematching plots 

and experimental data for the grating pairs labelled C-G in Figure (5.11). Grating pairs A 

and B were not included here as their phasematching diagrams indicated that efficient 

conversion and conservation of energy in grating I does not occur inside the operational 
bandwidth of the mirrors, which was verified experimentally as no oscillation occurred 

within these gratings. The second set of figures show all of the experimental data that 

was recorded when the crystal was orientated in the non-tandem direction of operation, 
i. e. grating 2 was closer to mirror M2 then grating 1. These data were included to give a 

comparison between tandem and non-tandem operation in terms of performance 

characteristics such as slope efficiencies, threshold values and output powers for each 

grating. Each recorded data point is represented by a small circle and all have both 

horizontal and vertical error bars that represent the full-width-half-maximum (FWHM) 

bandwidth of either the signal pulses (horizontal) or idler pulses (vertical). 

In Figure (5.17) above the efficiency colounnap that is plotted contains a single 
locus indicating the region of highest conversion efficiency and the radius and shape of 

this locus is determined by the two grating periods and their relative ratios. Surrounding 

this central locus are concentric rings with a significantly lower absolute efficiency and 

they represent the second, third and higher order side-lobes of the sinc' function. The 

phasernatching plots for different grating pairs show a variation in the structure of the 

high efficiency locus (and subsequent lower order peaks) as the grating periods and ratios 

are varied and in several of the plots the single locus has the form of a ring with higher 

order peaks both inside and outside the high efficiency region. In some of the plots 

measurable spectra were detected in these lower order sidebands where the conversion 

efficiency was much reduced, this was attributed to the high nonlinearity of PPLN and the 
high powers of the intracavity idler pulses. 
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Tandem Operational Data 

When the crystal was orientated in the forward or tandem direction (grating I was closer 

to the pump lens than grating 2) cavity length tuning allowed either tandem or non- 

tandem operation to be selected simply by tuning the signal wavelength so it fell outside 

the tandem conversion efficiency regions shown in the phasematching plots. Figures 

(5.18-5.22) are phasernatching plots containing all of the recorded experimental data 

taken when the crystal was in its forward orientation and parametric oscillation was 

achieved. These plots are followed by examples of tandem and non-tandem spectra 

recorded during operation in the grating pair labelled grating G in Figure (5.11). 

Results from Grating C 

Figure (5.18) shows the quasi-matching diagram and the spectral data recorded during 

tandem operation for the double grating of the crystal that was labelled Grating C in 

Figure (5.11). 
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Fig. 5.18: Phasematchingplotforgrating C showing all oj'the experimental data points recorded during 

oscillation. Tandem operation only, occurredfor small regions of signal and idler tuning as expected due to 

the constraints of conservation of energy and efficiency. 
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This grating pair had a grating I period of 22.78Am and a grating 2 period of 32.78Am 

and tandem operation was observed but only over a limited range of cavity length tuning 

positions. 
Normal parametric operation was observed for a signal (idler) tuning from around 

1.28jim (2.44Am) to I-4OAm (2.11 Arn) and over this range seven data sets were taken 

with four showing tandem operation. The four sets of data corresponding to tandem 

operation occurred at signal (idler, idler(2)) wavelengths of 1.40/tm (2.11 Arn4.22Am), 

1.391tm (2.131tin, 4.22/tm), 1.37mm (2.111tin, 4.171ml)and 1.32Am (2.30/tm, 2.13Am), 

the remaining three data sets indicated only standard parametric operation. The 

interesting point about the data acquired during tandem operation was that the idler(2) 

wavelengths generated by tandem process in grating 2 were phasematched in the tertiary 

peak of the efficiency plot. Figure (5.19) shows a simple sinc 2 plot and indicates the 

difference in intensity between the central (primary) peak and the third order (tertiary) 

peak, 
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Fig. 5.19: Basic plot of a sinc'(x) function showing the difference in the absolute intensity of'the primary 

and tertiary peaks of the plot. 

Figure (5.19) shows that the absolute intensity of the tertiary peak is 1.65% of the primary 

peak therefore the tandem data shown in Figure (5.18) on the phasematching plot occurs 

at a point where the conversion efficiency has fallen to 1.65% of its maximum. 
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Suggesting that in this grating the intracavity small signal gain for the resonant frequency 

is still sufficient to allow low efficiency conversion to occur. 

Results from Grating D 

Figure (5.20) shows the quasi-matching diagram and the spectral data recorded during 

tandem operation for the double grating of the crystal labelled Grating D in Figure (5.11). 

This grating pair had a period of 22.85/tm in grating I and a period of 34.13Am in grating 

2 and efficient tandem operation was observed over a range of cavity length tuning 

positions. 
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Fig. 5.20: Phasematchingplotfor grating D showing all of the experimental data points recordedduring 

oscillation. Efficient tandem operation did occur but only over a small section of the complete tuning range. 

Parametric oscillation in this grating pair occurred over a signal (idler) wavelength 

range of 1.271tm (2-5OAm) to 1.40/im (2.11 Itm) and within that range II sets of data were 

taken. Tandem operation was recorded over a short region within this range where the 

signal (idler, idler(2)) tuning continuously from 1.34Am (2.29itm, 3.17/im) to 1.381, tm ( 

2.161im, 3.35Am), which roughly corresponded to the region where it was predicted by 

the constraints of mirror bandwidth, energy conservation and efficient conversion. 
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Efficient tandem operation occurred in this grating pair as expected and nothing 

significant or out of the ordinary was observed. 

Results from Grating E 

Figure (5.21) shows the quasi-matching diagram and the spectral data recorded during 

tandem operation for the double gating of the crystal labelled Grating E in Figure (5.11). 

This gating pair had a grating 1 period of 22.94ýtrn and a gating 2 period of 34.71[tm 

and efficient tandem operation was observed for cavity length tuning positions 

approaching the phasernatching position where degeneracy occurs, i. e. the tandem 

idler(2) output matches the idler output generated in the gating 1. At the point of 
degeneracy if maximum conversion occurred then one pump photon would generate 3 

idler output photons resulting in the quantum efficiency being increased by a factor of 3. 

cop = coi + (o), 
-+ o), + wi )=3 wi (5.15) 

where cop is the primary pump, co, the primary signal and co, is the idler generated in both 

grating I and 2. Degeneracy is indicated on Figure 5.21 by a yellow arrow and is the 

point where both of the energy conservation lines (pink and green) intersect. If this 

intersect occurs between the limits of the mirror reflectivity bandwidth and over a non- 
blue region of the cfficiency colourmap then degeneracy operation would be possible and 

a maximum of 3 idler photons could be generated for every pump photon converted. 
Unfortunately, as all of the plots indicate, the overlap between the two conservation of 

energy curves occurs outside the reflectivity bandwidth of the mirrors and so it is not an 

expected feature of this device. 

Normal parametric oscillation occurred in this grating pair over a signal (idler) 

wavelength range of 1.27gm (2.51 gm) to 1.39gm (2.16gm) and within that range 10 sets 

of data were taken. Tandem operation was observed for 5 of these data sets showing a 

signal (idler, idler(2)) output tuning from 1.27[tm (2.5 1 gin, 2.60gm) to 1.30ýtm (2.41 gm, 
2.69gm). The idler(2) outputs around the region of degeneracy were at a wavelength 

expected by energy conservation however as the cavity was tuned to higher signal (and 

idler(2)) wavelengths the idler(2) output started to deviate from the curve of energy 

conservation in grating 2. This was an unexpected occurrence and at first this was put 
down the higher conversion efficiency however as can be seen in the next plot its cause 

was something different to this. 
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Fig. 5.21: Phasematchingplotforgrating Eshowing all of the experimental data points recordedduring 

oscillation. 4fficient tandem operation did occur but it was restricted to a near degenerate region Qfthe 

tuning range of the device. 

Results from Grating F 

Figure (5.22) shows the quasi-matching dial-ram and the spectral data recorded during 

tandem operation for the double grating of the crystal labelled Grating F in Figure (5.11). 

This grating pair had a grating 1 period of 23.02itm and a grating 2 period of 34.83tim 

and efficient tandem operation as well as other effects were observed over the majority of 

the cavity length tuning positions. 

Normal parametric oscillation occurred in this grating pair over a signal (idler) 

wavelength range of 1.26Am (2.501im) to 1.39Am (2.17tim) and within that range 10 sets 

of data were taken. Tandem operation was observed for almost all of these data sets 

showing a signal (idler, idler(2)) output tuning from 1.26[im (2.491im, 2.60tim) to 

1.391tm (2.16Am, 3.37Am) and at the longer signal (and idler(2)) wavelengths tandem 

operation was again observed in the tertiary maxima of the efficiency plot. As well as 

tandem operation an unexpected output was also recorded which in some cavity positions 

was simultaneously to both the tandem conversion processes, i. e. for some data sets 3 

output frequencies were recorded rather than the 2 tandem frequencies expected. These 
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outputs tuned from around 2.64[im up to 2.771im and could not be explained by tandem 

oscillation as there is no intercept between the conservation of energy curves and the 

efficiency plot. Comparing these wavelengths with their corresponding signal 

wavelengths (I . 30Arn up to 1.39Am) and considering that they lie on the region of highest 

conversion efficiency it can be seen that they represent efficient parametric down- 

conversion of the signal wave according to the relation given in Equation (5.16), 

Co, --> + 
01 

(5.16) 
2 
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Fig. 5.22: Phasematchingplotforgrating F showing all oj'the experimental data points recordedduring 

oscillation. Efficient tandem operation occurred again near the degenerate region of the tuning range but 

above this degenerate parametric down-conversion of the signal pulses generated in grating I was 

observed. 

Just prior to the obvious onset of the parametric down-conversion of the generated 

signal output the tandem generated idler(2) output starts to deviate from the expected 

value determined by the conservation of energy curve for grating 2 (green curve). This 

was also seen in grating E as mentioned in the 'Results from Grating E' section above, 

and in this section the deviation was considered to be the result of the improved 

conversion efficiency offered by the appropriate phasematching conditions. However 
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when comparing the data from grating E to the data from grating F shown in Figure 

(5.22) above it is likely that the deviation was in fact due to the onset of parametric down- 

conversion of the signal and oscillation over a larger tuning range could possibly have 

shown similar results. 

Results from Grating G 

Figure (5.23) shows the quasi-matching diagram and all of the spectral data recorded 

during tandem operation for the double grating of the crystal labelled Grating G in Figure 

(5.11). This grating pair had a period of 23.09itm in grating I and a period of 34.68/. Lm in 

grating 2 and efficient tandem operation was observed for the majority of the cavity 

length tuning positions. 
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Fig. 5.23: Phasematchingplotfor grating G showing till of the experimental data points recorded during 

oscillation. Efficient tandem operation was observed across the majority of the operational tuning range of 

the OPO. 

Normal parametric oscillation occurred in this grating pair over a signal (idler) 

wavelength range of 1.261tm (2.50/im) to 1.391im (2.171m) and within that range 10 sets 

of data were taken. Tandem operation was observed for 9 of the 10 data sets showing a 

signal (idler, idler(2)) output tuning from 1.26jim (2.501im, 2.591im) to 1.351im (2.271im, 
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Chapter 5: A renziosecond Idler Resonant Tandem OPO 

3.21 gm). This grating showed the expected tandem tuning behaviour over a large tuning 

range and was very stable during operation. 
Figure (5.24) shows four different examples of idler spectra showing both tandem 

and non-tandem operation, all of which were recorded during operation in the grating pair 
G. The spectral profiles of all of the idler pulses lack the characteristic self-phase 

modulation structure often observed in signal-resonant OPOs because the net cavity 
dispersion is negative around 2.3gm and therefore soliton-shaping effects are responsible 
for the pulse profile. The blue plot in Figure (5.24) shows the shortest wavelength of the 

idler spectral profiles and it was recorded just before the onset of tandem operation. It 

contains a single peak at 2.366gm and represents a typical example of the idler spectra 

observable during normal parametric operation of the device. As the cavity length is 

tuned so that the signal wavelength generated in the first grating becomes phasernatched 
in the second grating and tandem operation occurs the spectral profile changes from 

single to double peaked with the second peak representing the idler(2) output generated in 

grating 2. The green spectrum shown in Figure (5.24) represents the point at which 

tandem operation first starts and it contains two peaks situated at 2.440gm and 2.699[im 

corresponding to the idler and idler(2) wavelengths respectively. The red spectrum 

represents the position within the cavity length tuning range where the idler(2) had the 

maximum spectral intensity, which occurred at idler and idler(2) wavelengths of 2.454gm 

and 2.695gm respectively. This corresponds to the maximum power of idler(2) generated 
in any of the gratings however due to lack of an appropriate power meter no absolute 

power measurements could be made. The cavity length was tuned further up to the point 
just before all oscillation ceased and the pink profile shown in Figure (5.24) represents 

this position. The spectral profile shows, as do the phasematching diagrams, that the 

generated idler pulses are approaching degeneracy where both the idler and idler(2) pulse 

would have the same wavelength. The location of the final idler and idler(2) wavelengths 
just before cessation of operation was at 2.504gm and 2.614gm respectively, a 

wavelength separation ofjust 11 Onin. 
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Fig. 5.24: Plot offour example idler and idler(2) spectral profiles recorded throughout the operational 

tuning range of the grating G showing the spectral profilesfor non-tandem operation (blue), the onset 
(green) of tandem operation, maximum idler(2) generation (red) and upon approach to degenerate 

operation (pink). 

On close inspection of all of the spectral data recorded in grating Ga novel effect was 

observed at high intracavity powers (-2W) in which the wings of the idler spectrum 

appeared to act as a seed for optical parametric amplification pumped by the signal pulses 

and present at the same time as normal tandem operation. The spectrum shown in Figure 

(5.25) depicts on a logarithmic intensity scale the outputs that were recorded under this 

condition. Tandem operation is responsible for the two centre spectra according to 

1.32Am. (signal) --> 2.38/um. (idler) + 2.941im (idler(2)) and optical parametric 

amplification gives rise to the remaining spectra according to 1.32/tm (signal) --* 2.0/im + 

3.85jim. Both wavelengths generated in the second case lay well outside the reflectivity 

band of the cavity mirrors and therefore none of the interacting waves was resonant. The 

single-pass optical parametric amplification observed was partially phasernatched on a 

sideband of the grating 2 phasernatching diagram and would therefore be expected to 

proceed with very low efficiency. For this reason the process is unlikely to occur without 

seeding and it was concluded that the intense wings of the resonant idler wave contributed 

sufficient power to seed the optical parametric amplification process. 
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Fig. 5.25:. 4 logarithinicspectral intensiýv plot qfan idlcrandidlcr(2) outpulpairindicating low efficiencv, 

single pass, optical parametric amplification seeded by the wings oj'the idler pulses and attributed it) the 

high intracavin, powers of the idler pulses. 

Combining the results from the tandem OPO with the crystal orientated in the 

forward direction the tuning and wavelength coverage of all of the phasematched or 

partially phasematched processes that were observed are sumniarised in Table 5.1. 

Output / Process I Wavelength coverage (pin) 

Signal 

Idler 

Idler(2) 

-Non resonant Optical Parametric Arnplification 

Degenerate doxv-n-com ersion 

1.25 1.40 

2.1 2.5 

2.5 4.2 

2.0 and 3. S5 

2.60 2.7 ý 

Table . 
5.1: in 1/1,, tý,,, (Jejjj OPOand theircorresponding wavt It vigth 

coverage. 

In addition to these phasernatched processes referred to above, various noll-pliasernatched 

processes were also observed, often at significant powers. These commonly generated 

light at visible wavelengths through various surn-freqUency Mixing processes but rion- 

phasernatched second-han-nonic generation was also responsible for the creation of' new 
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wavelengths and, in particular, second-harmonic generation of the resonant idler pulses 

led to a significant amount of infrared light at 1.2[tm. All of the wavelengths that were 

continuously generated in this way are summarised in Table 5.2 along with the processes 

responsible for their generation. 

Wavelength I Mechanis. m 

844 mn CP 

1.32 jim 11, QEIP» 111 

2.34 )im uiullp. Ei. 

3.028 jim DQUOS, E3i 

1.170 ýtm qicli 

422 nin DPDP 

512 mn Cpo, 

624 nm qtQill.. EI. Pci 
662 nm D, + EI� Dp +[]i2 

Table 5.2: List ofthe main wavelengths generated in the tandem OPO device along with each process 

responsiblefor their generation. 

Non-Tandem Operational Data 

Due to the fact that the crystal was made from a single monolithic crystal containing two 

grating structures in series it was not possible to study the non-tandem behaviour of the 

primary grating (responsible for converting the pump) in the absence of the secondary 

grating (responsible for converting the signal). Therefore, in an attempt to study the non- 

tandem spectral behaviour of the primary grating without the tandem secondary signal 

conversion taking place the orientation of the crystal was reversed in order to remove the 

signal from the cavity before it encountered the second grating and was converted. In 

principle this would allow the generated signal to be removed from the cavityjust after its 

generation in the primary grating through the first cavity mirror it encountered (the cavity 

mirrors are HR at the idler wavelength not the signal). The reverse alignment of the 

crystal meant that the pump beam was required to be focused through the secondary 

grating and it was observed that the cavity alignment was considerably more sensitive in 

this orientation. 
Once the crystal had been realigned and operation had been achieved optimisation 

of the cavity was carried out and it was found that normal parametric oscillation was 

possible in that all 7 of the gratings. Spectral data were taken from each grating and are 

plotted in Figures (5.26-5.32) showing that in 5 of the 7 gratings the spectral behaviour 
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was non-tandem as expected, however two of the gratings yielded data indicating that 

tandem operation had occurred even with the crystal in the reverse alignment. The data 

for each grating pair (A-G) are presented on an appropriate plot containing the reflectivity 

bandwidths of the cavity mirrors and the same conservation of energy curves used when 

plotting the data for the forward crystal orientation. These plots however do not contain 

the colour scaled phasernatching efficiency plots to indicate where idler and idler(2) 

outputs should be expected. In these diagrams, as we did not expect to see tandem 

operation, the data was only expected to follow the conservation of energy curve for 

grating 1. 

Results from Grating A 

Figure (5.26) shows a plot of the spectral data recorded during parametric oscillation in 

grating I of the double grating pair labelled grating A in Figure (5.11). In this crystal 

orientation only the primary conversion grating period is relevant to any conversion 

process as this is the only grating that sees any convertible pump pulses. In the double 

grating pair labelled A grating I had a period of 22.60/im and the following plot shows 

the operational data that were collected from this grating during operation. 
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Fig. 5.26: Experimental data collectedfrom the grating pair A (gating periodý22.68Am) during normal 

single stage parametric conversion with the crystal in the reverse orientation. The data areplottedon a 

similar axis to those data obtained when the crystal was in theforward orientation, the only different being 

that as the second grating is not used there is no colourmap of the phasematching within this grating. 
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Normal parametric operation was only seen over a very short range and it was 

only possible to make two measurements, which were for a signal (idler) at wavelengths 

of 1.341im (2.22/. tm) and 1.35Am (2.20/Lm). Operation within this gating was only just 

possible and it was very unstable and erratic at best however both data points were close 

to the expected wavelengths determined by conservation of energy and shown by the pink 

curve. 

Results from Grating B 

Figure (5.27) shows a plot of the spectral data recorded during parametric oscillatIon in 

grating I of the double grating pair labelled grating B in Figure (5.11). Again, only the 

primary conversion grating period is relevant to any conversion process and in this 

grating pair grating I had a period of 22.681im. All of the operational data that were 

collected from this grating during operation are shown in Figure (5.27) and the 

operational range of this grating was substantially larger than in grating A (Fig. 5.26). 
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Fig. 5.27. Plot of the operational data recorded using grating B (gating period-22.681im) with the crjval 

in the reverse orientation, all of which closelyfollows the expected output curve calculated using the 

conservation of energy in grating 1. 

Normal parametric operation was observed over a signal (idler) tuning range that 

vaned continuously from 1.271tm (2.451im) to 1.351tin (2.22/Lm) and 7 data points were 

recorded. The operational powers of the outputs were low but they were relatively stable 
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and constant throughout the whole tuning range plus they were all close to where 

conservation of energy predicted them to be (pink curve). 

Results from Grating C 

Figure (5.28) shows a plot of the spectral data recorded during parametric oscillation in 

grating I of the double grating pair labelled grating C in Figure (5.11). Again only the 

primary conversion grating period is relevant to any conversion process and in this 

grating pair grating I had a period of 22.77[im. Parametric oscillation in this grating was 

stable and predictable with all of the outputs near to where the conservation of energy 

curve (pink) predicted. 
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Fig. 5.28: Plot of the operational data recorded using grating C (grating period of 22.77, um) with the 

cgstal in the reverse orientation. All the data was close to that predicted by conservation of energy in the 

first grating and indicated on the plot by the pink curve. 

This gating behaved in much the same way as grating B but with non-nal 

parametric operation occurring over a slightly larger signal (idler) tuning range that varied 

continuously from 1.29Am (2.47Am) to 1.391im (2.17ttm) over which 7 data points were 

recorded. 
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Results from Grating D 

Figure (5.29) shows a plot of the spectral data recorded during parametric oscillation in 

grating I of the double grating pair labelled grating D in Figure (5.11). Only the primary 

conversion grating period is relevant to any conversion process and in this grating pair 

grating I had a period of 22.851im. Parametric oscillation in this grating was again very 

stable and predictable with all of the outputs near to where the conservation of energy 

curve (pink) predicted. 

E 
:: L-2.8 

2.6 

2.4 

06 

-22.2 'D 

9 

D->A, =22.85pm 

Idlet generation 

---- ---------------- ------------- --------- 
f-25 1.3 1.35 1.4 1.45 

Signal Wavelength (pm) 

Fig. 5.29: Plot of the experimental data recorded using grating D (grating period-22.85ýum) when the 

crystal was orientated in the reverse direction. All of the data occurred where expected except one point 

which onlyjustfalls outside the reflectivity bandwidth of the mirrors. 

Normal parametric operation was observed over a signal (idler) tuning range that 

varied continuously from 1.271trn (2.521tm) to 1.39Am (2.16itm) and 6 data points were 

recorded. The operational powers of the outputs were still relatively low but again 

operation was stable and constant throughout the whole tuning range and they all 

occurred close to where conservation of energy predicted them to be (pink curve). One 

data point however fell outside the reflectivity bandwidth of the mirrors which ranges 
from 2.1 jim to 2.5tim, but this was nothing to be concerned about as the stated bandwidth 

simply represents an approximate high-reflectivity (R>99.5%). Outside this region the 

reflectivity coefficient drops off sharply and therefore oscillation is unlikely to occur far 

beyond the wavelength range indicated by the dashed lines. 
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Results from Grating E 

Figure (5.30) shows a plot of the spectral data recorded during parametric oscillation in 

grating I of the double grating pair labelled grating E in Figure (5.11). Only the primary 

conversion grating period is relevant to any conversion process and in this grating pair 

grating I had a period of 22.94/. tm. Parametric oscillation in this grating was stable and 

fell within the area predicted by conservation of energy however in this grating tandem 

operation did occur. The efficiency of this tandem conversion was significantly lower 

than for the forward orientation of the crystal but nonetheless it did occur and was 

unexpected. 
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Fig. 5.30: Plot of the operational data takenfrom grating E (grating periodý22.94jim) when the crystal was 

orientated in its reverse direction. The data collected indicated that tandem operation occurred in this 

grating even though the second grating used to convert the signal pulses was not used in the tandem 

process. 

Parametric oscillation was observed over a signal (idler) tuning range that varied 

continuously from 1-27Am (2.47tim) to 1.39Am (2.17Am) and 7 data sets were recorded. 

Tandem operation was observed in 4 of these data sets with the signal (idler, idler(2)) 

tuning from 1.27mm. (2.47mm, 2.57mm) to 1.30mm (2.36mm, 2.68mm) and comparing 

the deviations of the 2 longer wavelength idler(2) outputs from the conservation of energy 

curve to the same deviations seen in the idler(2) outputs during tandem operation in the 

same grating with the crystal orientated in the forward direction this may be the indication 
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of the onset of parametric down-conversion of the generated signal. As it was unclear 

whether grating I or grating 2 was responsible for the parametric down-conversion of the 

signal already observed in the forward crystal orientation the observation in the reverse 

direction would not be unexpected because the signal is always present in grating 1. 

Results from Grating F 

Figure (5.31) shows a plot of the spectral data recorded during parametric oscillation in 

grating I of the double grating pair labelled grating F in Figure (5.11). Grating I has a 

period of 23.02Am and the parametric oscillation in this grating was stable, falling within 

the area predicted by conservation of energy and again in this grating tandem operation 

was observed. 
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Fig. 5.31: Plot oj'the experimental data recorded in grating F (grating period=23.02Arn) when the clystal 

was orientated in the reverse direction. Tandem operation is seen over approximately half the tuning range 

of the OPO with low absolute conversion qfficiency but higher thanfor grating E in Fig. 5.29. 

Parametric oscillation was observed over a signal (idler) tuning range that varied 

continuously from 1-27Am (2.501im) to 1.35Am (2.24/. tm) and 9 data sets were recorded. 

Tandem operation was observed in 5 of these data sets with the signal (idler, idler(2)) 

tuning from 1.29mm (2-47mm, 2.64mm) to 1.30mm (2.38mm, 2-69mm) at an efficiency 

that was higher than in the previous gating (E) operation in the reverse orientation of the 

crystal. 
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Results from Grating G 

Figure (5.32) shows a plot of the spectral data recorded during parametric oscillation in 

the last gating I of the double gating pair labelled grating G in Figure (5.11). Grating I 

has a period of 23.09Am and the parametric oscillation in this gating was the most stable 

falling within the area predicted by conservation of energy and again in this grating 

tandem operation was observed. In this gating the tandem operation was the most 

efficient of all of the gratings that showed tandem operation while in the reverse crystal 

orientation. 
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Fig. 5.32: Plot of the experimental data recorded using grating G (grating periodý23.09, um) when the 

crystal was orientated in the reverse direction. Relatively efficient tandem operation (in comparison to 

gratings E and F in the reverse direction) was observed over a section of the tuning range. 

Normal parametric oscillation was observed over a signal (idler) tuning range that 

varied continuously from 1.27Am (2.501tm) to 1.37jim (2.24Am) and 8 data sets were 

recorded. Tandem operation was observed in 4 of these data sets with the signal (idler, 

idler(2)) tuning from 1.27mm (2.50mm, 2.61 mm) to 1.3 1 mm (2.41 mm, 2.70mm) with an 

efficiency that was the highest of the three gratings showing tandem operation in the 

reverse orientation. 

A possible explanation for the unexpected occurrence of tandem operation in the 

reverse crystal orientation is that it was possible for both of the conversion processes to 
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take place inside the same grating (grating 1) due to the wavelengths involved. The 

signal and idler group velocities are very similar and the necessary temporal overlap 

between the pulses is present at the point where they are generated. In this situation the 

process is similar to a standard OPO where the role of the pump, signal and idler is now 

performed by the signal, idler and idler (2) respectively. The result is that a small amount 

of the generated signal pulses is immediately converted into idler and idler(2) outputs but 

as this now occurs within the primary grating and the process is not phasematched, the 

conversion is significantly less efficient. This is similar to one of the original single- 

crystal, simultaneously-phasematched tandem OPO situations reported in previous work 

[17] that was described during the review section of this chapter. Numerical calculations 

of the wave-vector mismatch, Ak, suggest that for the given data points the efficiency of 

the secondary conversion of the signal pulses in grating I is much lower than in grating 2 

(which is what happens with the crystal in the forward direction) but still large enough to 

see some conversion. This point is better illustrated by comparing the relative intensities 

of the idler and idler(2) outputs in the forward orientation arrangement with those seen in 

the reverse orientation of the tandem system. Figure (5.33) shows a selected spectrum 

taken from the data points recorded using grating G (which was the most efficient grating 
in both directions of operation) both of which show the maximum intensity in the idler(2) 

spectrum for that grating and that orientation. Using each spectrum a ratio between the 

relative intensities of the idler(2) and idler outputs is calculated for that spectrum and by 

comparing the ratio from each profile the difference in conversion efficiencies is 

noticeable. For the forward orientation the ratio of the idler(2) to idler peak intensities is 

0.603 :1 however in the reverse orientation the ratio is 0.143 :I indicating a difference in 

conversion efficiency of a factor of around 4.5. 
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Fig. 5.33: Plot comparing the relative intensities of the idler and idler(2) peaks- fi-om the data points 

showing the maximum idler(2) intensityfor both theforward (green) and reverse (red) orientation of the 

crystal. 

This small but measurable conversion is consistent with calculations of the efficiency 

factor, sinC 2 (Akl/2), for the process in the first grating. When tandem conversion occurs 

in grating 2 the normalized efficiency factor is of the order of I but for the conversion in 

grating I this falls by an order of magnitude to around 0.1. 

5.4.2 Temporal Domain - Pulse Durations 

With the OPO operating in the forward crystal orientation and using a 2.5% plane output 

coupler as the flat end mirror an autocorrelation measurement was recorded of the idler 

pulses leaving the cavity during operation in grating G. This grating was used as it had 

proven to have the most efficient conversion in either orientation of the crystal. The 

arrangement that was used to record the traces is shown in Figure (5.34) and the 

measurements were made using an average idler output power of around 30mW. 
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Fig. 5.34: Schematic of the configuration used to record the idler spectrum and autocorrelation 

measurements of the idler output. The Rees spectrometer records the spectral profile of the idler pulses as it 

emerges through one of the cavity mirrors and the auto correlation measurements are produced using the 
idler output emergingfrom the cavity end mirror. 

The autocorrelation measurement was implemented using two-photon absorption in an 

InGaAs photodiode (which has a single photon absorption cut-off wavelength at - 1.7/tm) 

which gave a strong nonlinear response at the idler wavelength of 2.38ttm. A 'Tektronix' 

oscilloscope was used to record both the interferometric and intensity autocorrelation 

along with a corresponding spectrum that was recorded using a Rees scanning mirror 

spectrometer. The interferometric autocorrelation of a pulse allows the intensity 

autocorrelation to be calibrated accurately as well as giving a visual impression of the 

arriount of frequency chirp present in the pulses. The measured interferometric 

autocorrelation is shown in Figure (5.35) plotted on a time scale calibrated using a fringe 

counting approach as discussed in Chapter 2, the same scale is then used to plot the 

intensity autocorrelation profile. 
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Fig. 5.35: Inteiferometric autocorrelation trace of the idler pulses emergingfrom the cavity with the clyý%: tal 

operating in grating G and orientated in its forward direction. The shape of the profile indicates that the 

emerging pulses are not particularly close to being transform limited. 

To make quantitive measurements regarding the amount of chirp present on the 

pulse an actual time bandwidth product of the emerging pulses needs to be calculated and 

comparing it to the time bandwidth product for the transform limit case (Chapter 2 goes 

into some detail about how to make this calculation and what the transform limited values 

should be for various pulse profiles). The time bandwidth product for a sech 2 profile is 

given by Equation (5.17): 

A, rAv = 0.315 (5.17) 

where AT is the duration of the pulse and Av is the pulses corresponding frequency 

bandwidth. The pulse duration is calculated from the intensity autocorrelation profile 
(Fig. 5.36) by measuring the temporal width of the intensity trace and dividing by a profile 

dependant factor, which in the case of sech 2 profile is 1.54. 
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Fig. 5.36: Intensity autocorrelation trace of the idler pulses emergingfrom the cavity with the crystal 

operating in grating G and orientated in itsforward direction. Measurements indicated an intensity 

duration of 632fs corresponding to an actual idler duration of 41 Ofv. 

From this profile an intensity autocorrelation duration was measured giving a FWHM 

value of 632fs corresponding to an idler pulse duration of around 410fs. Tocalculatethe 

time bandwidth product the frequency content of the emerging pulses is also required 

which is measured using the spectrum of the idler pulses (Fig. 5.37). 
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Fig. 5.37. Output pulse spectral prQfile used in the autocorrelation measurement shown in Fig. 5.35 and 
5.36, The central wavelength is 2.38Am and a full width haýf maximum bandwidth of 56nm, which can be 

used along with the pulse duration to calculate the time bandwidth productfor the emerging idler pulses. 

The frequency bandwidth of a pulse can be calculated from the wavelength bandwidth 

using Equation (5-18), 
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lAvl C 
AA 

le 

where AA is the wavelength bandwidth, A the central wavelength of the profile and c is 

the speed of light in a vacuum (3xI 08MS, I ). Therefore with a pulse duration of 410fs and 

a spectral bandwidth of 56nm a time bandwidth product of 1.21 is calculated implying 

that the pulses were approximately a factor of 4 longer than the transform-limit case 

therefore they contained substantial amounts of frequency chirp. 

5.4.3 Power Conversion Performance 

The conversion performance of the OPO was studied by investigating a variety of 

measurements including the pump depletion, the oscillation threshold, the output power 

and the slope efficiency. All of these measurements were made using the most efficient 

grating pair (grating G) in either the forward or the reverse orientation. 

Pump Depletion 

By measuring the fractional pump depletion it was possible to determine the overall 

efficiency of the oscillator during operation and find the position of optimal performance. 

This was recorded in grating G using a pump wavelength of 840nin and the total 

depletion in the pump spectrum was measured to be 78% when the OPO resonator was 

configured using two R= -100mm high-reflector mirrors (MI and M2 in Fig. 5.15) and 

one plane high-reflector end mirror. The fractional pump depletion was calculated by 

recording two spectra immediately after the end R= -100mm high-reflector mirror (MI), 

one when the OPO cavity was running and one when it was blocked internally. Figure 

(5.38) shows the depleted and undepleted pump spectra from which the amount of pump 

depletion was calculated, which includes all parasitic losses present in the cavity and was 

substantially higher than the idler extraction efficiency. 
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(I) 

Fig. 5.38: Plot of the pump spectrum taken during operation (red) and non-operation (blue) in grating G 

with the crystal in theforward orientation. The difference between the two is used to calculate the 

percentage depletion in the pump spectrum during operation, which can then be used to evaluate the 

operation efficiency. 

Slope Efficiency 

When measuring the operational efficiency of the tandem OPO one of the more useful 

measurements to make is the idler extraction efficiency meaning how much idler power 

can be extracted for a given input pump power. To calculate this value some amount of 

the intracavity power needs to be output coupled through the end mirror and the pump 

power needs to be varied across a given range. Then measurements of both the input 

pump power and output coupled idler power need to be taken at regular intervals as the 

pump power is reduced from maximum to zero. In this measurement a 2.5% output 

coupler was installed and measurements were taken in both the forward and reverse 

crystal orientations during operation in grating G. In the tandem configuration the pump 

powers were varied from 0- 450mW and a slope efficiency obtained had value of 11% 

while in the reverse crystal orientation pump powers were varied from 0-600mW and a 

slope efficiency value of 6.5% was recorded. The slope efficiency measurements carried 

out in both the tandem (red data points) and non-tandem (green data points) 

configurations are displayed in Figure (5.39) and the threshold values for each 

configuration were also measured and were similar in both cases. 
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Fig. 5.39: Slope efficiencies ofgrating G in both thejbrward (red circles) and reverse crystal (green 

crosses) orientations showing slope efficiencies of 11.2% and 6.7% respectively. 

For the tandem configuration when the resonator comprised entirely of high-reflector 

mirrors a threshold value 94mW was recorded and for the non-tandem configuration a 

value of IOImW was recorded. In the forward configuration a maximum idler power 

recorded from the OPO was 68mW and was measured at a wavelength of 2.311m using a 

pump power of 750mW. 

At close to a wavelength of 1.3Am the signal spectrum measured during tandem 

operation had a profile very similar to the characteristic shape associated with pump 

depletion and that was recorded at the Ti: sapphire pump laser wavelength. This effect 

had been mentioned in earlier work on tandem OPOs [12] and was a key issue in the 

operation of idler resonant tandem OPOs. This early work stated that in order to 

maximise the conversion efficiency in idler resonant tandem OPOs both the pump and 

signal spectrum depletions must be maximised. This was not possible in this systems and 

direct confirination that this shaping of the signal spectrum around tandem operation was 

the result of signal depletion was difficult to achieve. This was because there was no way 

to interrupt operation in grating 2 while still maintaining oscillation on grating I so an 

undepleted signal pulse could be measured for a direct comparison. Nevertheless, one 

indirect measurement was found to corroborate the assumption that the spectral shape is a 

result of signal depletion due to tandem operation and this involved close consideration of 

the spectral profile of a suspected depleted signal and the corresponding idler/idler(2) 

spectrum. 

Operation in grating G 
0 Forward Orientation 
+ Reverse Orientaton 

Gradient of 11.2% 
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Fig. 5.40: Signal spectrum suspected ofshowing a depletion due to conversion in the second grating during 

tandem operation of the OPO, the central dip is located at a wavelength of around 2.95jum. 

Figure (5.40) shows a specific signal spectrum suspected of showing depletion due to its 

conversion in the second grating. Inspection of the wavelength of maximum depletion in 

the signal spectrum (Fig. 5.40) shows that it corresponds, through the 

relation IlAs ý ll'ýi + '/'ýO 
, to the signal wavelength inferred from parametric generation 

of the idler and idler(2) wavelength peak shown in Figure (5.4 1 ). 
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Fig. 5.41. - Idler and idler(2) outputs measured at 2.46Am and 2.71Lm respectively corresponding to the 

signalspectrum shown in Fig-5-39 that's suspected ofshowing signs of depletion due to tandem operation. 

Although this evidence is not a conclusive indicator of signal depletion (other effects such 

as group-velocity walk-off between the pump, signal and idler pulses can cause similar 

spectral shapes), if correct it indicates that there is substantial conversion from the signal 
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to the idler and idler(2) pulses and that the tandem configuration is successful in 

increasing the amount of idler generated. Absolute measurements of the average idler(2) 

power generated were not possible because of the poor transmission of the idler(2) 

wavelength through the cavity mirror coatings and substrates and the difficulty of 

separating the idler and idler(2) wavelengths in order to make a power measurement of 

only the idler(2) output. 

5.5 Conclusions and System Improvements 

This chapter has described the design, construction and performance of an idler-resonant 

femtosecond tandem optical parametric oscillator based around a single crystal with a 

dual-grating structure. The principle behind the experiment was to test the feasibility of 

such a device, investigate its operational characteristics and evaluate its conversion 

efficiency in comparison to a similar non-tandem system. The crystal contained seven 

different grating pairs all of which showed differing operational characteristics but in 

most cases the grating pair label G in Figure (5.11) demonstrated the most efficient 

combined conversion. This grating was used to collect the majority of the data including 

spectral tuning measurements, temporal domain measurements and power conversion 

data. The combined outputs from the tandem OPO demonstrated a total near to mid- 

infrared wavelength tuning range of 1.25[im to 4.2gm with the signal output covering 

1.25 - 1.40ptm, the idler output tuning over 2.1 - 2.5gm and the idler(2) output tuning 

covering 2.5 - 4-2gm. Power measurements, slope efficiencies and pump depletion 

measurements were used to compare the overall performance of the device while 

operating with the crystal in either the forward (tandem) direction or the reverse (non- 

tandem) direction. The highest average idler output power of 68mW was obtained during 

operation in grating G where a pump depletion of 78% was measured. With the crystal in 

the forward direction a slope efficiency of 11% was recorded, which was nearly twice the 

value of 6.5% recorded using the same grating but in the reverse orientation of the crystal. 

This data although not groundbreaking does show the improvement that can be gained by 

using a second grating in an idler-resonant OPO device to enhance the generation of the 

resonant wave. 
Several unexpected effects were revealed by the data collected all of which were 

previously unreported in an ultrafast system including novel phasernatching effects like 

seeded optical parametric generation and degenerate down-conversion of the non- 

resonant signal wave. Therefore if nothing else this work has highlighting several key 

areas in tandem OPO systems that would benefit from further research in on order to 
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understand the mechanisms behind these unexpected effects and possibly make use of' 

them. The operational stability of the system was quite poor however this was not 

completely unexpected as previous work by Koch and Moore (see Section 5.2) had 

suggested that idler-resonant systems would be more demanding to optimise than signal- 

resonant ones. Despite the poorer than anticipated performance of' the device does still 

represent a source of high-quality mid-infrared pulses because the idler-resonant cavity 

potentially ensures that the beam quality of the mid-infrared output is diffraction-111nited 

and therefore suitable for demanding experiments in nonlinear imaging and other ficids. 

in review of the operational stability and conversion performance of the tandern 

OPO the experiment has highlighted several key factors that could be improved oil Ior tile 

design and implementation of future such devices. These included the inclusion of a 

single control grating for each double grating so a direct comparison between f6mard and zn 

reverse operation can be studied. 
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Fig. 5.42: Schematic oj'a crystal structure perhaps inore appropriate. lor comparing the chal-actvrj. %, tj(, s of' 

tandem and non-landem operation, darker regions represent unpolcd regions not phaseniatched for 

conversion. 

Figure (5.42) shows the kind of crystal design that would be useful and incorporates the 

four most efficient gratings present In the crystal used for this work. The darker regions 

of the crystal structure represent unpoled material where no phaseniatched conversion 

occurs and the grating labelled grating D2 is double the size ofthe other gratings to allow 

visual identification of the crystals orientation. 
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A further refinement that could improve the conversion efficiency would be to use 

a ring cavity configuration as adopted by Koch and Moore in the majority of their 

theoretical works. These reports had concluded that ordering of the intracavity crystals 

was crucial in signal resonant OPO-SFG, OPO-SHG and OPO-DFM devices in 

optimising the conversion efficiency of the device. Whether or not the same is true for 

idler resonant cavities is not known but considering that the tandem OPO discussed in this 

chapter is equivalent to an OPO-DFM device then it is likelY it is also true for an idler- 

resonant tandem OPO. 
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6.1 Introduction 

This final experimental chapter will describe an application-based experiment in which a 

broadband mid-infrared ferntosecond optical parametric oscillator (OPO) is used to 

perform Fourier transform infrared spectroscopy (FTIR) of methane gas. The main aim 

of this experiment was to acquire an absorption spectrum of methane gas using the 

broadband output from an OPO rather than the more commonly used broadband thermal 

source. This experiment represents the first application of a femtosecond OPO for this 

purpose and specific applications such as remote gas sensing and pollution detection 

could benefit directly from the advantages associated with using a collimated broadband 

source. 
The experiment itself makes use of an analytic technique called 'Fourier transform 

spectrometry' (FTS) that is extensively used in many optical research areas where high- 

resolution spectral measurements are required. These include astronomy in which stellar 

spectra are analysed using ground-based and space-based telescopes and in infrared gas 

sensing where the technique is known as Fourier transform infra-red (FTIR) 
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spectroscopy. The basic theoretical principles of FTS are outlined in Section 6.2 in order 

to enable the reader to understand the basic concepts and their context in FTIR 

spectroscopy. Section 6.3 contains a brief review of FTIR spectroscopy discussing in 

particular how OPOs have been used to date in certain measurements. Section 6.4 

describes the OPO source that was used for the experiment explaining why and how it 

was adapted from the system described in Chapter 4 to enable it to be used in this 

experiment. The experiment itself is described in detail in Section 6.5, outlining how the 

OPO output beam, which was transmitted through a gas chamber containing methane gas, 

was used to generate interkrograms and how these were used to retrieve absorption 

information about the methane gas itself The results themselves include spectra acquired 

at pressures ranging from 2000mbar down to 25mbar and these are compared to 

calculated spectra to enable the technique to be assessed in terms of its accuracy, practical 

merit and sensitivity. Section 6.6 concludes the chapter and considers further work that 

could improve and develop this technique for future projects. 

6.2 Theory of Fourier Transform Spectrometry 

A Fourier transform spectrometer (FTS) is an instrument that is frequently used to 

measure the spectral content of a light source, either for the specific purpose of studying 
the source itself or to characterise how it has been affected by propagation through a 
medium. The spectrometer itself is usually based on a basic Michelson interferometer in 

which, by varying the path length of one of the arms, an interference fringe pattern 
between the input wave and its time-delayed replica can be generated. This interference 

signal is referred to as an interferograrn and contains complete spectral intensity 

information about the original wave entering the interferometer. If the transmission of the 

wave by a sample is the measurement of interest then placing the sample in the path of 

the wave just before it enters the interferometer generates an interferograrn that contains 

absorption information about the sample at the wavelength of the wave. In this way it is 

possible to study the absorption behaviour of various materials and to record an 

absorption spectrum for the sample. The interferograrn on its own must be manipulated 
before the spectral information can be retrieved and an absorption spectrum generated. 
The theory used to retrieve the spectral information from the interferogram is outlined 
below, briefly surnmarising the mathematics behind the technique and showing formally 

that the interferogram, although a time-domain measurement, does in fact contain the 

spectral information. 

Consider a wave that has an intensity profile, I(t) defined by equation (6.1), 
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I(t) = JE(t 12 
(6.1) 

where E(t) is the wave's time-dependent electric field and JE(t ý2 is defined explicitly by 

equation (6-2), 

JE(t ý2= 
E(t)- E(t)* (6.2) 

and where E(t)* is the complex conjugate of the electric field E(t). The wave enters the 

interferometer and is split into two different beams by a partially reflecting beam-splitter 

which travel along two perpendicular arms of the Interferometer (see Fig. 6.1). Both arms 

contain mirrors that retro-reflect their respective beams but the mirror in one of the arms 

is scanned to introduce a variable difference in the path length between the beams. This 

path length variation allows one of the beam to be temporally delayed by an amount, r, 

resulting in that beam having a different electric field defined by E(t - r) relative to the 

onginal beam, E(t). These two waves are then recombined producIng an Interference 

signal, S(t, r) that is defined by equation (6.3), 

S(t, JE(I) + E(I - (63) 

Beamsplitter 

E(t) E(t) T 

Z E(t-T) n 

Scanning 
Mirror 

S(t, T) 

I Oscilloscope I 

Fig. 6.1: Schematic of a Michelson interferometer used to acquire an interferogram suitablefor Fourier 

transform spectrometry. One of the mirrors is scanned and results in a wave that is delayed with respect to 

the other by, an amount, Z' and these are combined at the detector, which measures an inteýferenve 

signal, S(t, r). 
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The detector actually measures the time integrated version of the interferogram, S(r) 

rather than S(t, r) and this can be formally described simply by integrating S(t, z-) over 

all time as shown in equation (6.4), 

S(r)= flE(t)+E(t-rý2dt (6.4) 
-. 0 

which when fully expanded can be expressed as, 
0 

S(r)= 
(E (t)J2 + JE (t 

-r 
ý2 )dt 

(6.5) 

+ 
(E(t)E(t 

- ry + E(t)* E(t - r»dt 
0 

where the first term is a DC component due to the sum of the intensity of the two 

independent fields in each arm and can be removed without loss of generality. This 

leaves the second term, which contains all of the detailed spectral information regarding 

the interference between the two waves. This allows equation (6.5) to be reduced to, 

S(r)= (E(t)E(t 
- r)* + E(t)* E(t - -r»dt (6.6) 

-0 

where E(t)E(t - r)* and its complex conjugate E(t)* E(t - r) are the cross terms 

responsible for the detailed fringe pattern of the interferogram. To retrieve the spectral 
information relating to the original wave a full description of equation (6.6) is necessary. 
The two products inside the integral correspond to the positive and negative sidebands of 

the spectrum and for simplicity we will consider only one of these terms, without loss of 

generality. 
At this point it becomes necessary to introduce a mathematical axiom called the 

convolution theorem, which will enable it to be shown that the Fourier transform of S(T) 

is equivalent to the spectral intensity, I(co) of the original wave. The convolution theorem 

states that the convolution (0) of two functions, g(t) and h(t) is equivalent to the 

following integral, 
.0 

g(t)Oh(t)= fg(t)h(r-t)dt (6.7) 
-0 

where h(r - t) is a temporally inverted, time delayed version of the function h(t) with r 

representing the time delay. Spectrally, the convolution represented by this integral is 

equivalent to the product of the Fourier transforms of g(t) andh(t). Therefore the 

integral in equation (6.7) can be equated to an inverse Fourier transform of the product of 
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the Fourier transformed versions of the original functions g(t) and h(t) as described by 

equation (6.8), 

f g(t)h(z- - t)dt = Fr -1 {G (co)- H (co)) (6.8) 

where G(co) and H(w) are the Fourier transfonns of g(t) and h(t) given by equation 

(6.9) and (6.10), 

G (co) *f 
g(t)exp (- iw I )dt (6.9) 

0 

2; r -. 
00 fh (t)exp (- icot) dt (6.10) 

2; r -. 

By applying the convolution theorem to S(r) equation (6.6) can be reduced to, 

S(r) = FT-1 ý(co) 
- FT JE(- 

t)* 
11 

(6.11) 

Since 

FTý(-tyj= FTý(t -ry)= e(w) 

therefore S(r) becomes, 

S(r) = FT-'ý(co) - e(w)* 
1 

where 
S(r) = FT-1 JI(o))j 

and 

(6.14) 

I(co) = le(co)2= e(co) - e(w)* (6.15) 

Therefore equation (6.13) can be used to show that I(o)) can be expressed as the Fourier 

transform of the function S(r), 

I(co) = FTjS(r)j (6.16) 

in practice this means that it is possible to recover the spectral intensity profile of the 

original wave simply by Fourier transforming the interferograrn recorded in the 

intcrferomctcr. 

in optical absorption spectroscopy electromagnetic waves from the near 

ultraviolet to the far infrared are utilised to excite electronic and molecular transitions in a 

sample. FTS can be used study the absorption features of a gas simply by placing a 

sample of the gas in a chamber in the path of the input beam to the interferometer. This 

way the modulated beam that is transmitted through the sample defines the input 

spectrum however in this case it will also include the absorption features of the sample 

gas. The transmitted beam that is recorded by the detector in the FTS interferometer can 
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then be used to measure the transmittance of the sample, which is often used as the output 
from specimen. The transmittance of the sample, T, (co) is defined as the ratio of the 

attenuated beam, I, (w) compared to the original beam, I,, (a)) as given by equation (6.17), 

T 
I, (0j) 

s io (CO) (6.17) 

Figure (6.2) shows schematically how the sample gas attenuates the spectral intensity 

profile of the reference beam and how the transmittance of the sample gas can be 

calculated from the spectrometer measurements of the detector in a Fourier transform 

spectrometer. 

10(co) 

LLJ 
Gas sample cell 

Fig. 6.2: Schematic representation of the spectral intensity of a reference beam before (I,, (o))) and after 

(I, (o))) it has passed through a gas cell and the sample gas has altered its profile by absorbingportions of 

the beams intensity atparticularfrequencies. 

It is also common to express the transmission of the sample in terms of an optical density 

(OD) or absorbance, A, (w), which is related to the transmission of input beam by an 

inverse relationship and is defined by equation (6.18), 

A(co)=1og101_1 (6.18) 

The absorbance of a substance is directly related to its absorption coefficient, a(co), by 

the relation given in equation (6.19). 

a(co) I A, OD] 
2.303 

where I is the sample thickness. The absorption coefficient is a fundamentally important 

quantity with regards to the optical description of a substance and therefore the 

absorbance or transmittance of a substance is a critical measurement to make. 

Experimental measurements of A, (co) can be related to theoretical spectra inferred from 

quantum mechanical calculations, which are commonly available in various public 
databases on the internet (e. g. HITRAN, EPA). 
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Figure (6.3) shows the kind of experimental set-up necessary to use FTS to study 

the absorption properties of a sample gas contained an enclosed cell. 

E0(t) 

-- 
Es(t) 

-00. 

Beamsplitter 
Z-4 

T> 

E, (t--c) 
Scanning 

M irror 
Gas sample cell 

S, (t, T) 
V) 

Fig. 6.3: Schematic representation of the kind ofe. ycrinzental set-up necessal-v to measure the transmission 

spectra, T, (w) and calculate the absorbance, A, ((o) of a gas sample across afrequencY range determined 

by the tuning range of the source of electromagnetic radiation responsiblefbi- supplying E(t). 

In this set up E,, W represents the electric field of the source beam before its interaction 

with the gas sample and E, (t) is the electric field of the wave leaving the gas chamber 

and entering the interferometer. Therefore equation (6.4) becomes, 

S, (r)= flE, (t)+E, (1- Z. di (6.20) 

where S, (r)is the interferograrn generated from the interference of the electric fields 

containing the absorption inforination ftorn the sample gas. This means that the intensity 

spectrum, 1, (o)) recovered from this interferograin becomes, 

IS (ct)) = FT ýS, (r)l 

To produce an absorption spectrum profile for a gas sample requires a corresponding 

reference intensity spectrum to be recorded without the sample: 

FT IS,, (r)l (6.22) 
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6.2.1 Wavenumbers and Spectral Resolution 

Before moving on to review the use of the OPO in FTIR spectroscopy to date it is 

important to define the common unit of measurement used in spectroscopy and to 

introduce the concept of spectral resolution or resolving power with respect to an FTIR 

spectrometer. 

The Wavenumber 

The common unit of measurement used in spectroscopy and chemistry in general is the 

wavenumber which can be defined as the project of the wave vector along a particular 

axis. The wavenumber is commonly represented by v and can be related to the 

wavelength of the incident light as follows [1]: 

-1 V=- A 
(6.23) 

where v has the units of inverse centimetres (cin") and is defined by equation (6.24). 

cm -1 = 
o. olm-l 

(6.24) 

As this is a thesis written from a physics point of view and with the physicist in mind it 

would be useful to know how to converting wavenumbers into a wavelength and equation 

(6.25) gives a useful relationship for exactly this purpose. 
101000 

v [cm-']= 
Z [gn] (6.25) 

where v is the wavenumber given in inverse centimetres and X is the wavelength in 

microns. Therefore for an incident or transmitted beam with a wavelength of I gm its 

corresponding wavenumber can be calculated to be 10'000 inverse centimetres (cm"). 

Spectral Resolution 
In an FTIR spectrometer the resolution power is determined by the scanning range of the 

moving mirror within the Michelson interferometer but how does it relate to the 

wavenumber resolution achievable by the device? The path difference between the waves 

propagating along the two perpendicular arms of the interferometer introduces a phase 

shift between the two interfering waves responsible for producing the fringe pattern at the 

detector (interferogram). The path difference between the two arms is given by equation 
(6.26), 

cAt (6.26) 

where At is also the coherence time of the incident waves. Therefore using the fact that: 
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At =1 AV 
(6.27) 

where Av is the frequency difference corresponding to the path length change which can 

be related to a wavelength difference as shown by equation (6.28). 

AV= cA 
(6.28) 

A, 

It is therefore straightforward to show that equation (6.26) can be re-expressed as: 

AX =1 (6.29) 
AA 

So using equation (6.23) a wavelength difference can be related to a corresponding 

wavenumber difference given by equation (6.30), 

-2 
V- 

AV 
(6.30) 

and the path difference, Ax, can be related to a wavenumber variation given by equation 

(6.31). 

AX =I AV 
(6.31) 

where AV can be considered to be the wavenumbcr resolution power or spectral 

resolution resulting from the scanning range of the Michelson interferometer. Therefore 

improving the resolution power of an FTIR scanning mirror spectrometer means reducing 

the wavenumber variation, which it is simple a matter of increasing the range over which 

the scanning mirror can travel. However care should be taken when considering high 

resolution powers (i. e. AV -0.001cm'l - Ax-10m) as a practical issue arises regarding 

beam alignment in the interferometer arms, which becomes progressively harder to 

achieve as the arm lengths increase. 

6.3 Review of the Use of Optical Parametric Oscillators in the Field of 
Fourier Transform Infrared Spectroscopy 

Conventionally, OPOs have been used in high-resolution optical absorption spectroscopy 

as narrow-band tuneablc sources and the measurement resolution has been determined by 

the OPO output linewidth, rather than by the wavelength resolution of the detector. With 

the possible exception of grazing-incidence grating OPOs [2], spectroscopy with these 

sources is characterised by high-resolution but quite limited tuning [3] with the largest 

tuning ranges being limited to tens of GHz [4,5]. Although the ultimate measurement 
resolution is determined by the OPO linewidth, a separate high-resolution spectrometer is 
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still necessary to calibrate the OPO tuning rate and verify that the output contains only a 

single longitudinal mode. In contrast, the absorption spectroscopy of gases and other 

media has for many years been carried out using instruments such as Fourier-transform 

infrared (FTIR) spectrometers [6] or high-resolution diffraction-grating-based tuneable 

monochromators. These techniques typically make use of broadband thermal or 

superluminescent semiconductor sources to illuminate the sample and the measurement 

resolution depends only on the details of certain components within the detection system, 
for example the interferometer or the diffraction grating, and not the bandwidth of the 

light source. Indeed for these measurements a broadband source with a bandwidth 

spanning the absorption lines of interest is a key requirement. Pulsed laser or OPO 

sources can often produce broader spectra than CW systems and a nanosecond, Q- 

switched, beta-barium-borate OPO has been used to perform near-IR spectroscopy of 

acetylene across a 9ni-n (1. lTHz) range near 1540nrn [7]. In this experiment the acetylene 

sample was placed within the idler-resonant cavity where the pulses experienced multiple 

passes of the absorber, thus increasing the depth of the absorption lines and improving the 

sensitivity of technique in comparison to single pass approaches. To date there appears to 
have been no equivalent work using fenitosecond lasers or OPOs, yet the extensive 
(-200nin) mid-IR bandwidths available from a fenitosecond source present an 

opportunity in many gases (and other media) to interrogate a wide range of infrared 

absorption lines using optical pulses with a fixed centre wavelength. As a spectroscopic 

source, a fenitosecond OPO therefore combines the versatility of a broadband thermal 

source with the attractive qualities of modelocked laser radiation such as high powered, 

structure-free output spectra and easy beam collimation and focusing. These 

characteristics have the potential to enable FTIR measurements to be made over very 
large path lengths (for example in atmospheric pollution monitoring) or at samples 

situated remotely from the light source where the excellent beam quality permits light 

delivery via suitable mid-infrared optical fibres. 

As mentioned above Fourier transform infrared absorption spectroscopy of gases 

and other media is commonly implemented using a thermal source to illuminate a sample 
and the transmitted beam is used to generate an interferogram. The interferogram is then 
detected using an appropriate detector; Fourier transformed and calibrated to retrieve the 

appropriate spectral information. Being a common and powerful technique it is utilised 
by most industrial and research based chemical laboratories and as a result it has attracted 
a large amount of commercial interest. This has resulted in many scientific 
instrumentation companies supplying the market with a whole host of systems all very 
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similar in their basic design with small variations depending on specific spectroscopic 

requirements. The biggest variation in these systems is in the range of thermal sources 

along with the appropriate detectors that are used to study samples at different resolutions 

and across different wavelength/wavenumber regions. Examples of thermal sources 

commonly used include Tungsten filament lamps for the near-IR region (0.71-2.5ýim or 

14000-4000cm-1), a variety of ceramics elements for the mid-IR region (2.5-25gm or 

4000-400cm-1) and Hg-arc lamps for the far-IR region (25-2500grn or 400-4cm"). When 

it comes to detection there are many different methods available depending on the 

wavelength region and the required sensitivities, which include photon-detectors such as 

semiconductors and quantum well infrared photo-detectors (QWIPs) along with energy- 

detectors such as bolometers and pyroelectric detectors. There are extensive lists 

available of semiconductors with the appropriate band-gap structure necessary for use as 

photon-detectors and commonly used materials include germanium (Ge) or indium 

gallium arsenide (InGaAs) for the near-IR, nitrogen-cooled mercury cadmium telluride 

(MCT) and QWIPs for the mid-IR region. Detection in the far-IR region is commonly 

based on energy detection methods rather than photon detection and a commonly used 

detector is helium-cooled silicon, which offers sensitive detection from around 25- 

1000ttm (400-10cm"). Whatever the exact source or detector being used all of the 

commercially available systems make use of the same basic configuration, which is 

outlined here so as to give the reader an idea of a typical FTIR spectrometer set-up. 
The general aim of performing FTIR spectroscopy on a sample is to generate a 

transmission spectrum across a given spectral region and to do this a reference spectrum 

is required against which the sample transmission spectrum can be compared. So in a 

very basic sense the key elements necessary in any spectroscopic system are: 

1. A broadband source split into two coherent outputs, the reference beam and the 

sample beam, 

2. An interferometer used to generate an interferogram for both the reference beam and 

the sample beam, 

3. Detectors capable of recording both interferograms, 

4. Equipment capable of performing inverse Fourier transformations of the individual 

interferograms to retrieve both the reference spectrum and the transmission spectrum 
for the particular sample. 
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Figure (6.4) shows a schematic representation of these 4 basic stages along with a 

calibration beam used in the retrieval of accurate spectral plots, 

Calibration beam 

stage stage stage stage 
Fig. 6.4: Schematic plot of thefour main stages in any MRspectrometer. 

Current commercially available FTIR systems come in a variety of sizes depending on the 

required resolution however very basic systems with resolutions of the order of lcm-, 

upwards are common and come in very compact and robust units such as the model 

shown in Figure (6.5) below. This is the Shimadzu 'IR prestige 21' which can cover the 

near to far infrared region (12,500-240cm-1,0.8-401tm) offering resolutions of the order 

of 16-0.5cm-1 depending on wavelength. It is possible to interface most of these systems 

directly to a computer which can then perfon-n the Fourier processing stage and retrieve 

the absorption details of the sample. 

Fig. 6.5: Photograph of the IR prestige 21 F77R spectrometer by Shimadzu. 

The compact size of the commercial systems is due to the simplicity of the required set- 

up which consists of a central chamber, Into which the sample is placed, a source stage 

and a detection stage which are located on either side of the sample chamber. With the 
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exception of the chamber itself the internal atmosphere of the spectrometer is isolated and 

in most cases evacuated to low pressures or desiccated to remove possible spectral 

contaminants such as nitrogen, oxygen and water vapOUr. A basic schematic or tlic 

internal configuration in this kind of spectrometer is shown in Figure (6.6) below with the 

processing stage being externally located and carried Out using a simple computer. 

A 

Interferometer stape 
Broadband 

Thermal source 

Source stage 

Sample 

IR detector Processinp- stat! 

Computer 

Detection sta2e 

Fig. 6.6: Schematic q1 a basic thermal source, F77R spectrometer setiq) containing Mejour Act, c1cments as 

outlined in Fig. 6.5. 

It is also very common to include a calibration source such as a HcNe laser which folloWs 

a similar path to the thermal Output around the intertlerometer and this allows tile 

calibration of the system to be carried out automatically by software across the computer 

link as the standard interferogram from a relatively monochromatic source is 

straightforward to calculate and retrieve information from. 

6.4 The Optical Parametric Oscillator Pump Source 

The OPO PUMP source used in this experiment was base(] oil the N-Mcni (Icscribcd ill 

Chapter 4, however to allow it to be uscrul in this particular applicatlol, solile 

modifications to its configuration and output characteristics were necessary. This sectioll 

descnbes how the system was adapted for use as a broadband flemlosccond sourcc 11, Ile 
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optical absorption spectroscopy experiment carried out using methane gas in a pressurised 

gas chamber. 

6.4.1 Adaptation of the Pump Source from a Previous System 

The OPO described in Chapter 4 was based around a 10mm crystal of aperlodically poled 

lithum mobate (APPLN) with a signal-resonant cavity and using a Ti: sapphire pump 

laser. The Ti: sapphire pump laser for the OPO was a home built system operating at 

850nm with a pulse duration of around 190fs (after an optical isolator), a repetition 

frequency of 106MHz and with average output powers of the order of 850mW. The OPO 

cavity configuration that was used for the experiment in Chapter 4 is shown in Figure 

(6.7) and was based on a V-cavity design due to its easy alignment and the high levels of 

pump depletion and output powers available from this set up. This cavity was designed to 

resonate the signal output from the parametric conversion of the Ti: sapphire pump, which 

tuned from around 1.05-1.25itm, resulting in an accompanying idler output that tuned 

over a corresponding range of 4.30-2.531im with a typical full-width-half-maximum 

(FWHM) bandwidth of 85nm. The tuning range of the idler output was the reason for 

choosing this system as the pump source for the experiment because methane is known to 

have a broadband strong absorption window in the region of 3.0-3.7/tm. Using this cavity 

configuration the non-resonant idler beam was expected to exit the cavity through mirror 

MI as indicated in Figure (6.7). However due to the BK7 substrate that was used for the 

mirror virtually all of the idler power was absorbed before it could emerge from the 

cavity, which was a major problem in terms of being able to extract sufficient output 

power to enable FTS of methane absorption to be performed. 

APPLN IIIII, It 

f=80111111 
I 

Laser 

Fig. 6.7. The original cavity configuration of the APPLN OPO as useel in the e. yeriment described in 

Chapter 4 showing the inirror through which the idler beam (Ai) exits the cavity. 

The cavity mirror MI was a 6.5mm thick, I inch diameter disc of BK7 substrate coated 

with a high-reflection coating designed for the signal wavelength centred on 1050nm 

(greater than 99.9% reflectivity across the range of 1.0- 1.1 5pm). The main transmission 

264 



Chapter 6. - Mid-lRAhsorption Spcetroscopy QfAlcthane using a Broadband fi, mto. w(, t)jj(j Opo 

window for BK7 extends from 350nm out into the infrared to around 2.9Am [8] and 

therefore at the idler wavelength we were interested In (3.4Am) BK7 is effectively opaque 

absorbing virtually all of the idler power. In order to avoid absorption of the idler output 

by the mirror substrate and extract sufficient idler powers through mirror MI it was 

necessary to find an alternative substrate with a transmission window that extended 

further into the infrared. Fortunately cavity mirrors from a previous OPO system were 

available that used the substrate calcium fluoride (CaF2), which has a greater than 95% 

transmission window that extends to beyond 7Am [9]. These mirrors had a coating 

designed to be highly reflective at 900nm but which in fact extended to ýtl 150nm. By 

replacing the mirror, MI with one of these alternative mirrors we expected to achieve 

high mid-infrared transmission with no substantial increase in the intracavity losses, 

enabling the device's operational threshold to be reached and stable operation to occur. 

However there was a distinct problem with this approach and this was level of reflectance 

the mirror had at the pump wavelength of 850nm. At this wavelength the mirror was able 

to reflect substantial amounts of pump power back along the beam into the Ti: sapphire 

laser cavity, even after a -35dB optical isolator, so terminating modelocked operation. In 

order to make use of this mirror without terminating the modelocked operation of the 

Ti: sapphire laser it was necessary to alter the cavity configuration so that mirror MI 

would not directly retro-reflect the pump into the laser cavity. This was achieved by 

altering the cavity to an X-geometry as shown in Figure (6.8), to enable the pump beam 

incident on mirror MI to be reflected on towards mirror M4 where it would couple out of 

the cavity through the back of this mirror (M4 had a transmission of around 95% at 

850nm). 
mi M2 f=80mm 

Fig. 6.8: TheA'-cai, iýi't. -oiifigui-titioti that it-as eventualýy usedin the OPOsetup to a/low the idlerpulses to 

be efficientýv output coupled through the caviiy mirror MI. Mirror All was changed. for a non-optimalýv 

coated calciumfluoride mirror which required the cavity to be reconfigured to avoid back i-cflection oj'th(, 

pump beam into the pump cavity terminating its modelocked operation. 

Based on this cavity configuration an ABCD matrix cavity simulation program was used 

to calculate the exact mirror positions necessary to ensure efficient and stable operation. 
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The two cavity mirrors, MI and M2, are responsible for both the position of the beam 

focus and for the beam shape in the long arms of the cavity and the two end mirrors, M3 

and M4 only need to be appropriately positioned to ensure the repetition frequency of the 

OPO cavity matches that of the pump laser. Figure (6.9) shows the optimal position 

within the cavity for each mirror along with the accompanying simulated beam profile 

within the cavity for these mirror positions. 

Z. 

1. 

o. 
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N 
U) 
E 

co 

-1. 

-2. 

Tangential plane 
2- Sagittal plane 

5- 
End mirror MI End mirror M4 

5 Cavity mirror M2 Cavity mirror M3 

5- 

5- 

-2 
Beam focused into the centre of the crystal 

51 
U ! DUU I UUU I WU 

Cavity position (mm) 
Fig. 6.9: Simulated beam profilefor the X-cavhy configuration qI'the A PPLN OPO showing an almost 

symmetrical beam shape about the centre of the crystal with the beamfocused in the centre of the ciý-stal. 

Mirrors MI (the CaF2 mirror) and M2 were both planoconcave with a 100mm radius of 

curvature and the simulation had them positioned at exactly 47.7mili from the crystal 

faces. Positioning the mirrors according to the simulation ensured that the bearn focus 

was in the centre of the crystal and that the beams reflected towards the two end mirrors 

were well collimated. The two end mirrors (M3 and M4) needed to be carefully 

positioned appropriate distances from the cavity mirrors to ensure the repetition 

frequency of the cavity matched that of the Ti: sapphire pump laser (-106MHz). A 

symmetrical cavity was not necessary but it did help to minimise the space occupied by 

the system, however due to space restrictions on the optical bench it was necessary to 

introduce a slight asymmetry with mirror M4 positioned at a distance of 640mm from 

mirror MI and mirror M3 at a distance of 660mm from mirror, M2. Figure (6.10) shows 

the resonant beam focus inside the crystal with the appropriate spot size predicted by the 

matrix simulation program. 
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a 
Crystal faces 
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I Beam waist is -20., m in diameter in 3 
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705 710 715 720 725 
Cavity position (mm) 

Fig. 6.10: Theoretical plot of the beam. focus within the X-cavhy in the inunediate vicinity (ýfthc clývsful, 

both crystalfaces are labelled and the spot size of thefocus is given for both the tangential and sagittal 

plane of the cavity. 

With the appropriate cavity designed the next task was to align the cavity and achieve 

parametric oscillation. 

6.4.2 Alignment Procedure 

With the OPO operational in its optimal X-cavity configuration the procedure that was 

used to align the pump beam inside the cavity and achieve oscillatioii differed slightly 
from that used to align a V-cavity OPO. First aligning the V-cavity for operation and 
then modifying this into an X-geometry greatly simplified the necessary beam alignment 

stages and significantly reduced the time needed to carry out the alignment and to reach 

oscillation. 
The most significant difference in the cavity arrangement of an X-cavity OPO m 

comparison to a V-cavity OPO relates to the relative positions of the two cavity niirrors 

with respect to the nonlinear crystal. In a V-cavity arrangement one cavity mirror (the 

mirror through which the pump beam is focused) is positioned a distance approximately 

equal to its focal length from the centre of the crystal and the second cavity mirror is 

positioned a distance equal to its radius of curvature. However, in an X-cavity 

arrangement both of the two cavity mirrors are required to sit at approximately their focal 

distances from the crystal. Therefore, if both of the cavity mirrors have the same focal 

267 



Chapter 6. -Mid-IRAbsorption Spectroscopy qfAlethanc using a OPO 

length (both MI and M2 have focal lengths of 100mm) then the mirror arrangement 

around the crystal will be symmetrical. The repositioning of the cavity mirrors from the 

V-cavity arrangement to the X-cavity arrangement therefore simply required that Mirror 

MI was moved towards the crystal by a distance of approximately 50mm. 

After repositioning this mirror it became apparent that the beam being reflected by 

mirror M2 to the end mirror M3 would require a significant angle to allow it to clear 

mirror MI (see Fig. 6.1 1) and reach the end mirror M3. 

mi mi M2 

---------------- M3 

. N. w 

Fig. 6.11: Schematic showing the problem with moving mirrorMl to its appi-opi-iat(, positioit. foi-th(,. k- 

cavity configuration. 

As it was important to the operational stability the fold angle of M2 be kept as small as 

possible it was decided that a section of the mirror MI should be removed to allow the 

reflected beam to reach the end mirror M3. Likewise the situation would be the same for 

the beam being reflected by mirror MI out towards the other end mirror M4 and it was 
decided to cut this mirror as well. Figure (6.12) shows schematically the final shape of 

the two mirrors that were used in the cavity after they had been cut to shape. 

16mm 

A 

25mm 

v 

Fig. 6.12: Schematic Q1 thefinal shapes that mirrors All and A12 were cut to allowstecring angle ofthc 
intracavity beam to remain as small as it wasfor the V-cavity configuration. 

Before mirror M2 was cut to shape the cavity was realigned in the V-configuration, the 

mirror removed and cut, remounted and oscillation regained. This ensured that the mirror 
M2 and the pump-focusing lens were appropriately positioned for oscillation to be 

achieved in the X-configuration. With the two mirrors cut to shape, mounted and placed 
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in the approximate positions the next step was to alter the beam steering so that each 

reflected beam was incident on the centre of the appropriate mirrors. With this achieved 

the next stage was to align the intracavity SHG beam so that a spatial overlap was 

maintained throughout the cavity and the following is a description of the procedure that 

was used ensure this and then achieve parametric oscillation. For the majority of the 

procedure described below the second harmonic beam generated by an unattenuated 

pump beam focusing in the crystal was used to align the cavity as the cavity mirrors were 

very poorly reflective at the pump wavelength. When the pump beam was used for 

alignment the text will state this and in these instances an infrared viewer was necessary 

to view the beam, as the powers were very low. 

In the V-configuration the positions of the pump-focusing lens, mirror M2 and the 

crystal had been optimised and the only adjustments necessary involved the mirrors MI, 

M3 and M4. With the cavity mirror M1 covered and the end mirror M3 in position a card 

was placed in front of mirror M3 and the pump beam reflected by the front face of the 

crystal back onto mirror M2 and out towards M3 was clearly visible through an infrared 

scope as a single spot. Mirror M1 was then uncovered and used to steer the reflected 

second harmonic beam towards the end mirror M4 through a pinhole where M4 then 

reflected it back through the pinhole and through the crystal out towards the other end 

mirror M3. This beam needed to be roughly overlapped with the beam reflected from the 

front face of the crystal and then fine adjustments were made using mirrors MI and M4 to 

ensure the beams overlapped throughout the entire cavity. The pinhole used to steer the 

beam reflected by the end mirror M4 was adjusted to ensure the beam reflected by the 

mirror M1 passed through the centre of the hole towards mirror M4. M4 was then 

adjusted to ensure the beam was returned through the pinhole, which as a consequence, 

altered the beam overlap at M3 and an iterative process of overlapping the beams on the 

card in front of the mirror M3 was carried out. The cavity mirror MI was used to overlap 

the beams at the mirror M3 and then the pinhole moved so the beam reflected towards M4 

by MI was central and then M4 was adjusted to reflect the beam back through the 

pinhole. This process required about 10-15 iterations before the two beams appeared 

overlapped throughout the cavity at which stage the card in front of the mirror M3 was 

removed. The two overlapped beams were then sent through the centre of a pinhole onto 
the end mirror M3 and adjustments were made to M3 to reflect these back through the 

pinhole and around the cavity again. At this stage the only step remaining in order to 

achieve parametric oscillation was to scan the cavity length until its length was matched 
to the appropriate repetition frequency of the pump laser. Mirror M3 was deliberately 
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mounted on a translational stage in the centre of its scan range and positioned as close to 

the necessary cavity length as was possible by manual measurement. 

To find the exact cavity length a card was placed behind the cavity mirror MI 

where a bright second hannonic beam could be seen and mirror M3 was scanned over the 

whole range and when the cavity length was correct the second han-nonic beam was 

replaced by a brighter set of beams resulting from various mixing processes between the 

parametric outputs and the pump. These mixing processes made it easy to see visually 

when oscillation was achieved and after several scan attempts with various beam 

alignment adjustments oscillation was found. 

6.5 Acquisition of a High Resolution Absorption Spectrum 

With the OPO designed, constructed and operational the next stage was to arrange the 

extracavity idler beam optics and the gas chamber to enable transmission spectra to be 

recorded. The gas cell used for the experiment is shown in Figure (6.13) and before any 

gas was introduced into the chamber it was evacuated down to a pressure of around 

I 001tbar. Before proceeding to set up the interferometer the idler beam required 

collimating because the beam leaving the OPO cavity was highly divergent due to the 

curvature of the cavity mirrors. Collimation was achieved by placing an appropriate focal 

length lens in the path of the idler output and positioning it so that the diameter of the far- 

field idler beam (at a distance of roughly 3 metres) was minimised. 

Fig. 6.13: Photograph of the gas cell that was used to hold the methane gas at vari . ous pressure. s throughout 

the experiment. The cell had a length of I 00mm and had two CaF, end mirrors which are highh, 

transmissive across the probe wavelength range of'3.0-3.71im. 
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6.5.1 Experimental Set-up 

At this stage the laser source for the FTIR measurements was ready and the next step was 

to fill the gas cell with methane to an appropriate pressure and build an interferoincter 

using the transmitted idler beam. The cell was filled to a pressure of 1000mbar placed 

directly after the collimating lens and using a lead selenide (PbSe) detector a transmitted 

idler beam was located. Using this beam a basic Michelson interferometer was built to 

perform the FTIR measurements and a germanium filter was placed before the gas cell to 

remove any frequencies below 1.7ýtm emerging from the cavity through mirror M I. The 

scanning mirror of the interferometer was a mirror mounted onto a 12 inch audio bass 

speaker that was scanned rapidly at a frequency of 5Hz and time calibrated using a 

parallel Helium/Neon (HeNe) laser interferometer incident on the same mirror. Due to 

the limited movement available from the audio speaker and the use of a sinusoidal 

waveform to drive the speaker the entire range of the scanning mirror included non- 

uniform movement and the HeNe section of the interferometer was used to accurately 

time calibrate the idler interferograms. The HeNe interference pattern produced using 

this setup enabled the resultant idler interferograms to achieve a time resolution of the 

order of 100 attoseconds. The scan range of the interferometer, represented in terms of 

the total achievable optical delay difference, was around 18ps corresponding to a total 

path difference of 5.4mm. and using equation (6.3 1) corresponds to a minimum possible 

achievable resolution of 1.85cin". As one arm of the interferometer was scanned, 
interferograms at the idler and HeNe wavelengths were detected simultaneously on a 

PbSe photoconductor (OPO, idler) and a silicon (Si) photodiode (HeNe). The 

interferograms were digitised on separate channels of a deep memory oscilloscope 

(Agilent Infinium) and the dataset size used was approximately 50,000 samples. The 

infrared interferogram. was calibrated by a fringe-counting technique that used 

interpolation to accurately determine the exact centre of each HeNe fringe and was then 

Fourier-transformed to give the spectrum of the light transmitted through the gas 
including the absorption peaks. Figure (6.14) shows the experimental set up that was 

used including both the transmitted idler section and the HeNe calibration section of the 

double interferometer. 

Because the idler pulses from the OPO had insufficient bandwidth (ý400nm) to 

span the full 3. Opm-3-7gm wavelength region of methane gas that was of interest it was 

necessary to take interferograms at regular centre wavelength intervals across the total 
idler tuning range of the OPO. 
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Fig. 6.14: The double interferometer set-up used to acquire and calibrate the inteýferogratns generatt'd bY 

the transmission spectra of the idler pulses after travelling through the gas cell. Thegermaniunt(Ge)filter 

filters out allfrequencies below - 1.7Am leavingjust the idler pulses. 

The procedure used in the experiment was to start at one end of the idler tuning range 

take a set of readings and then tune the idler power spectrum peak in steps of around 

45nm across the entire tuning range, recording a data set at each point. A data set 

consisted of four readings, two idler interferograms, one recorded with the cell in the idler 

beam and one recorded without the cell in the idler beam and an accompanying HeNe 

fringe trace for each interferogram. to allow the retrieved spectra to be accurately 

wavelength calibrated. Figure (6.15) shows a typical nild-Infrared interferograin 

generated by the idler pulses without the cell in the beam showing an interferogram 

recorded using just the idler pulses themselves without any of the absorption features that 

would be introduced by passing the idler beam through the methane gas. 
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Fig. 6.15: Typical infrared interferogram generated by the idler pulses b(, ore passing through the methant, fi 

gas cell and acquiring gas absorption features. Note the central symmetrical peak due to the varl-ing h. me 

delay between the two pulses generated by scanning one of the inteiferometer arms. 

Figure (6.16) shows a typical HeNe fringe trace recorded simultaneously with the 

interferograrn shown in Figure (6.15) and by using a fringe counting technique the 

spectrum retrieved from each interferogram could be accurately wavelength calibrated. 
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Fig. 6.16: Typical HeNe ftinge pattern recorded con curren tIj - with evei: v in tei. -fi, rogra in en a bling jj (VII rU tC 

calibration, (a) shows th e fringe pa ttern co vering a range of aro u nd l8ps and (b) sho vvs a close up qf th e 
fringe pattern around the central 6Qfv of the trace. 

Figure (6.17) shows the idler pulse power spectrum that was retrieved from the 
interferogram. shown in Figure (6-15) using a wavelength calibration from the HeNe trace 

shown in Figure (6-16). 
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Fig. 6.17. Idler spectrum retrievedfrom the interferogram shown in Fig. 6.15 and calibrated using the HeNe 

fringe pattern recorded simultaneously. 

In contrast, Figure (6.18) shows a typical mid-infrared interferogram recorded after the 

idler beam had passed through the methane gas cell using the set-up shown in Figure 

(6.14). 
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Fig. 6.18: Typical infrared inte? ferogram recorded showing noticeable structurejeatures due to the 

absorption by the methane gas. The time axis is calibrated in terms of the delaY time in the scanning arm of 

the interferometer and the y-axis represents a normalised intensity scale. 

The central symmetrical peak is still present but now there are also many approximatcly 

symmetrical sidebands visible, which are due to the absorption lines superimposed oil the 

idler spectrum due to the methane gas. 
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For a particular centre-wavelength of the OPO idler pulses a full data set 

comprised of both an unattenuated and an attenuated idler spectrum, which when 

combined could be used to retrieve the absorption properties of methane across tile 

bandwidth of the idler pulses. Figure (6.19a) presents a representative example of a data 

set with both spectra plotted on the same axis allowing any methane absorption lines to be 

clearly visible and Figure (6.19b) shows the corresponding transmission spectrum. 

By producing transmission spectra at each point across the entire idler tuning 

range, like that shown in Figure (6.19b), and then stitching them together it was possible 

to generate a full transmission spectrum covering the entire 3.0-3.7/im range. Tills was 

the ultimate aim of the experiment and Section 6.5.2 presents all of the individual spectral 

data as well as a complete transmission spectrum assembled from the sets of spectra that 

were recorded at various methane gas pressures. By varying the gas pressure of the 

methane in the cell it was also possible to get an idea of the level of sensitivity of the 

technique and get a feel for whether it would be a practical approach to trace gas sensing 

for applications such as atmospheric pollution monitoring. 
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Fig. 6.19: (a) Combined idlerspectra recorded with the methane gas cell (red plot) and without the gas cell 

(blue plot). Many small dips are clearly visible throughout the redspectruin but the most distinctive 

absorption line is at 3.3151im. (b) Plot of the transmission spectrum calculated using the spectrafi-on, plot 
(a) where the mainfeature at 3.315, um is clearly visible as the deepest dip. 
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6.5.2 Complete Results and Summary 

Initially the gas cell was filled to a pressure of 1000mbar in order to align the double 

interferometer and to acquire some basic measurements, which have already been 

presented in Section 6.5.1 above. For the actual experiment it was decided to start with a 
higher methane gas pressure and work down towards a low pressure, collecting data at 

many different pressures. Starting with a methane gas pressure of 2000mbar a set of data 

was collected then the cell was pumped down to a pressure of 1000mbar and the process 

repeated, collecting a set of data across the same spectral range. Continuing this approach 
data sets were collected at pressures of 500mbar, 250mbar, 100mbar, 50mbar and 25mbar 

over the same spectral regions. The data was then analysed, spectra retrieved and 

calibrated and then stitched together to produce a transmission spectrum for methane gas 

across the 3.25-3.85gm wavelength range for each of the pressures. The following pages 

contain all of this data showing each of the individual spectra pairs for each idler 

wavelength and the final transmission spectrum for each pressure compared to a 

calculated transmission spectrum taken from the US environmental protection agency 
(EPA) website [10]. 

Electromagnetic radiation of different wavelengths induces different types of 
absorption behaviour in an atom or molecule depending on its energy. For example, 

microwave radiation induces a rotational type of absorption behaviour that causes the 

molecules to tumble or rotate as a fixed group. This type of absorption behaviour forms 

its own field of spectroscopy aptly called rotational spectroscopy and is not considered at 

all in this chapter. Infrared radiation is absorbed directly by the bonds of a molecule 

causing it to vibrate about a mean centre point of the bond and this is the type of 

absorption behaviour that is the focus of this chapter. Higher energy radiation such as 

visible and ultraviolet light is absorbed directly by the electrons within an atom or 

molecule and results in a change in the electronic state. This type of absorption is also 

not considered in this chapter but is mention merely for completeness. So with regards to 

methane probed by an infrared source of radiation it will be the carbon hydrogen bond 

(C-H) that absorbs the incident radiation resulting in a bond vibration. The broadest and 
deepest absorption feature seen in the calculated spectrum taken from the EPA wcbsite 
[10] is shown in plot (b) of Figure (6.21) occurs at around 3.315pim and corresponds to 

the fundamental stretch-vibration mode of the C-H bond. However two sidebands of 

numerous and narrower features are also present on either side of this trough and these 

correspond to various higher order modes of the same stretch vibration. 
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2000mbar Data 

Figure (6.20) shows 9 plots containing idler spectra taken at semi-regular Intervals with 

the peak idler wavelength incremented by approximately 70nm. Each plot shows both the 

idler spectrum with (red profile) and without passage through the gas cell (green profile), 

which involved first taking a measurement with the direct idler beam then inserting the 

gas cell and making a second measurement of the spectrum containing absorption lines. 

At the relatively high pressure of 2000mbar significant absorption across the idler 

spectrum is observable and many features are clearly visible throughout the entire idler 

tuning range. Plot (a) shows the initial idler spectrum centred at around 3.34Am with a 

FWHM of 120nm and superimposed onto this are regularly spaced deep absorption 

troughs across the entire pulse width. These regular features run from deep in the pulse 

wings right across the entire pulse width indicating an almost complete absorption of 

these frequencies and demonstrating the active absorption behaviour of the methane gas. 
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Fig. 6.20: Complete set of spectral plots of the reference idler beam (red) and the transmitted idler beam 

(green) across the entire idler tuning range, all of the data was recorded with the methane gas in the cell at 

a pressure of 2000mbar. The nine plots (a-i) show strong absorption features throughout indicating the 

absorption behaviour of methane across this region of the infrared.. %pectrum. 

These regular features run from deep in the pulse wings right across the entire pulse width 

indicating an almost complete absorption of these frequencies and demonstrating the 

active absorption behaviour of the methane gas. In addition to the regularly spaced 
features the absolute spectral intensity has been severely reduced from around 3.20/tni up 
to 3.271im indicating general broadband absorption. Perhaps the most obvious and 
important feature is very broad absorption trough centred at 3.32Am, which has a 
bandwidth of more than 25nm and has removed a large portion of the frequencies present 
in the idler pulse. In plot (b) the idler spectrum has been tuned to a centre wavelength of 
3.4lAm with a FWHM bandwidth of 100nm and it also shows the same regular 

absorption troughs seen throughout the pulse width of plot (a) as well as the wide trough 

at 3.32Am. Plots (c) and (d) continue to show the similar regular absorption trough 

features however the centre wavelength has been tuned up such that the wings of the 

pulse no longer reach 3.321tm and so the wide trough is not visible. However in plot (d) 

the absorption troughs in the longer wavelength region of the pulse are shallower than at 

the lower wavelengths indicating the methane gas absorbs these frequencies less strongly. 
A general observation for the first four plots is that most of the visible features show very 
high levels of absorption with an almost complete removal of a large number of 
frequencies. Complete removal of particular frequencies suggests that the appropriate 

electronic or molecular transition was being saturated by the high peak powers available 
from the fenitosecond pulses. Plots (e)-(i) also show that the absorbance of methane 
appears to drop off above a wavelength of around 3.51im but absorption features are still 

present. In summary these plots indicate (as expected) that methane absorbs radiation 

strongly in the 3.2-3.5jim region with regularly spaced deep troughs. From around 3.51tin 
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upwards the absorption strength reduces showing irregular features between 3.5-3.6grn 

and becoming regular again across the 3.60-3.7251im region. Above 3.725ptm very little 

absorption is clearly visible in the spectrum except at around 3.85gm where a noticeable 

trough can be seen in plot (i). However because the OPO ceased operating at this point 
due to the drop in reflectivity of the cavity mirror coatings spectral features above around 

3.95ýtm were not measurable. 
Using equation (6-16) the transmittance of methane was calculated for each of the 

9 plots shown in Figure (6.20) and by stitching these together it was possible to build up a 

plot of the transmittance of methane. The interesting fact of this approach was that it was 

possible to use information across the entire tuning range of the idler pulses including 

information in the pulse wings where the intensity had dropped below 5% of the 

maximum. This was possible mainly because absorption features present in previous 

plots at longer wavelengths became more prominent as the central idler wavelength was 

tuned to higher values. Figure (6.21) contains two plots, plot (a) is a composite of all of 

the individual transmittance spectra showing the absorption behaviour of methane from 

3.253.85gm and plot (B) is a theoretical plot of the absorption behaviour of methane over 

the same region as calculated by the US, EPA [10]. The spectrum shown in plot (b) is 

the calculated spectra for methane assuming a concentration of 1.68 parts-per-million and 

a path length of 3m. The green inset in Figure (6.21), plot (b) is an enhanced version of 

the transmittance spectra over the designated wavelength range magnified by a factor of 
50. As an indicator of the excellent quality of registration between the calculated and 

measured absorption lines dashed vertical lines have been included in Figure (6.21) only, 

the remaining figures showing data recorded at lower pressures do not contain these 

registration lines. Although the registration between the absorption lines is excellent 

there is an issue of the width of the lines where saturation of the appropriate transition has 

occurred, the cause of which was suspected to be due to a combination of the high gas 

pressures of the gas and the high peak powers from the ferntosecond pulses. At longer 

wavelengths however the high peak powers appear to have improved the sensitivity of the 

technique, which can be seen if the registration between the measured absorption lines in 

plot (a) are compared to the calculated lines shown in the magnified inset. Across tile 

whole of this magnified region of the calculated spectrum all of the key features are 

present in the measured spectrum in plot (a) and it was this region of the spectrum where 
the absolute absorption intensity was visibly reduced in plots (f-i) of Figure (6.20). 
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Fig. 6.21: Traivýniittanceplotsfi)r methane gas covering the 3.25-3.85fini spectral region. Plot (a) is a 

composite plot using the data shown in Fig. 6-20 and plot (b) is a high-resolution theoreficalplot. /br 

methane gas taken from the US EPA database, the green plot shows a section magnijied by afijctor of 50. 

The purple dashed vertical lines are included to show the excellent registration between the two spectra. 

In summary, the comparison of the experimental data and calculated data shows 

that the OPO measurement very clearly reproduces the spectral structure in the 3.5-3.9pin 

region demonstrating that the method could be used to detect much lower methane 

concentrations. An immediate feature of the experimental plot shown in Figure (6.18) is 

the background absorption level, which appears to indicate a saturation level throughout 

the tuning region. A reduction in the pressure will reduce the level of background 

saturation making it possible to record a more detailed, higher resolution spectrum 

enabling more accurate wavelength measurements of the individual atomic transition 

lines to be made. With this in mind the experiment was repeated with the methane held at 

pressures of 1000mbar, 500mbar, 250mbar, 100mbar, 50mbar and 25mbar and the 

following figures show all of individual spectral data and the combined transmission 

spectra for each gas pressure. Immediately following the data is a brief comparison 

between the results from different pressures detailing how specific spectral features and 

the stitched transmission spectrum changed as the pressure was reduced. 
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tuning range recorded with the methane gas held at a pressure of 500mbar. Onlyseven out of the nine 

plots (a-i) show strong absorption features indicating a reduction in the absorption behaviour. 
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Fig. 6.26: Spectral plots of the idler beani with (green) and without (green) the gas cell across the OPO 

idler tuning range recorded with the methane gas held at a pressure of 250mbar. Again onl 
, 
i-seven ol'the 

nine plots (a-i) show noticeable absorption features indicating a much reduced absorption due to the 

reduced pressure. 

288 



Chapter 6. - Mid-IRAbsorption Spectroscopy c! I'Alethane u. sing a Hi-otitlbtiii(i. fit? itoset, oll(I ()Po 

0 

0.5 
0 

c 
0 

Co 
Co 

I- 

3.3 3.4 3.5 3.6 3.7 3.8 
Wavelength (pm) 

11 
x50 

C" 
3.3 3.4 3.5 3.6 3.7 3.8 

Wavelenqth (Lim) 
Fig. 6.27. Ti-(iiist? iitta? lc'cplot, ýfo"ipiethane gas covering the 3.25-3.85Amspectral region. Mw (a) i-S (I 

composite plot using the data shown in Fig. 6.26 and plot (b) is a high-resolution theoreticalplotfi)r 

methane gas takenfrom the US EPA database, the green plot shows a section magnified by, afactor of 50. 

100mbar Data 

300 
cu 
>, 200 

100 

0 

, 400 

300 

: E-- 200 
0 
C: 

(a) 

3.2 3.25 3.3 3.35 3.4 3.45 3.5 

(b) 

3.25 3.3 3.35 3.4 
Wavelength (ýtrn) 

3.45 3.5 

289 



Chaptcr 0. - Vid-IRAbsorption Spectroscopy qfAlethane using a Broadband 

400 

300 

200 - ca C: 
100- 

01 3.3 3.35 3.4 3.45 3.5 3.55 

, 400- 
T 

(d) 
300 - 

-1-200- 

412100 
0 

3.35 3.4 3.45 3.5 3.55 3.6 3.65 

--400- 

, S300- 

5200- 

. 0-0100- 
01 

3.4 3. ý5 3. '5 
3.55 3.6 3.65 

, cu-, 300 - 
200 - 
100 - 

0 
3.45 3.5 3.55 3.6 3.65 3.7 3.75 

11-: 1 
:3 
. 300 

m 
Z"200 

oloo 

0 L- t -ý-- --r III-I11 

3.5 3.55 3.6 3.65 3.7 3.75 3.8 3.85 
Wavelength (ýtrn) 

290 



Chapter 6: Alid-IRAbsorption Spectroscopy oj'Nfethane using a Broadbandfemtosecontl OPO 

---ýAC 

, (0,3C 

VC 

1c 

(h) 

40 
co 300 

Z 200 
c 
.2 r 

loo 

n 

3.6 3.65 3.7 3.75 3.8 3.85 

3.6 3.65 3.7 3.75 3.8 3.85 3.9 
Wavelength (ýtrn) 

Fig. 6.28: Spectral plots of the idler beam with (green) and without (green) the gas cell across the OPO 

idler tuning range recorded with the methane gas held at a pressure of 100mbar. Noticeable absorption 

features are only visible in four of the nine plots (a-i) indicating reduced but still detectable absorption. 
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Fig. 6.30: Spectral plots of the idler beam with (green) and without (red) the gas cell across the OPO idler 

tuning range recorded with the methane gas held at a pressure of 50mbar. Noticeable absorption features 

are visible infour of the nine plots (a-i) indicating reduced but still detectable absorption. 
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Fig. 6.32: Spectral plots of the idler beam with (green) and without (red) the gas cell across the OPO idler 

tuning range recorded with the methane gas held at a pressure of 50mbar. Noticeable absorption features 

are visible in four of the nine plots (a-i) indicating reduced but still detectable absorption. 
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Fig. 6.33: Transmittance plotsfor methane gas covering the 3.25-3.85Am spectral region. Plot (a) is a 

composite plot using the data shown in Fig. 6.32 and plot (h) is a high-resolution theoretical plotfor 

methane gas taken from the U-S EPA database, the green plot shows a section magnified by afactor of 50. 
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The most prominent feature throughout the idler tuning range is the one at around 
3.32pm, which even when the gas pressure is reduced by close to two orders of 

magnitude (from 2000mbar down to 25mbar) remains clearly visible. At higher pressures 
(i. e. 2000mbar) this feature has a very broad profile with near complete absorption across 
its bandwidth, however as the gas pressure of methane was reduced the bandwidth and 
level of absorption also reduced allowing the fine structure of the feature to be detected. 

In plot (a) of the 500mbar data (Fig. 6.24) the absorption across the bandwidth of the 

trough reduces to the point where a secondary peak is clearly visible and this develops 

into a shoulder-like feature on the longer wavelength wall as the pressure reduces further. 

Plot (a) of the data set recorded at 25mbars (Fig. 6.32) still shows this feature along with 

the internal structure raising the possibility of using it as a marker for the high- 

sensitivity/low-pressure detection of methane gas, however a single feature alone is not a 
definitive signature for species detection. Correspondingly when considering the 

transmission spectrum generated by combining all of the absorption information present 
in the individual idler plots this main feature is clearly visible throughout. At 25mbar this 

feature is significantly narrower than at 200mbar and the above-mentioned substructure is 

clearly apparent however some background saturation just above the 3.32ýtm region is 

still obvious. This could be an indication that the peak energies available from the 

feintosecond pulses are sufficiently high to saturate the transition even at low pressures 

and it may be useful to reduce the pulse durations to remove this completely. An 

interesting observation is that even at 25mbar some of the low intensity information (the 

theoretical model of which is magnified and highlighted in green in all of the 

transmittance plots) is still observable (Fig. 6.33). As a result it might be useful to 

consider using the high peak powers of ferntosecond pulses to increase the sensitivity of 

measurements made across this region. 
Considering another absorption feature that was clearly visible at 2000mbar, the 

first few plots contained regularly spaced features the majority of which show very broad 

profiles with near complete absorption. It was expected that as the gas pressure was 

reduced these features would narrow and become shallower making it possible to make 

more accurate measurements of their positions and this was indeed what was seen. If 

plots (a-d) are studied at all of the pressures used then these features remain visible 
throughout however by the time the gas pressure had been reduced to 25mbar the 

presence of these features was such that they were only just visible across the idler peak 
(3.35-3.451im) in plot (c). The importance of the fact they are still visible is that the 

spacing between the features is measurable and remains constant, which presents an 
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opportunity to use them as a high-sensitivity/low-pressure reference if used in 

conjunction with the main absorption feature at 3.32gm. 

Identifying the regularly spaced features on the measured transmission spectra 

was relatively straight forward due to the regularity of the spacing between the absorption 
lines and very good correspondence between the measured and calculated values was 

observed at all the used pressures. On the calculated transmission spectra the main, broad 

feature is located at exactly 3.314gm and has an accompanying side band of regularly 

spaced absorption lines running from around 3.334-3.478gm in approximately 11-12nm 

steps. Correspondingly the measured transmission spectra contained the same features 

albeit with a different intensity ratio between the peaks with an almost identical spacing 

between the features. These were present at all of the pressures, even at 25mbar the 

features are still clearly present with the same regular spacing, however a few of the lines 

between 3.32-3.35gm are missing due to the reduced pressure. 
Other features mentioned with regards to the original 2000mbar dataset appeared 

above the 3.5gm mark and included the non-regular absorption features between 3.5- 

3.6pim and the reappearance of a regular structure above this. These features were only 

visible in the individual spectra down to pressures of 250mbar therefore plots (e-i) in the 

100mbar, 50mbar and 25mbar datasets show no obvious visual indication of absorption 
features. However the equivalent combined transmission spectra still show low intensity 

structure all the way out past 3.8mm even in the 25mbar pressure dataset indicating the 

high-sensitivity of the Fourier transform technique and its ability to retrieve otherwise 

visually unperceivable information. 

Comparing the measured transmission spectra for the complete range of pressures 

used several key areas of interest were noticed, these being which pressure gave the best 

registration with the calculated spectra in the high-intensity and low-intensity regions. 
The high-intensity region is defined as the area in which the absorption features are of 
high intensity and cause a large depletion of the transmission spectra resulting in deep 

features. Likewise the low intensity region is the region where the absorption features are 

shallow and the calculated spectrum has been magnified by a factor of 50 and 

superimposed in green onto the original plot. In the high-intensity region, which runs 
from the key feature at 3.32grn up to just below Mgm, the best correspondence between 

the calculated spectra and the measured spectra is seen at a pressure of 250mbar. 

Looking at each of the transmission spectra recorded for the range of pressures 
used it is possible to gain a measure of the minimum measured resolution (measured 

using the smallest feature size) and see how it compares with the value of 1.85cm-1 
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predicted by the scan range of the audio speaker as mentioned in section 6.4.1 above. 

Looking at the absorption features for the case of methane held at a pressure of 2000mbar 

shown in plot (b) of Fig. 6.21 the minimum measurable feature size is of the order of 

3.5cm", which was expected to narrow as the pressure was reduced. This implied that the 

best resolution achieved should be using methane held at a pressure of 25mbar, which 

was the case where the narrowest features have a measured FWHM of 1.9cm". This just 

0.05cm7l off the best possible resolution that the system was capable of, implying that at 

25mbar broadening effects such as pressure broadening are very low. This is in contrast 

to the level of pressure broadening clearly visible throughout the 2000mbar data. 

6.6 Conclusion and Future Developments 
At the time of writing the work described above represented (to the best of the author's 
knowledge) the first demonstration of broadband, high-resolution, absorption 

spectroscopy using a femtosecond optical parametric oscillator. The measurements 

convincingly demonstrate the feasibility of using such an OPO to make sensitive and 
broadband spectroscopic absorption measurements in the mid-infrared region of the 

spectrum. Applications exist that could exploit this approach such as remote or free- 

space spectroscopy for the detection of atmospheric pollutants or various 

chemical/biological agents or even forensic spectroscopy of microscopic samples. 
Identification of the limitations uncovered in this study will enable future work in 

this area to be appropriately focused and even more successful in obtaining detailed 

spectral information regarding the absorption behaviour of particular gases. During this 

study two main limitations were identified which hindered more complete and more 

accurate details being recovered using FTIR methods. The first regarded the tuning range 

of the OPO, which limited the study region considered in methane gas, and the second 

concerned the scanning mirror used to acquire the interferograms. The first limitation 

concerned the tuning range of the OPO and resulted in the operational wavelength range 

available for the study to be restricted to 3.25-3.85gm. 
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Fig. 6.34: High-resolution, calculated transmission spectrum. for methane gas covering the 2- 1 OAm mid- 

infrared region of the spectrum showing the three active absorption regions across this range. The data 

was takenfrom the EPA database and assumes a methane concentration of 1.68 parts per million and a 

path-length of 30m. 

Figure (6.34) shows the calculated transmission spectrum for methane gas in the 

2-IOAm range of the mid-infrared which contains three clearly visible active absorption 

regions. The first region shows low intensity behaviour and is centred at around 2.35/tm, 

the other two regions centred at around 3.32Am and 7.65Am respectively are far more 

active showing considerably higher intensity behaviour. Prior to starting this 

investigation the most intense region at around 3.32Am had already been identified as the 

region for study and as previous work for this thesis had been to design and build an 

OPO, which operated in this region it seemed appropriate to make use of this source. 

However after reconfiguring the system to operate as required for this application the 

effective idler tuning range had been reduced to between 3.25-3.85Am. Closer inspection 

of the calculated transmission spectrum for methane in the 3.321im region indicated that 

methane was active throughout the 3-4itm region and therefore the tuning restrictions of 

the OPO would not enable a complete study of this active region to be made. A direct 

consequence of the identification of this limitation should be that future studies of the 

spectroscopic behaviour of any gas should involve, whenever possible, the design and 

construction of an OPO capable of complete coverage of the region of interest. 

The second limitation is of a more fundamental nature and involves the design of 

scanning mirror stage of the interferometer or more specifically the range over which the 

scanning mirror can collect useful data. For this study the scanning mirror stage 
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consisted of a standard I inch optically coated mirror mounted onto an audio bass speaker 

and scanned using the sinusoidal output from a frequency generator amplified using a 

home stereo amplifier. Figure (6.35) shows the double interferometer configuration used 

in the experiment, which was necessary due to the limited scanning range the speaker was 

capable of achieving even when using an amplified sinusoidal output from a frequency 

generator. As mentioned in Section 6.2.1 the spectral resolution in a standard Fourier 

transform spectrometer depends directly on the peak-to-peak amplitude available from the 

scanningmirror. So in order to achieve a resolution of around one wavenumber (-Icm-1) 

the scanning mirror would need to have a minimum peak-to-peak amplitude of around 

lcm but more range would be preferred. This is because when sinusoidal oscillation 

frequencies are used the central regions of the scan can be considered to be linear 

containing a single oscillation frequency while the end/turning points are nonlinear and 

contain a range of scanning frequencies. If the scan amplitude is large enough then only 

the central, linear, region of the scan need be used resulting in only a single oscillation 

frequency being used and in these circumstances calibration of the time axis for the 

interferograin is straightforward. 

OPO idler section (purple) using the same scanning mirror to generate the interference patterns. 
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However if the scan amplitude is insufficient then it's necessary to make use of the data 

from the end/turning regions of the scan, which would require the use of a calibration 

pattern to determine the exact oscillation frequencies. The speaker shown in Figure 

(6.35) had a peak-to-peak amplitude of 5.4mm meaning that even if all of the scanning 
information including the cnd/turning point data was used then the maximum possible 

resolution available from the system would be of the order of 1.85cm". Bearing this in 

mind future work should involve the use of a scanning system capable of much higher 

resolution, for example thermal source based FTIR systems make use of scanning mirrors 

with an amplitude range in excess of 10cm giving them a resolution power greater than 

0.1cm-1. If this type of scanning arrangement was used in an OPO based FTIR system the 

benefits would be greatly increased offering the scientific community the possibility of 

making very high-resolution spectroscopic measurements using a high quality beam. 

This would allow in situ measurements to be made of particular substances such as 

atmospheric pollutants or for monitoring the dynamic behaviour of various gas species in 

particular reactions at a distance. 
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Chapter 7: Conclusions 

7.1 Technical Conclusions 

7.2 General Conclusions and Future Developments 

7.3 References 

This thesis has primarily been concerned with the development of fenitosecond optical 

parametric oscillators incorporating different novel techniques to improve their efficiency 

with the aim of reducing operational thresholds. The concept was to use two different 

approaches to achieve this aim with the first approach concerned with improving the 

conversion efficiency over a finite pump wavelength and the second concerned with 

improving quantum efficiency. The experimental focus involved four separate 

experiments three of which involved the design, construction and operation of three 

different OPOs while the fourth made use of the output from one of the OPOs to 

investigate the benefits of utilising ultrafast OPOs for FTIR absorption spectroscopy. 

The conclusions presented here are separated into two sections with the Section 

7.1 outlining the main technical achievements of each of the individual experiments and 

the overall benefits they present to the operational characteristics of OPOs. Section 7.2 

gives more general conclusions considering the thesis as a whole and looking at the areas 

of research in which this work could be of direct benefit and contains speculations about 
future possibilities for the work and how it could be developed further. 

7.1 Technical Conclusions 

The first experimental chapter, Chapter 3 formed the main crux of the thesis introducing 

the concept of chirped frequency conversion as a means of reducing operational 

thresholds in ferntosecond OPOs. The basis of this approach was to increase the gain 
length of crystal while maintaining the effective conversion bandwidth and thus increase 

conversion efficiency and lower the powers needed to achieve oscillation in the OPO 

cavity. By using a chirped-pulse, chirped-crystal arrangement the conversion bandwidth 

could be artificially maintained while simultaneously increasing the crystal length. The 

OPO itself was based on a 20mm crystal of APPKTP pumped by stretched pulses from a 
ferntosecond Ti: sapphire laser and in its high-reflecting configuration an operational 

threshold of 14.4mW was recorded. Even when an 8% output coupling end mirror was 

used a threshold of 45mW was measured allowing the concept of using new lower 

powered diode-pumped-solid-state-laser (DPSS) as a pump source to approach reality. 
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This low threshold value validated the chirped-pump, chirped-crystal principle behind the 
initial concept and has immediately recognisable consequences in terms of the 

commercial development of such a device. As discussed in Chapter 1, there are many 

potential benefits to developing a low threshold OPO especially in terms of a reduced size 

and lower cost over currently available systems such as the spectra-physics OPAL. 

Besides the commercial appeal of the using the chirped frequency approach several 

additional benefits not originally anticipated became obvious soon after achieving 

oscillation of the OPO. The main benefit was a much-improved cavity length stability 

region that extended to over 1301im resulting in a very stable signal spectrum and 

allowing tuning over a 250nin wavelength range (I 194-1455nm). As a consequence of 
the improved spectral quality of the signal pulses the OPO was successfully utilised in a 

parallel project using a nonlinear microscopy technique called 'two-photon optical beam 

induced current' (TOBIQ to image components within a silicon flip-chip [1,2]. The 

long cavity length tuning of the system also made it possible to investigate the intracavity 

dispersion over a much longer range than for normal systems allowing comparisons to be 

made with theoretical models based on Sellmeier equations. 

Chapter 4 presented an extension of the chirped frequency approach to a similar 
OPO but this time using a 10mm crystal of APPLN rather than a 20mm crystal of 
APPKTP. The original concept was to use the higher nonlinear coefficient of lithium 

niobate to obtain a similar threshold value to the APPKTP OPO and pump this OPO 

using a ferntosecond Cr: LiSAF laser built for this purpose. However, the quality of the 

crystal and its shorter length revealed a much higher than expected threshold (>50mW) 

which ruled out pumping the crystal using a modelocked Cr: LiSAF laser because the 

average laser power was only itself of the order of SOmW. The original aim of the 

experiment described in Chapter 4 was therefore altered slightly to accommodate this 

shortcoming and the APPLN experiment instead became a chirped/unchirped frequency 

conversion comparison of femtosecond OPOs. The APPLN crystal itself contained four 

separate lateral gratings, three of which were chirped and one was unchirped enabling 

operational comparisons to be made simply by translating the crystal vertically between 

gratings. 
A big difference between the APPLN experiment and the APPKTP experiment 

was in the way in which the pump pulses were prepared for pumping the chirped crystal. 
For the case of the APPKTP OPO the pump pulses were stretched using a 4-prism, 

arrangement based on introducing negative dispersion and stretching the pulses from the 
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output durations of the Ti: Sapphire (-175fs after an optical isolator) to those required to 

minimise group-velocity walk-away for the long crystal (-1.4ps). This proved to be a 

good approach with only an 8% loss in pump power measured after 17 surface encounters 

within the stretching arm, however the bench space that was required to achieve this level 

of stretching was really quite large. Limitations in the available bench space meant that 

the pulses emerging from the prism sequence had durations of around 900fs but were still 

sufficient to reach threshold. The large bench space required for the stretching arm meant 

that even with the low threshold a device using the chirped frequency approach would 
have to be quite large. To address this issue, the APPLN experiment used a slightly 

different approach by using a bulk rod of SFIO glass that gave positive group-velocity 

dispersion to stretch the pump pulses and significantly reducing the space needed to do 

this. In addition to reduced bench space it also reduced the number of surfaces seen by 

the beam and improved losses showing only a 4% reduction between the output pump 

power and the pump power delivered into the APPLN crystal. 

The experiment itself concentrated on comparing chirped and unchirped operation 

in both orientations of the crystal and the results indicated which crystal orientation was 

correct for matching the chirp on the crystal to that of the pump. Although not 

completely conclusive there was sufficient evidence to suggest that this approach was 

worthwhile for determining the correct crystal orientation. In terms of results there was 

clear evidence from the slope efficiencies that the chirped grating operated more 

efficiently then the unchirped grating once threshold had been reached, however the 

absolute threshold values of the chirped gratings were noticeably larger than the 

unchirped gating indicating that perhaps the cavity was not optimally aligned. 

Chapter 5 moved away from conversion efficiency to look at the concept of 

improving the quantum efficiency in a parametric conversion process and hence 

increasing the energy conversion efficiency. The quantum efficiency can be considered 

as the ratio of the number of photons generated in a conversion process to the number 

destroyed. The principle behind the experiment was to recycle discarded signal photons 
from an OPO to generate more photons at the idler wavelength. This was achieved by 

using two conversion processes arranged in 'tandem' both of which converted a different 

pump wavelength to the same OPO resonant (idler) wavelength. Energy conservation 

required that the OPO have an idler resonant cavity rather than a signal resonant one so 
that the signal generated in the initial conversion process could act as the pump 10 e fr th 

second conversion process. Therefore, under conditions of perfect pump to idler 
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conversion two idler photons could be generated for every pump photon destroyed, thus 
improving the quantum efficiency by a factor of two. 

The OPO itself was based around PPLN and the crystal was designed so that both 

of these conversion processes occurred within a single crystal containing a double 

longitudinal grating structure. The crystal also had seven lateral gratings resulting in a 

complex crystal design containing 14 different gratings arranged in pairs that allowed the 

combined tandem outputs to be grating tuned, temperature tuned and cavity length tuned. 

The experiment itself highlighted some very interesting and unusual areas of study 

namely the representing the conditions of phasematching for both combined conversion 

processes with respect to the idler output. As a result Chapter 5 contained some very 
interesting phasematching diagrams with elliptical rings (closed loops) defining the 

regions of best conversion efficiency rather than the more commonly presented QPM 

diagrams with an open-ended curve. After the data had been plotted onto these diagrams 

several interesting effects were seen which were not expected but after careful 

consideration could be explained by different conversion processes. Also with the crystal 

orientated in its reverse direction (i. e. with the grating designed to be the secondary 

grating occurring before the primary) some small level of tandem operation was still 

measured but this time using only a single grating (the primary grating). This effect was 

again not expected but by considering the conversion efficiency of the tandem process 

occurring in the same grating it was possible to understand and explain the levels of 

conversion that were present. 

The final experimental chapter, Chapter 6, was one in which a previously built 

OPO was used as a tool for a specific application. The output from the APPLN OPO was 

used to perform absorption spectroscopy of pure methane gas held in a cell at a range of 
different pressures. The main purpose of carrying out this experiment was to test the 

validity of using broad bandwidth femtosecond pulses in an FTIR type situation to make 

measurements of the absorption characteristics of gases. Using the OPO offered a route 
for producing broad bandwidth pulses that could be tuned over a large range with the 

added bonus of having a mid-IR beam with excellent quality and shape. 
In order to measure and calibrate the results it was necessary to build a double 

interferometer and this was achieved using a very simple and cheap set-up enabling the 
interferograms and the appropriate calibration traces to be generated and recorded 
simultaneously. The results that were recorded were in excellent agreement with 
calculated data and indicated that the technique, if fully developed, could become a viable 
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alternative to conventional FrIR absorption spectroscopy systems that make use of 
thermal sources. In order to become a viable alternative, further work would be needed to 
improve the wavelength coverage (the OPO covered 3.2-4pm) and the resolution (a 

minimum resolution of 1.9cm-1 was measured). The real benefit derived from this 

experiment regarded the identification of the main problems and limitations of the system 

that was eventually used. Careful consideration of these problems revealed that using an 

appropriate experimental design much higher quality results could be achieved giving the 

system real commercial and practical appeal. 

7.2 General Conclusions and Future Developments 

On the whole the entire experimental work conducted for this thesis generates a 

considerable amount of food for thought in terms of applications of novel technologies 

and the development of useful techniques both for research purposes and for the 

development of commercial products. The chirped frequency approach adopted in both 

the APPKTP and APPLN OPOs could have important consequences with regards to the 

miniaturisation of OPOs enabling more efficient, compact and rugged devices to be 

produced. The two experiments together formed a nice rounded study of chirped 
frequency conversion in OPOs presenting details of very low operational threshold value 

with a comparison of performance between chirped and unchirped frequency conversion. 

These investigations could open the door for all sorts of applications that to date have 

been inaccessible for OPOs simply due to the size, cost and weight of the systems. Being 

able to move a fs OPO into the field of study to record data at the point of occurrence 

rather than attempting to recreate quasi-realistic situations in the laboratory has obvious 

benefits to knowledge and understanding. The ability to study reactions, and chain- 

reactions as they occur rather than trying to recreate them in the lab could have far 

reaching consequences for applications such as remote spectroscopy, trace gas detection 

in the urban environment and so on. How gases interact in the atmosphere is only one 

application where the benefits of a low threshold OPO could be noticed. Biological 

studies in the fingerprint region of the infrared spectrum (-6-12pm) could be accesses 

using the appropriate nonlinear materials and cavity conditions enabling various methods 

of ultrafast surface and subsurface imaging techniques to flourish. Conventional systems 

rely on expensive bulky systems, reducing the costs and size would enable more fields to 

take advantage of the benefits of a broadly tuneable near to mid-infrared femtosecond 

source. 
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The work regarding the development of the tandem OPO described in Chapter 2 

besides improving quantum efficiency, could be considered a useful tool in producing 
broadly tuneable multi-wavelength outputs for telecommunications applications such as 

wavelcngth-division-multiplexing (VMM). By coupling the different generated 

wavelengths out of the cavity at different points it would be possible to couple the beams 

to optical fibres where they could be used for all manner of experiments. These outputs 

could either be used separately or recombined at some later stage for different frequency 
r- 

mixing processes (DFM, SFM). Advances in the fabrication techniques used for the 

production of QPM crystals have opened doors for a whole host of combined experiments 

where previously two or more crystals were necessary. The tandem OPO is a device 

where it is logical to make use of this technology and develop a crystal where the two 

separate grating structures could be combined into a single crystal reducing the 

intracavity losses and cavity complexity. 

Due to the purely physics related nature of source development experiments 
discussed in Chapters 3-5 it is sometimes difficult to see many of the benefits that the 

research could present and only time will tell if any new and unexpected applications 

arise. When it comes to the gas spectroscopy experiment however it is considerably 

easier to see applications that could benefit as would be expected due to the fact that the 

work was application driven in the first place. The development of a broadly tuneable 

source that could be used to perform detailed and accurate spectroscopic analysis of a 

whole range of elements, molecules and compounds could be a truly beneficial project. 

The high beam quality of the OPO output would allow fibre coupling of the output for 

delivery to remote locations or into hostile environments. Another approach could be to 

make use of 'holey' fibres as the medium in which a sample gas is contained while at the 

same time guiding the OPO beam. In this way, spectroscopic analysis could be 

performed using very long sample gas path-lengths so increasing the sensitivity of 

technique with the additional benefit of being able to perform the analysis from a remote 

location if the gas is toxic or dangerous in any way. Being able to fibre couple the output 
beam for delivery would also allow the beam to be delivered to an appropriate instrument 

for different forms of study. For example the beam could be used to perform 

spectroscopic microscopy of biological samples and reagents under particular conditions. 

In these cases the source can be tailor made to suit the sample under investigation in order 

to generate the lost appropriate wavelength coverage and pulse durations. Multiple 

mirror sets could be used to extend the OPO tuning range to that covered by the 

transparency window of the nonlinear medium for example. In the case of KTP and LN 
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the transmission window extends out to a little over 5.5gm, with LN having a second 

window with a reduced maximum transmission between. 5.5grn and 7gm. Both materials 

therefore permit tuning in the mid-IR region provided that either the mirrors of the OPO 

cavity have appropriately high reflectivities across this range or provided several mirror 

sets are available for use. 

By considering the three different types of research discussed in this report it is 

possible to see benefits to three separate areas of research, namely chirped frequency 

conversion, dual parametric'rrocesses and absorption spectroscopy. But imagine the 

benefits of combining the improved conversion and quantum efficiency incorporated into 

a single device. The chirped frequency approach adopted in a double longitudinal grating 

structure enabling several frequencies to- be generated simultaneously all with high 

tunability, spectral quality and cavity stability. Then adopt this device to allow 

absorption spectroscopy to be carried out on either several gases simultaneously or in two 

different absorption windows of a single gas. Considerable work would need to be 

carried out before any of the techniques were at a level to allow this idea to become a 

reality but provided a sufficiently large benefit can be envisaged for any of the individual 

techniques then further development would be likely. 

The applications of these techniques as with all of science on the whole are and 

will only ever be limited by the human imagination, which I believe I am not to the first 

person to say, is boundless. Science and the development of our physical understanding 

of the world and universe about us is a natural target for the human mind and will allow 

us as a species to grow and flourish. The only limitations to our development are likely to 

be those imposed by physical boundaries and even they may only be a matter of 

viewpoint or level of understanding. For example diff-raction limited resolution was once 

thought to be the physical limit of an imaging system, today there are new and crafty 

techniques to get around this supposed physical limitation. The same can be said for the 

chirped frequency experiment where the use of the chirped-pulse/chirped crystal approach 

allowed the necessity of reaching a compromise between crystal length and conversion 

bandwidth to be changed. Although the compromise is still necessary the use of chirped 

structures may cause the boundaries to retreat, allowing longer crystals to be used before 

the issue resurfaces or another limitation imposes itselL 

As is the case for many theses, this thesis and the work contained within is only a 

starting point for many future works, several of which will hopefully be carried out or at 
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least involve myself, but who knows what the future holds. As is the case for any person 

who has ever studied and who ever will study any subject we owe our understanding to 

those who came before, we all stand on the shoulders of giants. 
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