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Summary
Laser spectroscopy is nowadays a widespread research field with countless 

applications across multiple disciplines. In particular, the application to gas sensing 

in the near-infrared region significantly benefits from the specific properties of laser 

sources. Gas species exhibit well-defined, complex spectral absorption structures that 

require the utilisation of tuneable, high resolution and spectrally narrow sources to be 

resolved. Such requirements are fulfilled by several types of Tuneable Diode Lasers 

(TDL’s) readily available from the optical telecommunication industry, where much 

work was done during the last decades to develop and improve the characteristics of 

these laser devices. Further technology development and intensive research has lead 

to TDL’s of high optical power and narrow emission linewidth to be routinely 

available for research groups across the world, thus opening the possibility for 

investigation of gas absorption processes of increasing complexity and very narrow 

spectral scales. In addition, advances in manufacturing technology have enabled the 

design and fabrication of new photonic microstructures in parallel to the 

development of laser sources. The combination of both factors has thus multiplied 

the possibilities for challenging gas-sensing research, which in turn reveals new 

fundamental characteristics of gaseous systems whose study requires more and more 

stable, narrow linewidth and powerful laser sources.



The overall aim of the research presented in this thesis is thus to investigate 

the application of some specific novel micro structures to gas sensing, making use of 

high precision DL’s and paying special attention to DL frequency stabilisation 

schemes. In particular, two different photonic microstructures were utilised during 

our experimental work. On one hand, laser spectroscopy experiments were 

performed making use of the so-called Hollow-Core Photonic Bandgap Fibres (HC- 

PBHs). PBF’s represent a radically new approach to light guidance in optical fibres 

based on electromagnetic interference effects, with the special case of HC-PBF’s 

suited to gas sensing experiments due to their hollow-core structure. Experiments 

were carried out both under the linear and nonlinear absorption regimes, targeting 

acetylene gas hosted within the hollow fibre. The basic sensing properties of the fibre 

were first tested under a linear absorption regime, paying attention to HC-PBF- 

specific effects. Experimental work was then carried out under a nonlinear 

absorption regime, and the change in absorption properties of acetylene due to 

saturation effects of the corresponding absorbing transitions characterized. A novel 

saturation scheme is reported, where saturation of the absorbing transition at two 

different wavelengths opens up new possibilities for study of nonlinear effects. 

Absorption features in the saturation regime are characterized by their very narrow 

spectral linewidth, a fact that makes them attractive to investigation of laser 

frequency stabilisation schemes. Thus, further experimental work was carried out 

regarding HC-PBF-based DL frequency stabilisation. Successful implementation of a 

novel modulation-free technique to lock the emission frequency of DL’s is reported, 

and comparison with existing methods presented.

On the other hand a second type of photonic microstructure was studied during our 

experimental work, namely optical microspheres. Optical microspheres are three-



dimensional optical microresonators within whose volume laser light can propagate 

for long periods of time with minimum losses. During our experimental research the 

particular case of Whispering Gallery Modes (WGM’s) was studied, a special type of 

optically guided modes where light is confined very near to the surface of the 

microspheres by Total Internal Reflection (TIR). A fabrication process based on fibre 

melting was implemented that allowed for fabrication of high-quality silica 

microspheres, into which light was coupled using an optical-prism-based scheme. 

The spectral shape of the WGM’s in high-quality microspheres critically depends, 

among other factors, on the linewidth properties of the utilised laser source. Our 

experimental work was carried out using DL’s of different linewidth characteristics, 

and the morphology of WGM’s excited within the microspheres was investigated. 

Much work has been done using these type of microspheres with applications in 

several fields. In our case, optimization of the experimental scheme lead to the 

successful implementation of a novel technique to measure the linewidth properties 

of laser sources. The emission linewidth of a DL was successfully estimated and is 

reported in this thesis, with consistent results as compared to other well-established 

linewidth measurement schemes.

In summary, the results reported in this thesis significantly contribute to enhancing 

the capability of performing high-accuracy gas sensing and DL frequency 

stabilisation experiments making use of novel photonic microstructures. Several 

novel schemes are demonstrated based on affordable DL’s and laboratory equipment, 

with comparable results to other more complex schemes. Suggestion for further 

optimization of the novel schemes is discussed, as well as possibilities for future 

work in this very interesting physics research field.
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CHAPTER I

cHAPTER

INTRODUCTION

1.1. INTRODUCTION

Optical gas sensing overview

Spectroscopic sensing of chemical species is nowadays present in most analytical 

chemical laboratories, with spectrophotometers that recognize different species from 

their characteristic absorption, fluorescence or Raman scattering spectra. In the case 

of gas detection the most common method is the analysis of the spectral 

transmission, carried out in two principal regions of the optical spectrum. In the 

shorter wavelength region, covering approximately the UV-visible blue interval (= 

250-500 nm), gas absorption or emission lines are detected which arise from 

atomic/molecular electronic transitions. In the longer wavelength region, covering 

the near and mid-infrared bands 750-6000 nm), the vibrational and rotational 

absorption processes are however more significant. The loss of photon energy 

contributes to the kinetic energy of the gas absorbing molecules, with either 

individual atoms vibrating relative to other atoms within the molecule (vibrational 

absorption) or the molecule itself rotating as a whole (rotational absorption).

A special case among gas spectrometry is that of optical-fibre-based gas sensors [1], 

where optical fibres play a key role in the detection scheme. A vast number of such
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type of sensors exist, due to an extensive range of available technologies (fibre 

gratings, interferometers, etc.) and measured parameters (strain, temperature, etc.). 

Those schemes operating in the short wavelength spectral region are not suitable for 

long-distance remote sensing applications due to the intrinsic loss of silica fibres at 

that interval. On the contrary, when fibre-based gas sensors operate at the longer 

wavelength region losses due to silica absorption are avoided and remote gas sensing 

becomes a feasible application. In addition, laser light sources operating in such near 

and mid-inffared bands are readily available from the telecommunication industry, 

exhibiting particular properties that help enhancing spectroscopic-based sensing. 

Many types of optical fibre sensor technologies are currently approaching saturation 

[2], but in recent years remarkable progress in some technology areas has given rise 

to new state-of-the-art sensor schemes attracting the attention of researchers. In 

particular, the work presented in this thesis is related to the advances in photonic 

crystal technology applied to near-infrared fibre-based optical gas sensing, together 

with the application of optical microcavities for laser frequency stabilisation

purposes.

Laser spectroscopy in novel photonic microstructures

The use of laser sources for optical spectroscopy experimentation is a well- 

established, cross-disciplinary field where an enormous number of applications lie 

within research areas as broad as Physics, Chemistry or Biology [3]. The high optical 

intensity achieved with these types of sources, along with the extraordinary 

monochromaticity of their optical output, as compared with incoherent sources, has a 

huge impact in spectroscopy research since lasers became routinely available as part 

of laboratory equipment across the world. High optical powers and wide tuneability
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characteristics opened up the possibilities for experimental investigations at an 

atomie and molecular level, which have nowadays reached limits hardly imaginable 

just few decades ago. In particular, investigation of many gaseous species of 

environmental and/or industrial interest has significantly benefited from 

semiconductor laser diodes (LD’s) developed for the telecommunications industry 

[4-6], These LD’s operate in the near-infrared region where the 

overtone/combination absorption spectra of many gases occur, so the intensive 

research and development concerning these devices for the telecommunications 

sector indirectly contributed to the subsequent growth and development of laser- 

based gas sensing techniques.

On the other hand advances in the photonics manufacturing technology have made it 

possible for theoretical proposals to become experimentally feasible, ultimately 

leading to the appearance of novel photonic microstructures for experimental 

research. A special case is that of the Photonic Bandgap Fibres (PDF’s, also referred 

sometimes as Photonic Crystal Fibres though we will use the more general Bandgap 

term during this thesis), where a photonic crystal structure [7] is embedded along the 

micrometer-sized core of an optical fibre giving rise to a bandgap guidance 

mechanism. Much work has been done on this exotic type of optical fibre since the 

original design was first proposed and implemented, with tens of different PBF 

structures available at present giving rise to a wide range of applications making it a 

hot topic in photonics research [8, 9]. During the research described in this thesis a 

particular type of PBF is utilised, because it suits laser-based gas sensing 

experiments due to its inherent properties: the Hollow-Core PBF (HC-PBF). This 

type of PBF consists of an array of hollow micro-capillaries distributed over the 

cross-section of a silica fibre in a photonic crystal geometry surrounding a larger
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hollow core. Light is tightly focused within the narrow core, usually of the order of 

10-20 gm in diameter, giving rise to a significant enhancement of the optical field 

intensity. Light is normally guided along the air-filled core [10], but when gas is 

hosted within the micro structure the light interaction with molecules is greatly 

enhanced due to the intense field. During our experimental work we have 

characterized the absorption properties of acetylene gas hosted in a HC-PBF. 

Acetylene is a linear molecule with no permanent dipole moment and exhibits a well- 

defined, regularly-spaced absorption spectrum around 1.5 pm. Both the linear and 

nonlinear absorption regimes have been investigated using LD’s acquired from the 

telecommunications industry. High-power Distributed Feed Back (DFB) LD’s were 

used to investigate the change in absorption properties of the gas under a nonlinear 

absorption regime, demonstrating a novel scheme for the study of saturation effects.

In addition, special attention has been paid to the frequency stabilisation of LD’s 

during the research presented in this thesis, as this is one of the most important laser 

characteristics regarding both spectroscopic and communications applications. A 

novel laser stabilisation scheme was proposed and demonstrated based on the 

nonlinear saturation of acetylene in HC-PBFs. Absolute frequency stabilisation of a 

high-power DFB LD was achieved in a modulation-free format, obtaining 

stabilisation figures comparable to other more complex techniques. A second type of 

optical micro structure, namely optical microspheres or micro-resonators, has been 

used to characterise the frequency noise in laser sources. When light is evanescently 

coupled into high-quality microspheres under appropriate conditions, the so-called 

Whispering Gallery Modes (WGM’s) excited within the microcavity can travel 

almost in a lossless fashion confined to the proximity of the surface. A vast number 

of applications exist that make use of these special modes within a microspherical
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cavity, and make this topic a very active one nowadays [11], During the final part of 

the research project the dependence of the WGM’s spectral morphology on the 

linewidth characteristics of the laser source was studied, using a carefully optimized 

experimental set-up. A novel WGM-based method to estimate the emission linewidth 

of diode lasers was demonstrated and it yields consistent results with other well- 

established experimental techniques, opening up the possibility for future work and 

research.

1.2. THESIS OVERVIEW

Chapter 1 aims to provide a general introduction about our research project, 

introducing the basic concepts and setting the context for the particular 

experiments to be presented in following chapters.

Chapter 2 includes a summary of the most important theoretical concepts 

and experimental methods required to understand and perform basic gas 

sensing and laser spectroscopy experiments. Topics covered include linear 

absorption laws, spectral broadening processes, description of laser sources 

for spectroscopic applications, modulation detection techniques, basic 

molecular structure and properties of acetylene and description of HC-PBFs. 

Basic experimental results are presented to support the theoretical approach. 

Chapter 3 deals with the experimental work carried out in acetylene-filled 

HC-PBFs under a nonlinear absorption regime. A proper theoretical 

background is set prior to presentation of experimental results, which include 

characterization of nonlinear absorption properties of acetylene and
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demonstration of a novel double saturation scheme (where saturation is 

alternatively achieved at two different wavelengths in a novel approach). 

Chapter 4 focuses on the application of the nonlinear absorption transitions 

presented in chapter 3 to laser frequency stabilisation. Fundamental theory 

regarding laser frequency stability is accordingly presented to support the 

reported experimental results. A novel stabilisation scheme is proposed and 

demonstrated achieving high-accuracy absolute frequency stabilisation of a 

high-power DFB LD. This method is based in the implementation of 

Wavelength Modulation (WM) techniques within the experimental scheme 

presented in chapter 3.

Chapter 5 details the experimental work carried out using optical 

microspheres and laser-excited WGM’s. An extensive theoretical basis is first 

presented, covering the fundamental theory of laser linewidth in LD’s, 

common laser linewidth measurement techniques (self-homodyne and 

heterodyne schemes) and main properties and description of optical 

microspheres. A brief description of the particular Discrete Mode (DM) laser 

sources utilised during the experimental work is also included. Experimental 

results are then presented for the fabrication of silica microspheres, DM and 

DFB DL’s self-homodyne linewidth measurements, morphology of excited 

WGM’s and demonstration of a novel microsphere-based linewidth 

estimation technique.

Chapter 6 summarises the experimental work presented during the thesis, 

assessing the fulfilment of the research project aims and suggesting several 

possibilities for future work.
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CHAPTER 2

cHAPTER

BASIC GAS SENSING AND HOLLOW-CORE 

PHOTONIC BANDGAP FIBRE 

CHARACTERIZATION

2.1. INTRODUCTION

Optical Spectroscopy is a widely used technique for analysing the properties of 

different types of materials, where a light beam interacts with a sample producing a 

characteristic optical signal. Different information about the material may be extracted 

depending on the type of light used (visible, IR, etc.), the specimen (solid, liquid, 

gaseous, etc.) and the nature of the signal collected (transmitted, reflected, scattered, 

etc.). Laser Spectroscopy, as its name suggests, makes use of laser light sources 

exploiting some of their inherent properties to enhance detection results. Some 

characteristics, such as high monochromaticity and directionality of laser beams along 

with wide tuning capabilities, represent major reasons to investigate and use laser- 

based spectroscopy techniques [1].

In this chapter the main properties of laser-based spectroscopy techniques relevant to 

our experimental work will be presented. Basic optical absorption laws, absorption 

linewidth broadening processes and in particular optical absorption by gases will be
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discussed. Specific characteristics of both the acetylene gas targeted during our work 

and the Laser Diodes (LD’s) utilised are included, together with a description of the 

Hollow-Core Photonic Bandgap Fibre (HC-PBF) micro structure used for 

experimental research. The theoretical approach is finally backed up by some basic 

characterization measurements of our detection system, setting the basis for further 

investigation of the system in upcoming chapters.

2.2. BACKGROUND

2.2.1. LIGHT ABSORPTION: BEER'S LAW

Light of angular frequency w=2m) travelling through a material of refractive index n 

can experience a number of different processes. In general, part of the incoming 

radiation is absorbed by the medium, while the rest is free to propagate until it 

eventually escapes, retaining its original propagation direction -transmitted light- or 

presenting some deviation - scattered light-. Absorption processes are accompanied by 

dispersion of the light, the latter defined by the change in phase velocity of light from 

its value in vacuum c. These properties of the interaction of electromagnetic radiation 

with an absorbing medium are classically described by an oscillator model for the 

atomic electrons, leading to the definition of a complex refractive index to explain 

both effects. It is the purpose of this section to present the basic rules governing linear 

absorption of light by a medium of refractive index n, with the nonlinear absorption 

regime further discussed in chapter 3. Understanding the basic laws governing optical 

absorption processes is crucial in our case, as most of the experimental work 

presented in this thesis is related to such an effect.
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Beer-Lambert Law

Consider a light beam travelling along the Z direction of an absorbing medium of 

number density C and transverse area A. The total number of illuminated molecules 

for a material thickness dz is CAdz, though the effective area presented by this 

ensemble is given by aCAdz, <7 being the cross-section for absorption/scattering in 

this case. Thus, the total probability for a molecule of being either absorbed or 

scattered out of the beam will be [2]

d/z aCAdz 
~L~~A (2.1)

which upon integration gives the so-called Beer-Lambert law for linear attenuation

/ = (2.2)

If scattering is neglected, then the linear attenuation coefficient iA=aC is equal to the 

linear absorption coefficient or and the Beer-Lambert relation can be rewritten in the 

form

!(X) = /o(/l)e-“Wz (2.3)

where the dependence of the absorption coefficient on the wavelength A of the 

incoming light is explicitly indicated. In Optical Spectroscopy, the Beer-Lambert law 

is usually expressed in terms of the incoming plane wave angular frequency co = 

27tc/A - 2m), and the medium, frequency-dependent, complex refractive index n(co). 

The treatment presented by Measures [3] (special emphasis on the use of tuneable 

laser diodes in laser absorption measurements) is appropriate in our specific case, 

hence we can write

11
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n{co) ^ (2.4)

where the real part of the refractive index ri(o}) accounts for the dispersion of the light 

as it travels through the medium and the imaginary term x(d}) is related to its 

absorption properties. The oscillator model for an electromagnetic wave travelling 

through a medium of complex refractive index (2.4) leads to the well-known 

Kramers-Kronig dispersion relations relating these two terms, which apply in the 

proximity of an atomic transition frequency O)) and for the case of the imaginary term 

reads [3]

2r(<y) =
Ne^for

4eome^y[(ry- cooy + iy/Ty] (2.5)

where N is the number density of oscillators, e and trie the charge and mass of the 

electron, respectively, and y the damping constant for the oscillator model. The 

absorption coefficient introduced in (2.3) is related to the imaginary term of the 

refractive index so that

«(&>) =
coxico)

(2.6)

where c is the speed of light in vacuum. It is thus convenient to refer to the frequency- 

dependent form for the Beer-Lambert law for consistency.

Kco) = /o(ry)e -a(m)z (2.7)
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Lineshape function

In spectroscopic applications, the Beer-Lambert law (2.7) can be written as

(2.8)

where k{v) is the absorption coefficient at the frequency v when the latter is 

expressed in inverse length units according to the relations

u(cm =
v{Hz) o){Hz)

Aicm) c(cms~^) 27rc(cm s~^)
(2.9)

and zo = Cz is the so-called optical density with generic units of concentration times 

length (we have used the notation introduced in (2.2)). The absorption coefficient 

k(v) thus has units of reciprocal concentration times length, and is normally 

expressed in 1/(molecules cm'^ cm) or (cm'/molecule). We will simplify the notation 

from now on and use v when referring to v(cm~^) for more clarity. Because the shape 

of the absorption profile is generally of interest (as it is during our experimental 

work), the absorption coefficient can be rewritten in a more useful form according to

/c(v) = Sg(u- Vo) (2.10)

where the so-called linestrength S is essentially the integrated absorption coefficient 

and includes information about the absorption profile shape.

-[S = I K{v)dv (2.11)

13



Basic gas sensing and HC-PBF characterization

while the lineshape function g(v-Vo) is noriT.alised according to

f CO

giv-Vo) = C^(v-Vo). I giv-Vo)dv = l (2.12)

and allows intensity profiles described by <p(v-Vo) to be compared directly. A common 

choice is that the concentration C in (2.8) is expressed in molecules/cm^ since these 

units are independent of temperature (if the absorbing medium is a gas and 

concentration is expressed in terms of pressure units, then its equation of state needs 

to be specified). In that case S has units of cm/molecule and the lineshape function 

g(v-vo) is given in cm according to (2.10). The mathematical form for the lineshape 

function in the most important cases affecting our experimental work will be 

presented in the upcoming section 2.2.3.

2.2.2. LIGHT ABSORPTION IN GASES

Optical absorption was investigated in our case regarding a gaseous absorbing 

medium. Most of the experimental work presented in upcoming chapters 3 and 4 was 

carried out utilising acetylene ('^C2H2) as the target gas, so a brief summary of the 

main properties of this molecule relevant to our work will be included here. During 

some specific stages of our experiments we used commercial gas cells which also 

contained different quantities of ammonia (NH3) and hydrogen cyanide (HCN).

Optical absorption by a gas occurs when the energy carried by an incoming photon is 

resonant with the difference between two molecular energy states. The distribution of 

energy states for a gas is determined by three types of motion, namely rotational
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(molecules rotating about its centre of mass, CM), vibrational (vibrations of 

individual/sets of atoms within a molecule with a static CM) and electronic (electrons 

moving within the molecule). Depending on the particular symmetry of the targeted 

molecule, the energy levels are distributed in a specific manner. In addition, these 

three types of motion interact with each other according to established 

selection/combination rules, giving rise to very complex absorption spectra in some 

cases.

In the case of the acetylene gas targeted during our experimental work, the absorbing 

transitions belong to the rotational-vibrational combination band V1+V3. We can 

describe the main properties of such bands as follows. First of all, we are working 

within a vibrational band characterized by its corresponding vibration frequency v. 

Secondly, the band is not centred at a fundamental vibration frequency v„ but at a 

combination value n, + U/ (u/ and vs correspond to two of the total five normal 

vibration modes available for acetylene [4]). Thirdly, the absorbing transitions occur 

between rotational energy levels whose distribution is embedded on top of the 

vibrational modes. This type of rotational-vibrational energy map is illustrated in 

figure 2-1, corresponding to some of the relevant energy levels and transitions in the 

simpler case of a diatomic molecule (this figure is adapted from the very 

comprehensive book on molecular spectroscopy by Banwell [5]). Note how the 

absorption spectrum schematically shown at the foot of the figure consists of several 

absorption lines with varying intensities, due to the fact that not all rotational J levels 

are populated to the same degree in thermal equilibrium. The ui-K)3 band for acetylene 

is centred at a wavelength of approximately 1525.8 nm within the Near Infra Red 

(NIR) region, where the intensity of absorption lines is much smaller than in the IR 

fundamental absorption region. This is a very important fact to take into account.
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because these weak transitions are difficult to detect unless very sensitive detection 

schemes are implemented or the gas concentration is high. A more extended, good 

comprehensive summary of main molecular concepts relevant to spectroscopy can be 

found in Weldon [6], while an extremely detailed treatment on Infrared and Raman 

spectra of polyatomic molecules was published by Herzberg and can be consulted for 

advanced topics [7],

1
J’ = 0

3
2
1

J"= 0

AJ = -1 AJ = +1

u= 1

u-0

(0

P P P P4 3 2 1

P-Branch

CO,
R 1 R2 R 3 R4

R-Branch

Figure 2-1: Schematic diagram for the rotational (J) — vibrational (v) energy 

level distribution of a diatomic molecule. The absorption spectrum (bottom) 

arises from transitions between rotational levels with a change in the rotational 

number o/AJ = -1 (P-Branch) or AJ = +1 (R-Branch). The different intensities for 

the lines are related to the fact that not all levels have the same populations in 

thermal equilibrium. The scale in the figure does not correspond to the real case, 

but is readjusted for clarity (figure adaptedfrom Banwell [5]).
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2.2.3. BROADENING PROCESSES

Real absorption profiles for gaseous systems are not 5-like functions but exhibit some 

finite linewidth due to several broadening effects. The convolution of these effects 

determines the final lineshape function for the absorbing transition, empirically 

characterized by its Full Width at Half Maximum (FWHM) as illustrated in figure 2-2 

below. Several physical processes affected the absorption profiles during our 

experimental work, and can be classified/described according to different criteria.

g(«)

Figure 2-2: A broadened spectral feature centred at Do is described by a 

lineshape function g(u-Uo) of maximum intensity g(Uo) itnd Full Width at Half 

Maximum (FWHM).

Firstly, table 2-1 illustrates the classification of broadening mechanisms depending on 

the distribution of the molecular absorption/emission probability. Not all the 

molecules in a particular ensemble have the same properties, so different absorption 

properties apply.
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Table 2-1 • Broadening mechanisms: probability

A. HOMOGENEOUS B. INHOMOGENEOUS

Equal probability of absorption or Different probability of absorption or
emission of radiation for molecules emission of radiation for molecules in

in the same energy level. the same energy level.

A.l. NATURAL OR RADIATIVE

A.2. COLLISIONAL

A.3. TRANSIT TIME

A.4. POWER

B.l. DOPPLER

Each of the broadening mechanisms presented in table 2-1 arises as a result of a 

different physical effect. Analysis of each of these mechanisms can be found in the 

literature with a different degree of detail [1, 8-13], while the discussion in this 

section will be limited to a summary of the most relevant ideas associated to each of 

them, as presented in table 2-2. Those broadening processes significantly contributing 

to the linewidth measurements presented in this thesis are highlighted in light grey, 

while the remaining are negligible in our case (orders of magnitude are included in 

table 2-4 at the end of this section). Table 2-3 points out which elements/equipment 

included in the laboratory set-ups are associated with each of the mechanisms, 

providing a useful experimental overview.
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Table 2-2 • Broadening mechanisms: physical origin

Broadening
mechanism

Physical origin

A.]. NATURAL OR 
RADIATIVE

Finite lifetime r of excited states produces spread of 
absorption frequencies, Heisenberg AE > h/2T7r

A.2. COLLISIONAL Interparticle/wall collisions: molecular phase shifts

A.3. TRANSIT TIME Transit of particles through laser beam Tjr shortens 
effective energy transition lifetime

A.4. POWER High intensity beam induces molecular populations 
change, modifying absorption properties

B.I. DOPPLER Particle velocity distribution (Maxwell) and Doppler
effect

Table 2-3 • Broadening mechanisms: laboratory

Broadening
mechanism

Set-up element/device related

A.I. NATURAL OR 
RADIATIVE Targeted gas (lifetime of targeted transition)

A.2. COLLISIONAL Targeted gas (pressure, intermolecular collisions) + 
HC-PBF core walls (molecule-wall collisions)

A.3. TRANSIT TIME Laser beam cross section within HC-PBF core

A.4. POWER High power laser in nonlinear absorption experiments

B.I. DOPPLER Targeted gas (thermal velocity distribution)

As presented in the previous tables, three main broadening mechanisms contribute to 

our experimental measurements. The most straightforward mechanism is that related
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to the well-known Doppler effect, where a molecule with a non-zero velocity 

component in the propagation direction of the radiation field absorbs a photon at some 

frequency shifted from the resonant transition frequency at rest. The distribution of 

molecular speeds across the whole ensemble of active molecules is given by the 

Maxwell-Boltzmann distribution, which tells us which molecules fall in which 

velocity class. The final result is a spectral absorption profile given, to a first 

approximation commonly used, by a Gaussian lineshape function of the form [3]

goiv - Uo) = (^) V^”2/;Texp 2(u — Uo)^/n2
Avd

(2.13)

with a FWHM of

2Un
Avq ——^yJ2kTln2/m (2.14)

Note how the magnitude of the Doppler broadening increases with temperature as T‘^^ 

and resonant frequency vq. During each of our experiments both the gas temperature 

and the operating frequency (within some small tuning range) are kept constant, and 

so the associated Doppler width is essentially constant.

The second effect important to our purposes is the spectral broadening introduced by 

molecular collision processes. Several models exist to explain such an effect, but we 

will restrict our discussion to the simple Lorentz model followed in [10]. This model 

assumes that the electron oscillation described by the classical absorption model halts 

on collision and then restarts with a completely random phase, totally unrelated to that 

prior to the collision event. This incoherence eventually leads to molecular absorption
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at a frequency different than the resonant value, and it can be demonstrated that the 

collisionally broadened lineshape function is given by a Lorentzian curve

gdv - Vo) = (^]
\2;rJ [(v -Vo)^ + duf/4]

(2.15)

A rather cumbersome expression for the FWHM (Aul) of this normalised lineshape is 

found in the treatment by Measures that we are following [3], so for our explanation 

purposes we can refer to Svelto [14] where the linewidth for a collisionally-broadened 

transition is given in a different approach by

1/2
(2.16)

where Tc represents the mean time between collisions and the pressure and 

temperature dependence for the linewidth parameter have been taken from Measures 

[3] again is the linewidth at standard pressure and temperature conditions). The 

most important fact illustrated by relation (2.16) for our experimental purposes is that, 

at a fixed gas temperature, the collisional broadening increases linearly with pressure. 

Note that this type of broadening can be introduced not only by intermolecular 

collisions, but also by collisions of the active molecules with the walls of the gas 

hosting structure. The latter effect is small when gas cells of the order of tens of 

centimetres of height/widths are used, but in the specific case of our Hollow-Core 

PBF the wall collisions play a crucial role (the diameter of the utilised fibre was 

approximately d~ 11 pm). However this fibre-related broadening is in practice almost 

indistinguishable from the transit-time effect explained next, with treatment in the
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literature using one of the two possible approaches. We will follow the transit-time 

ipproach when analysing experimental results during chapter 3.

The last of the three significant broadening mechanisms to take into account during 

our experiments is that related to the transit-time effect: under certain physical 

conditions the transit time of gas molecu les moving across the laser beam becomes 

smaller than their excited state lifetime. This effective shorter lifetime eventually gives 

rise to a spread of the absorbing frequencies around the resonant value, as time and 

optical frequency can be related via the Heisenberg uncertainty relations. It can be 

demonstrated (Demtrbder, [15]) that ithe spectral intensity profile for atoms 

perpendicularly traversing a Gaussian lase;r beam of 1/e diameter 2w with a velocity v 

is given by a Gaussian curve

l{co) = Iq exp -{aa- co^y
w
2v^ (2.17)

with a transit-time limited FWHM

AVfr » 0.4y/w (2.18)

Figure 2-3 further illustrates the previous discussion. Note that this effect depends on 

the geometry of the fibre, which is fixed iin our case, but also on the gas temperature'. 

the value for the mean velocity of the gas. molecules is given by the kinetic theory of 

gases and ultimately depends on the tempecrature T for a fixed molecular mass A/ [16].
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I(X)

fd r
Laser
------ L

Figure 2-3: Transit-time broadening of an absorbing transition, due to 

absorbing molecules crossing a laser beam in a shorter time than their excited 

state lifetime. Gas molecules perpendicularly crossing a Gaussian laser beam of 

1/e diameter d with velocity v exhibit an intensity profile I(u) with a FWHM ~

0.4v/d Figure adapted from Demtroder [IJ.

Thus, the main broadening processes affecting an absorbing transition during our 

experimental work have been both qualitatively and mathematically described. Note 

that, in a real situation, the final absorption profile is the result of more than one 

broadening factor at the same time and cannot be described by the pure lineshapes 

described above. In such case the so-called Voigt profile must be used, a convolution 

of a Lorentzian and Gaussian profiles that must be evaluated numerically [3]. A 

graphical comparison between the normalised Lorentzian, Gaussian and Voigt 

profiles with the same area under the curve A = 1 is included in figure 2-4, where it 

can be observed that the Voigt profile essentially follows a Lorentzian profile near its 

wings and a Gaussian curve around the line centre. Further analysis of absorption 

lineshapes in gases can be found in [17, 18].
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Figure 2-4: Simulation results for normalised Gaussian, Lorentzian and Voigt 

lineshape profiles of the same area under the curve A = 1. Note how the Voigt 

profile is essentially similar to a Lorentzian curve at the wings, while it 

approaches a Gaussian shape at the line centre (scales are adjusted to 

emphasise the Lorentzian similarity though).

Orders of Magnitude

It is useful to estimate the orders of magnitude of the broadening processes affecting 

our measurements under typieal experimental conditions. Having an idea of the 

relative magnitude of the individual contributions helps with optimizing the 

experimental set-up when required, as well as helping to select the proper relation 

when performing some theoretical fit of acquired data. According to the previous 

discussion in this section, there are basically two experimental parameters that 

determine the final broadening contributions: the gas temperature and pressure. 

Typical conditions during our experimental work include gas temperatures of Tgas ~ 

22 °C and pressures Pgas ~ 1 mbar. Table 2-4 below includes some estimation for the
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order of magnitude of the broadening processes under such conditions, together wib 

the typical value for the emission frequency linewidth of the utilised diode lasers.

Table 2-4 • Broadening mechanisms: orders of magnitude

Broadening
mechanism

Order of magnitude 
(T = 22 °C, P = 1 mbar)

A.l. NATURAL OR 
RADIATIVE

Lifetime of targeted molecular transitions (C2H2, 
overtone rotational-vibrational transitions, NIR)

T ~ ms, Aun ~ lOO’s Hz

A.2. COLLISIONAL Aucol ~ 10 MHz

A.3. TRANSIT TIME Autt ~ 50 MHz

B.I. DOPPLER Aud 500 MHz

LASER LINEWIDTH Typically Aulas = 1-5 MHz

As it can be observed the broadening is dominated by the Doppler effect at low 

pressure values. As pressure increases so does the collisional term, eventually 

dominating the total absorption linewidth at pressures above tens of millibars. The 

natural linewidth associated with our targeted transitions is negligible, while the 

power broadening presented in table 2-2 does not apply to our measurements (high- 

power LD’s are used during the experimental work presented in next chapter, but the 

weak-field approximation where no power broadening occurs applies). Note how the 

estimated values for these broadening processes -except the negligible natural 

linewidth term- are significantly higher than the typical emission frequency linewidth 

of the diode lasers utilised during experimental work.
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2.2.4. PHOTONIC BANDGAP FIBRES

It has been mentioned in several occasions how the gas hosting structure that we are 

using affects particular aspects of the measurements during our experimental work. 

The so-called Hollow-Core Photonic Bandgap Fibres are a novel, exotic type of 

photonic microstructures, so a description of their working principle and main 

properties are included next.

Photonic Crystals and Photonic Bandgap Fibres

Standard optical fibres were first designed and still work on the basis of the Total 

Internal Reflection (TIR) produced due to the refractive index step between the fibre 

core and cladding materials. However, the appearance of a new type of photonic 

structures through which light of particular frequencies could not propagate opened up 

a new, wide range of possibilities. Photonic Crystals (PC’s, [19]) are periodical 

structures in which materials of different refractive index alternate according to the 

geometry imposed by a certain lattice configuration (figure 2-5a corresponds to a 

hexagonal lattice of air £ = 1 and material of dielectric constant £ = 12). By means of 

multiple interference effects, based on a detailed analysis of the Maxwell equations, 

the periodic distribution of the refractive index gives rise to either allowed or 

forbidden frequency states for photons. The total frequency interval across which light 

is not able to propagate defines the so-called Photonic Band Gap (PBF), analogous to 

semiconductors and electronic bandgaps. By carefully designing the wavelength-scale 

periodic lattice in a PC and choosing appropriate materials the PBG structure can be 

tailored with a reasonable degree of freedom, and the bandgap window adjusted to a 

particular value within some range. The corresponding complete Transverse Magnetic 

(TM) bandgap arising from the PC structure presented in figure 2-5a can be observed
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in figure 2-5b. Note that the bandgap depends on the particular polarization state of 

the optical field, with an incomplete gap for the Transverse Electric (TE) polarization.

M

Figure 2-5: Example of a two-dimensional photonic bandgap structure (a) 

created by distributing a material of dielectric constant e = 12 over a hexagonal 

lattice ofparameter a. The associated complete TM and incomplete TE frequency 

bandgaps can be observed in (b). Figure taken from [19],

On the other hand, it was in the early nineties when the idea of embedding photonic 

bandgap structures into optical fibres was first proposed. Consequent research and 

development resulted in the realization of the first Photonic Bandgap Fibre (PBF) in 

1995 [20], in which a hexagonal close-packed array of air holes running along the 

inside of a standard, silica fibre, was realized with the help of a stack-and-draw 

mechanical technique. In an ideal PBF the bandgap structure is designed so that only 

one fundamental mode is allowed to propagate along the fibre core length. Secondary 

modes rapidly decay across the surrounding fibre region due to the photonic band gap 

effect, so that only a small fraction of them manages to propagate off-core. While 

these secondary modes are of much weaker intensity than the fundamental peak and 

can be usually neglected, they can significantly change the transmission and
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polarization properties of the fibre if coupling of an external single-mode laser is not 

properly optimized. More details about these coupling effects are included in section 

3.3.1 of chapter 3. Many applications have emerged from this new type of fibres [21- 

26], but the analysis will be restricted here to the gas sensing properties exhibited by 

certain types of PCFs.

Hollow-Core Photonic Bandgap Fibres and Gas Sensing.

The main feature of the so-called Hollow-Core Photonic Bangap Fibres (HC-PBF’s) 

[27-30] is, as suggested by the name, the presence of a hollow core. The core, along 

with a surrounding array of air holes distributed according to a PC structure, is 

typically embedded within a standard silica fibre. This hollow structure can easily be 

filled with either gaseous or liquid materials [31-34] by standard pumping techniques 

or just by using capillary or diffusion effects. In our case a cormnercial model HC- 

1550-02 from NKT Photonics was used, with a hollow core of approximately 11 pm 

in diameter ([35], figure 2-6). It was filled with acetylene gas using diffusion effects, 

described in more detail in the upcoming section 2.3.1.

Figure 2-6: Cross-section of the HC-PBF utilised during our experimental 

research. The hollow structure was filled with acetylene using a diffusion effect. 
Taken from [35].
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2.2.5. TUNEABLE SEMICONDUCTOR LASER DIODES

Gas absorption spectra and NIR tuneable Laser Diodes.

As described in section 2.2.2, the absorbing transitions of acetylene targeted during 

the experimental work presented in this thesis lie within the NIR spectral region 

around 1.5 pm. Many environmentally important gases such as CO2 or CH4 are also 

active absorbers within such spectral range, so reliable laser sources operating at this 

wavelength scale are necessary to carry out sensing research. As pointed out during 

the thesis introduction, the laser diodes (LD’s) developed by the optical 

communications industry in the last decades are ideal candidates in this respect. An 

optical telecommunication window was opened in 1977 centred at 1550 nm (the C- 

band), so much effort was made to improve the performance of laser sources working 

in this NIR region of interest. These affordable LD’s fulfil the linewidth 

characteristics required for spectroscopic applications, their emission frequency can 

be tuned across a wide range of values and they exhibit a great flexibility when 

modulation techniques need to be applied. Many different types of tuneable LD’s 

(TLD’s) exist that fulfil our spectroscopic requirements, based on different laser 

structures and tuning mechanisms. Because this chapter serves as a general overview 

we will only point out here the global characteristics of the TDL’s used during our 

experimental work. A detailed insight into the physics behind the wavelength tuning 

mechanisms and output linewidth characteristics of these lasers is presented later in 

the thesis, complementing the short introduction included here.

DFB and SG-DBR laser diodes

Two different types of TLD’s were used during our experimental work, namely SG- 

DBR (Sampled Grating Distributed Bragg Reflector) and SGC-DFB (Strongly Gain
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Coupled Distributed Feed Back) laser diodes. A very detailed treatment on tuneable 

laser sources by Buus [36] can be consulted for specific design and working principles 

applying to these LD’s, while the main features relevant to basic gas sensing are 

presented in the following table 2-5:

Table 2-5 • NIR tuneable lasers used and main features

SG-DBR
(Sampled Grating 
Distributed Bragg 

Reflector)

SGC-DFB
(Strongly Gain Coupled 
Distributed Feed Back)

WA VELENGTH RANGE 
(NM) 1535-1570 1537.5-1539.5

TUNING MECHANISM Current Current/T emperature

2.2.6. MODULATION DETECTION TECHNIQUES

In order to enhance the detection of the weak absorption signals of acetylene in the 

NIR region some high sensitivity techniques can be applied. Two different cases will 

be presented next, both of them based in the modulation of the emission wavelength 

of the laser diodes utilised. The first case corresponds to the so-called Wavelength 

Modulation Spectroscopy (WMS) technique, and has been extensively used during the 

experimental research for this thesis. The second case, known as the Frequency 

Modulation Spectroscopy (FMS) technique, has not been applied here but will be 

briefly summarised for it is related to some of the topics covered.
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Wavelength Modulation Spectroscopy

In this first case, the emission wavelength of the laser source is modulated at 

frequencies smaller than the FWHM of the absorption profile (~ kHz/MHz). 

Modulation is typically achieved using an external sinusoidal signal applied to the 

modulation facility of the current controller driving the laser. Following the treatment 

by Reid and Labrie in [37], the emission frequency therefore may be written as

u(t) = u + a cosdt (2.19)

where v is the mean emission frequency, dm the angular modulation frequency and a 

the modulation amplitude. Because absorption is weak for the targeted gas transitions, 

the Beer-Lambert law presented in (2.8) can be approximated by the expression

/(y) = /o(l’)[1 -

= /o(i')[l - k{v+ a cos<t)^t)zo\
(2.20)

The time dependent term, periodic and even function, can be expanded in a cosine 

Fourier series

OO

k{v A-a cos (t>^t) = ) Hnivyosin^^t)
^—‘n=0

(2.21)

where H^(v) is the Fourier component of the modulated absorption coefficient. 

The mean frequency is considered constant over a modulation period and the laser 

power assumed to remain constant while modulation occurs. Equation (2.21) 

essentially summarises the key aspect of this technique: demodulating the detected 

signal using a Lock-In Amplifier (LIA, [38, 39]) referenced at some multiple nf of the 

modulation frequency/ = (l)m/27i makes the LIA output proportional to the Fourier
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component according to /o(t;)//„(u)zD, A detailed theoretical analysis shows that 

such components are dependent on the absorption lineshape or its derivatives, so the 

above discussion means that, in practice, the output of a demodulator referenced at the 

n"' multiple of the laser modulation frequency is proportional to the n'^ derivative of

the absorption profile. A simple, more intuitive way of understanding this important 

result is presented by Suplee et al in [40], If the small absorption coefficient k(u) « 1 

m (2.20) is expanded into a Taylor series around the mean frequency v one gets

Kv) = Io(v)
Z' dK\ 1 d^K

V

(v-v)^ ••• j
V ' ■

(2.22)

which using (2.19) and applying trigonometric identities can be rewritten as

Kv) = loiv) - Zd + die
dv

acos{^^t) +

+
1 d^/A
2\dv^ a^-cos (2(^^t)

(2.23)

Only terms up to second order have been considered, as higher terms for the Taylor 

expansion rapidly decay according to the weighting amplitude factor a" (the 

modulation amplitude a in WMS experiments is usually small compared to the 

FWHM of the targeted absorption feature). Thus, equation (2.23) explicitly reveals 

the proportionality between the first and second derivatives of the absorption 

coefficient k and the components of the transmitted intensity demodulated at 

frequencies <!)„ and respectively. Note that the unique Fourier transform of the 

absorption coefficient in (2.21) is essentially the same as the Taylor expansion, 

because trigonometric identities allows for terms in consecutive frequencies n(l)m to be
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grouped together. Figure 2-7 represents a typical schematic set-up when using this 

Loek-in detection technique.

Reference

nf

derivative

T
Lock-ln amp

Signal

u
Figure 2-7: Schematic diagram for a WMS lock-in detection technique. The 

laser wavelength is modulated with a reference signal of frequency f, and the 

detected signal processed by a LIA referenced at a frequency nf. The output of 

the LIA is proportional to the n'^ derivative of the transmitted intensity It-

It can be demonstrated that the amplitude of the detected harmonic signal depends 

on the amplitude a of the modulation signal, which in practice allows for optimization 

of the LIA output amplitude. Such optimization is applied in chapter 4 as an example, 

where we refer to the parameter a as the modulation depth. A particular advantage of 

this WMS detection technique is that any residual sloped background detected in 

direct transmission measurements is effectively suppressed, significantly improving 

the Signal-to-Noise Ratio (SNR) of the acquired data.

Frequency Modulation Spectroscopy

The second case is essentially based in the same principle as WMS, but only differs m 

the order of magnitude of the applied modulation frequency: In the FMS technique, 

the modulation frequency is much higher than the FWHM of the absorption line. The 

main effect of this high-frequency modulation is the appearance of several sidebands 

in the optical power spectrum of the laser source, separated from the carrier emission 

frequency vo by an amount exactly equal to the modulation frequency/. The number
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of sidebands can be controlled by adjusting the modulation amplitude applied to the 

laser, with only the first sidebands typically considered. Several beat effects can occur 

between the sidebands and carrier peaks that may affect the detected signal, and must 

be assessed if some detailed information needs to be extracted. On the other hand, the 

main advantage of FMS detection is shifting the detection frequency to higher values 

where the low-frequency noise affecting the laser is greatly reduced. However, the 

lock-in amplifier must be substituted by discrete high-frequency components which 

are more expensive and sensitive to external noise coupling. A detailed discussion on 

the origin and minimisation of such noise effects is included in chapter 4 of this 

thesis, where the topic of frequency stability in lasers is studied in detail. Formal 

analysis of both WMS and FMS techniques can be found in references [40, 41].

2.3. HOLLOW-CORE PHOTONIC BANDGAP FIBRE 

BASIC CHARACTERIZATION

After introducing the most important concepts related to basic gas sensing and laser 

spectroscopy during the previous sections, some experimental results will be 

presented here that characterize the basic behaviour of our system. Such 

characterization included the measurement of acetylene diffusion time into the HC- 

PBF, basic direct transmission and WMS gas sensing, and assessment of the 

broadening processes as a function of gas pressure. All of these investigations were 

essentially carried out under the same experimental set-up, tailored to each case and 

introducing minor changes when required. Figure 2-8 below schematically depicts the 

global experimental arrangement in the laboratory.
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Pressure gauge

Figure 2-8: Schematic representation for the global set-up utilised during the 

basic characterization of the optical sensing system.

As can be observed in the figure, the fiberised output from the laser (whose 

temperature and injection current are controlled by external units) can be split in four 

different paths using appropriate single mode fibres and splitters. One of the paths 

directly leads to a wavemeter to measure the emission wavelength when required. The 

second path is connected to a sealed sample gas cell containing selected mixtures of 

NH3, HCN and '^C2H2, through which the laser beam travels before being detected by 

an InGaAs photodiode (PD). The third and fourth paths both enter a vacuum/gas 

chamber connected to an acetylene gas cylinder and turbo-molecular pump by means 

of appropriate valves (®). The gas pressure can be measured either using a high- 

accuracy ion pressure gauge directly connected to the chamber, or by using a 

secondary gauge connected to a subsidiary known volume. The ratio between the
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subsidiary and chamber volumes (approximately 1:60) allows for specific amounts of 

acetylene to be injected within the gas/vacuum chamber when required. An additional 

needle valve is attached to the system if fine control of the pressure is required. The 

first path within the chamber is a free-space beam travelling across the absorbing gas 

and then detected using a PD located within the chamber. Light directed along the 

second chamber path is coupled into the HC-PBF and eventually collected using a 

second, independent PD. The output signal from the three PD signals can be fed to a 

lock-in amplifier that is set in a WMS detection fashion along with a modulation 

(voltage) source. Both the input/output ends of the HC-PBF and collimating lenses 

within in the chamber are set on precision translational stages allowing for fine 

alignment. This global set-up allowed us to perform all of the basic characterization 

experiments described next.

2.3.1. HC-PBF DIFFUSION TIME

In order to first analyse the diffusion properties of C2H2 into the PCF, the general gas 

sensing scheme presented in the previous section is slightly modified. Light from a 

SG-DBR source is directed along the two gas chamber paths. In the case of the free- 

space path the corresponding PD is substituted with an appropriate mirror at near

perpendicular incidence, so that laser light is reflected back out of the chamber 

through the same window and then collected using the former PD. This path serves as 

a reference, and is labelled accordingly. The second HC-PBF path is set in the same 

way as described earlier in section 2.3. Figure 2-9 schematically illustrates the 

arrangement
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Figure 2-9: Modification of the experimental set-up for diffusion measurements.

A mirror with variable position substitutes the former PD collecting the free path 

beam within the gas chamber. The PD is now placed external to the chamber, 

collecting the reflected light.

In this double-path arrangement the absorption coefficient is the same for both beams, 

as they interact with the same gas concentration (pressure). However, the transmission 

along the reference path can be adjusted by tuning the mirror position until the 

absorbance A for both channels is the same.

loi
A = orZj, i = REF,PBF (2.24)

Once this condition is llilfilled, we inject different concentrations of gas into the 

chamber and monitor the detected signals in time. Whereas the gas instantaneously 

fills the vacuum chamber and absorption remains stationary for the reference path, 

some diffusion time is required for the fibre to be filled: the transmission signal for 

the reference path corresponds to a fixed value, while the absorption in the HC-PBF 

exhibits an asymptotical behaviour. Corresponding results are presented in figure 2- 

10, where the observed ripples are attributed to mechanical alignment deviations.
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t(s)
Figure 2-10: Results for the measurement of the HC-PBF gas diffusion time. At 

each pressure the reference absorption value remains constant (horizontal lines), 

while the corresponding fibre trace exhibits an asymptotical behaviour. When 

molecules have completely diffused within the fibre a steady state is reached.

Diffusion time values for each pressure are extracted from the previous data by 

finding the time from which the difference between the reference and the PCF signals 

remains constant (within a 10% interval). Results are presented in table 2-6.

Table 2-6 • Measured HC-PBF acetylene diffusion times

P (mbar ±0.5) Idiff (s ±50)

3.0 600

4.0 550

7.0 450

9.0 700
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An average value of tmFP g 10 min extracted from these results will be taken as a 

reference. It is important to have an idea for the order of magnitude of the diffusion 

time, because it sets the lower limit for the time from which the molecular ensemble 

within the fibre will be at thermal rest. Gas temperature was kept constant at T = 22 

°C during the measurements.

2.3.2. HC-PBF WMS SENSING TEST

The basic gas sensing capability of HC-PBF’s was examined by coupling the light 

from the SG-DBR LD into the fibre and then filling the gas chamber with 5 mbar of 

acetylene. To enhance the detection signal WMS techniques were applied and the 

operating LIA referenced to the second harmonic (2f) of the modulation frequency. 

The modulated laser wavelength was then tuned across a wide range, and the 

transmitted signal detected with a PD. Results for successful WMS detection of 

several acetylene absorption lines are presented in figure 2-11. Gas temperature is 

kept constant at a value of T = 22 °C, while the dominant broadening process at this 

pressure regime is the Gaussian-shaped Doppler contribution.

As is clear from the results presented in the figure, multiple gas lines are successfully 

detected using the WMS technique. Even small signals from weakly absorbing lines 

can be distinguished due to the SNR enhancement associated with this modulation 

technique. The particular shape of the 2f harmonics for selected gas lines around 1530 

nm can be observed in the inset.
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Figure 2-11: Results for the successful WMS detection of the second harmonic of 

multiple acetylene absorption lines . The gas is hosted within a HC-PBF, and the 

SGDBR wavelength tuned across an interval of more than 3nm. The particular 2f 

Ttneshape corresponding to selected transitions around 1530 nm can be observed 

in the inset.

2.3.3. HC-PBF PRESSURE RESPONSE

In this case our aim was to investigate the spectral broadening response of the 

acetylene absorption line with pressure. In order to increase the gas pressure in the 

chamber without affecting the total absorption undergone by the laser beam, 

evaporated liquid nitrogen gas was leaked in. Nitrogen molecules are not active 

absorbers of the NIR light, so this ensures that the recorded absorption line for
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acetylene will not change its shape because of concentration changes, but only due to 

foreign gas pressure broadening effects. In this case the laser light is split along the 

two paths within the gas chamber (HC-PBF and free space), while a system of 

vacuum valves allows for control of the nitrogen leaking rate. This rate must be slow 

enough to fill the HC-PBF in a quasi-stationary regime, so that pressure can be 

assumed to be constant for each scanned absorption line (individual scans take an 

approximate time of 1 min). A precise needle valve is included in the leaking system 

to improve the control of the leaking rate, which is measured to be dp/dt ~ 4/60 

mbar/min. This nitrogen leaking rate is much slower than the average acetylene 

diffusion rate into the fibre of dp/dt ~ 36/60 mbar/min calculated from the measured 

diffusion time. The system is left for several hours and direct transmission signals 

acquired. The targeted absorption line was centred at Xo = 1539.42 nm and gas 

temperature kept at T = 22 °C.

As described in section 2.2.3, several mechanisms contribute to the final linewidth of 

the acquired transmission signal. In order to extract the individual components, 

theoretical fits of the experimental data to a Voigt profile are performed. The output 

of such theoretical fitting yields two different values, namely the homogeneous 

linewidth Avhom and the inhomogeneous linewidth Avinhom- Results for the 

homogeneous component of the total broadening are presented in figure 2-12, while 

the extracted inhomogeneous component due to the Doppler effect is in very good 

agreement with the theoretical value calculated using equation (2.14):

Avd (theory) = 470 MHz 

Avd (experimental) = 462 MHz
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Figure 2-12: Homogeneous broadening component of the total FWHM of the 

selected acetylene absorption line against gas pressure hosted in the HC-PBF.

Data have been obtained after fitting the recorded absorption line to a Voigt 

profile and each of the two traces independently fit to a straight line.

Analysis of the presented results for the homogeneous FWHM component yields 

several interesting points. First of all, our assessment of the theoretical linear increase 

of the collisional broadening with increasing gas pressure is clearly backed up by the 

fitted results: Both the HC-PBF and reference path linewidths increase linearly as gas 

is leaked into the system. Theoretical linear fits are performed, with an average slope 

for both the free space and fibre paths of Au/AP ~ 2 MHz/mbar. Because the acetylene 

absorption line is broadened due to the pressure introduced by a different gas, this 

parameter is commonly referred to as the foreign gas broadening coefficient. A 

detailed analysis reported by Minutolo et al. [42] for the same acetylene absorption 

line and nitrogen foreign gas yields a value for this coefficient of Av/AP ~ 2.06
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MHz/mbar, confirming the validity of our analysis. The ripples observed in the fibre 

trace are attributed to low-frequency mechanical noise affecting the laser-fibre 

coupling, thus affecting the single-mode guidance of the fibre as mentioned in section 

2.2.4.

On the other hand, a eonstant difference can be observed between the fibre and 

reference linewidths at all pressures (i.e. two parallel lines are observed). Because the 

HC-PBF trace exhibits a larger homogeneous value for the total linewidth, this means 

that an extra broadening eomponent is affecting the gas molecules within the fibre 

core. According to discussion in section 2.2.4 such additional broadening is attributed 

to the transit-time effect, so an estimation can be made according to relation (2.18) 

and then compared to the experimental value extracted from, the previous figure. The 

assumption is made that aeetylene moleeules eross a Gaussian beam of 1/e intensity 

diameter d = 7.5 pm [35] with a three-dimensional (3D) mean molecular velocity v^d 

= <(8RT/nM) = 490.3 ms'' at a temperature of T = 22°C, and a corrected two- 

dimensional (2D) velocity of V2d = - 400.3 m s'' (this correction is

introduced because the transit-time broadening is calculated with respect to any 

direction perpendicular to the fibre axis). The final results for both the theoretical and 

experimental estimations correspond to

Avtt (theory) ~ 40 MHz 

Avtt (experimental) ~ 56 MHz

Some difference exists between the two final results, though both estimations are of 

the same order of magnitude and agree within experimental and theoretical error. The 

observed ripples along the HC-PBF traee suggest that the coupling of light into the
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fibre could be further optimized, eventually improving the fitting accuracy and the 

final results.

2.4. CONCLUSIONS

The basic theoretical background regarding laser-based gas sensing in Hollow-Core 

Photonic Bandgap Fibres has been discussed in this chapter. The main laws governing 

linear absorption of laser light by a gaseous medium have been stated, putting some 

emphasis on the characteristics of our particular laboratory system that affects the 

broadening processes . The main properties of HC-PBF’s and laser sources utilised 

during experimental work and relevant to spectroscopic-based gas sensing have been 

presented, as well as an insight into the detection techniques utilised to enhance the 

achievable sensitivity limit. Experimental results have been presented to back up the 

theoretical approach, successfully characterizing some of the HC-PBF properties 

relevant to our research work. Therefore this facilitates the understanding and 

preparation of more complex experimental set-ups, and allows us to investigate 

different aspects of laser-diode based gas sensing as presented in upcoming chapters.
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cHAPTER

NONLINEAR GAS SENSING: SINGLE AND 

DOUBLE SATURATION

3.1. INTRODUCTION

In the previous chapter the basis for laser-based gas sensing experiments in Hollow- 

Core PBF’s [1, 2] was established. A Description of the main laser sources paying 

attention to their most important features regarding spectroscopy has been introduced, 

and the main types of semiconductor laser diodes used in our experimental work. The 

structure and working principle of HC-PBF’s has been examined and several features 

specific to this type of fibres discussed. A description of the gaseous absorbing 

species used in our experimental work has been introduced from a molecular point of 

view, and absorption laws in the linear regime clearly stated. The diffusion properties, 

gas sensing capability and pressure response of HC-PBF’s have been demonstrated 

corresponding to the linear absorption regime. However, the same hollow-core fibres 

can be used in experimental work under a nonlinear absorption regime. As light is 

trapped and focused inside the hollow, micrometer-scale core of the microstructured 

fibres, the intensity of the optical field is significantly increased across the absorbing 

volume. This feature, in addition to the long optical paths in small physical space 

provided by PBF’s (bend losses are minimum as light guidance is not based on TIR so
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long lengths of fibre can be coiled requiring minimum space), gives rise to and makes 

these fibres a perfect candidate for the study of nonlinear effects. A particular 

phenomenon occurs when the intensity of the incoming radiation field is increased 

and the molecular populations of the energy levels involved in the absorbing 

transition are significantly modified: the pumping rate overcomes the effective 

relaxation rate for the transition so that it becomes saturated. The direct effect of such 

saturation is a decrease in the absorption of any further light directed across the 

absorbing sample. Exploitation of this effect making use of suitable experimental 

schemes makes it possible to study fine spectral details in the otherwise Doppler- 

broadened absorption profile. The significant reduction in the spectral widths of the 

saturation features (typically tens of MHz at few mbars of pressure) compared to the 

Doppler-broadened profiles (typically hundreds of MHz at the same pressure values) 

has immediate consequences in high-accuracy frequency applications.

Saturation spectroscopy for several gas species such as acetylene, ammonia or 

hydrogen cyanide has been investigated in these microstructures [3-5]. Application to 

wavelength referencing and integration of PBF fibres into portable systems has been 

studied and demonstrated [6, 7]. In particular, the application of acetylene is of special 

interest due to its well-defined absorption spectrum in the 1.5 pm spectral region, with 

regularly spaced absorption lines over a range of tens of nanometres [8-10]. Several 

studies have been carried out addressing the influence of parameters such as the 

optical power and gas pressure on the linewidth of saturated transitions, together with 

the effect of the fibre geometry [11-14]. In this chapter the saturated absorbing 

properties of acetylene are first investigated and compared with corresponding results 

from several previous studies. Saturation effects are achieved utilising high-power 

laser diodes readily available from industry, which fulfil the linewidth specifications
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necessary for laser spectroscopy research (low output linewidth) and exhibit good 

versatility to apply modulation techniques as compared to other types of laser sources 

(this is very important for example in order to implement frequency stability schemes, 

as presented in next chapter). Based on our experimental results a novel experimental 

approach is suggested. Simultaneous saturation of an absorbing transition at two 

different wavelengths is demonstrated, based on modulation of the laser frequency 

and non-resonant effects in a three-level molecular system. The simple yet powerful 

modification of the experimental scheme significantly improves the accuracy of the 

extracted saturation results. Potential applications are discussed and the link with 

stabilization of the emission frequency of lasers is introduced, a topic discussed in 

detail in the following chapter.

3.2. BACKGROUND

3.2.1. NONLINEAR ABSORPTION: SATURATION

When a light beam of angular frequency ty travels tlirough an absorbing medium, the 

intensity of the beam decreases exponentially with distance according to Beer’s law as 

discussed in chapter 2,

/ =
(3.1)

where a(co) is the absorption coefficient and z the distance travelled across the 

absorbing medium. This is true at sufficient low intensities and absorption paths, with 

the relative change of intensity dl/1 over a distance dz being constant and equal to 

afco).
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However, if the intensity of the ineoming beam exceeds a certain value this law is no 

longer valid and a new approach is required. Assume an open two-level system with 

absorbing molecules being excited from a ground energy level 1 to an upper energy 

level 2. The system is referred to as open because it is assumed that the optical 

pumping occurs only between those two levels even if they may decay into other 

levels. The number of molecules excited to the upper level is proportional to the 

optical pumping rate P, while the relaxation to the ground level is determined by the 

average relaxation rate <R>. The saturation parameter S is defined as the ratio 

between these two rates, and its value is useful to distinguish between different 

absorption regimes. In the linear case the intensity of the radiation field / is small and 

the population difference between levels 1 and 2 is independent of / (i.e., the relative 

absorbed power dP/P is constant). However, if the intensity is high enough so that the 

excitation rate overcomes the relaxation processes then the populations of the 

absorbing levels are significantly modified and the spectral absorption profile is 

changed. The intensity / = /^ at which the saturation parameter becomes 5 = / is 

called the saturation intensity. The saturation power is Ps = IsA, where A is the cross 

section of the laser beam at the absorbing molecular sample. The exact change in the 

absorption profile depends on the specific experimental conditions and broadening 

processes affecting the transition so a brief summary will be included in this section 

including the most important concepts and relationships. The comprehensive analysis 

found in Demtrbder [15] will be followed, where the usual convention of using the 

angular frequency co = 27t v h used to avoid factors of 27C in the equations. An 

advanced nonlinear treatment can be found in Letokhov and Chebotayev [16].
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Saturation of a homogeneous broadened profile

In the case of a set of atoms at rest in the observer’s coordinate system, the absorption 

coefficient in the neighbourhood of a molecular transition frequency OJi) is given by a 

Lorentzian function

ccoico) =
2hBi2AA/o iAco/2y

TTcy (co— coQy + iAco/2y (3.2)

where Aco ’is the Full Width at Half Maximum FWHM of the absorption profile. The 

coefficient B12 is the Einstein coefficient of induced absorption and the quantity ANo = 

Nio- N20 the unsaturated population difference between the ground and excited levels 

1 and 2. When the pump rate of the transition P=B]2p(CL^ being the spectral

energy density of the radiation field) increases and the relaxation rate is overcome 

then the absorption coefficient can be rewritten in the form

asico) = ao(<yo)
(Aco/2y ^ aojcD)

((y-^yo)2 + (dru5/2)2 1 + 5^ (3.3)

with the frequency-dependent saturation parameter Sco given by

fii2P(ffl) ,,
(3.4)

This parameter represents the ratio between the pump and average relaxation rates, 

and in the case of a homogeneously broadened line it follows a Lorentzian shape L(o> 

OX)) given by
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L{co- coq) =
Ne^n
46omc {coq — ctSf- + (AcOf^liy (3.5)

This expression corresponds to the Kramers-Kronig relation for the absorption of an 

oscillator with mass m and number volume density [17], with A co^j being the natural 

linewidth of the absorbing transition. Thus, the effect of the saturation in a 

homogeneously broadened profile is to decrease the unsaturated absorption coefficient 

0C()(0$ by a factor of (1+Sa). The saturation power is bigger at the line centre than at 

the wings according to (3.4) and (3.5) because the absorbed power is bigger there. 

This means that the change in the absorption coefficient is bigger at the line centre 

than at the wings. The result is that the lineshape for the saturated absorption 

coefficient is broadened with respect to the unsaturated case, as shown in figure 3-1 

below. The saturated coefficient as((jc^ still follows a Lorentzian lineshape but the 

linewidth is now AcOi- = A.(£>(l+S())‘^^. In the weak-field approximation {So«l) the 

saturated linewidth can be approximated by Aco^ ~ Aoi

Figure 3-1: Schematic illustration for the saturation of a Lorentzian 

homogeneously broadened line by a high intensity laser. The unsaturated 

absorption coefficient ao(co) is broadened, resulting in a saturated coefficient 

as( co) with a Lorentzian profile and linewidth Aak, = Aco(\ -i-So) (figure adapted 

from [15]).
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Saturation of an inhomogeneous broadened profile

In the case of a set of atoms possessing some thermal motion the absorption 

coefficient is broadened from its homogeneous value due to the Doppler effect. When 

the Doppler broadening is much bigger than the homogeneous width (which is our 

case for example, at gas pressures of few mbar and Doppler widths of the order of 

hundreds of MHz) the intensity profile of such an absorbing line is given by a 

Gaussian profile

/(ry) = /oexp -
(fei- COqY

0.36Acod^ (3.6)

around a molecular transition at a frequency at;. The full width at half maximum 

(FWHM) depends on the atom/molecule mass m and temperature T and is given by 

Acoo =(2ojf)/c)(2(ln2)kT/m)'^^. A more rigorous analysis shows that the real lineshape 

is a mixture between a pure Gaussian and a pure Lorentzian lineshape and is referred 

to as Voigt profile, already discussed in chapter 2.

When the intensity of the radiation field is increased and significant saturation occurs 

the effect is different than in the homogeneous case. Here the frequency of the 

radiation in the frame of a molecule with speed v becomes co’ = co- kv = co- kv^due. 

to the Doppler effect, k=kz being the propagation constant of the incoming field. A 

detailed analysis shows that molecules are excited within the interval dv^ = Ao/k 

centred at = fry - a}())/k, so that a so-called Bennet hole is created in the velocity 

distribution of the ground level Ni(v,) and a correspondent peak appears in the upper 

level distribution N2(v.). This situation is illustrated in figure 3-2. The linewidth of 

this dip is AtOi = A(o(7+5«), and the depth at its centre is ANo(v~) - AN(vr) = 

AN„(vdSo/(l+So).
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V, = -

Figure 3-2: Schematic diagram for the saturation of an inhomogeneously 

broadened line, (a) A Bennet hole is created in the velocity distribution of the 

ground level Ni(Vz). (b) A correspondent peak is created in the upper level 

distribution N2(Vz) (figure adapted from [ 15]).

A detailed analysis shows that in the usual weak field approximation So«l the 

absorbing coefficient still follows a Voigt profile, this time reduced by the frequency-

independent factor (l+So)‘^^:

, . ccoicoo) ( (co-cooy 
asico) = -7== exp -

+ So 0.36 AcO[)‘ (3.7)
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Thus, even if a Bennet hole is created at each frequency co by the strong beam, it 

cannot be detected just by tuning that frequency around the absorption line centre; 

two lasers are needed to observe the change in absorption due to saturation effects (a 

special case is that of a single laser reflected back through the absorbing medium, as 

explained elsewhere in this section).

1. A strong pump laser, wave vector A/ at frequency (Oj burns a hole in velocity 

class Zlvy2 with Vz = (cprCoO/ki and Av^ = Aoy'kj, as discussed above.

2. A weak probe laser, wave vector k2 and tuneable frequency co across the 

Voigt profile. No interference with the pump is assumed due to its weak 

optical power.

Calculations lead to the following result for the saturated absorption coefficient

as{o\, co) = ao(ru) 1 -
(Aco/2)^

+(7^5/2)^ (3.8)

which corresponds to an unsaturated Doppler profile cX()(co) with a saturation dip of 

Lorentzian shape at a frequency

co’ = cOo ± («i - cOo)ki/k2 (3.9)

The signs ± hold respectively for co- or contra-propagating beams, while the

linewidth of the absorption dip Fs = Aco + Aoos = Aco [l3-(l+So)‘^^] equals the sum of
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the saturated dip width AtOs due to the pump plus the unsaturated absorption width 

Aco. Figure 3-3 illustrates these results.

Figure 3-3: Schematic diagram for the saturation of an inhomogeneously 

broadened line using two lasers. A strong pump beam of frequency and wave 

vector (cOi , ki) saturates the transition, while the frequency tshof a weak probe 

laser ((O2, ki) is tuned across the absorption line centred at coo- A saturation hole 

of linewidth Fs is detected in the spectral absorption profde of the probe at a 

frequencytS) (figure adapted from [ 15]).

A special case is that where the only laser used is the strong pump, but is reflected 

back after travelling through the absorbing medium so that the counter-propagating 

wave acts as the probe. A detailed analysis can be found again in Demtrdder [15], but 

we will restrict the analysis here to the case which matches our experimental 

description in section 3.3: the saturating wave is kept at the absorption line centre (O = 

OX) and a weak probe beam is tuned across the line profile. In such case, the absorption 

coefficient is given by
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as(a>) = ao(cD) 1 -
(A%/2)'

2 (a?- ojy + (Aco5/2)2 (3.10)

This represents the unsaturated Doppler broadened profile (Xo(o$ with a 

Lorentzian dip of linewidth ~ JMat the line centre and is valid in the weak

field approximation So<<L The dip in the absorption profile is usually referred to as 

the Lamb dip. Figure 3-4 below illustrates a global comparison of the different 

saturation regimes described here, with the last case included in figure 3-4(c).

Figure 3-4: Comparison of different saturation regimes, (a) Pump laser tuned 

across a homogeneously broadened absorption line, (b) Two counter- 

propagating waves coming from a single pump laser tuned across an 

inhomogeneously broadened absorption line, (c) The pump frequency is fixed at 

the centre of an inhomogeneously broadened line while the frequency of a 

second weak probe laser is scanned across (figure adapted from [ 15]).
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3.2.2. RESONANT AND NON-RESONANT TRANSITIONS

The above discussion is limited to the case where the pump and probe laser 

frequencies coi and oh are either fixed or tuned across the vicinity of a two-level 

molecular absorbing transition at a frequency coo. If the pump frequency is kept at the 

line centre a Lamb dip is created at that point and detected by the weak probe when its 

frequency is resonant with coo. However, such an effect is not unique to a resonant 

scheme but can be extended to a three-level molecular system in a non-resonant 

fashion. Under some specific circumstances, the absorption of the probe laser around 

a transition at a frequency OJo can be decreased by means of a strong pump laser 

targeting a frequency cOpump far away from that of the probe. Such a phenomenon is 

referred to as Electromagnetically Induced Transparency (EIT) [ 18-20] and is based 

on coherent population trapping [21], a quantum, coherence effect in 3-level systems 

which usually requires a detailed quantum mechanical treatment. EIT effects have 

been experimentally demonstrated in several types of atomic systems, but in our case 

we will restrict the analysis to the gaseous case pointing out the key features 

important to our experimental purposes.

The first point is related to the rotational-vibrational absorption spectrum of a linear 

molecule such as acetylene. Figure 3-5 illustrates some possible rotational transitions 

between two vibrational states v and v’ in a parallel band of such a molecule [11]. 

Rotational absorption lines to the low-frequency side of the band centre coo correspond 

to an increment of the rotational quantum number of AJ = -I and are referred to as the 

P branch, while those to the high-frequency side with AJ = +1 form the R branch 

[22]. In the illustrated example the pump laser is tuned into resonance with the 

transition P(J+1) of the figure, modifying its population densities in a similar fashion
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than described in the previous section. The question at this stage is how to detect such 

saturation effect with a probe targeting an absorbing transition in the /^-branch, which 

can be tens of nanometres away: only certain combinations of non-resonant P and R 

transitions will give rise to HIT effects.

V - interaction A - interaction J(V)

J+2

J+1
J
J-1
1
0

J(v)

J+2

J+1
J
J-1
1
0

R(J+1) R(J) R(J-1)R(1)R{0) ; Pd) P(J-1.P(J; P(J+1) P(J+2)

Figure 3-5: Rotational transitions between two vibrational states v and v’ in a 

parallel band of a linear molecule such as acetylene. Non-resonant EIT effects 

only occur under the pump-probe combinations P(J+1)-R(J+1) (V-type) or 

P(J+ l)-R(J-l) (A-type). Figure adaptedfrom [11].

The solution comes from the corresponding theoretical analysis and is graphically 

shown in the figure above: only those transitions in the R-branch sharing either the 

ground or the upper level with the saturating transition P(J+1) will allow for EIT. 

Combinations of the form P(J+1) - R(J-l) sharing the upper level are referred to as a
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A-type interactions (the corresponding transition diagram has a “yl” shape, as shown 

in figure 3-5 above), while schemes of the form P(J+1) - R(J+1) sharing the ground 

level are known as V-type interactions (the transition diagram has a “f” shape in this 

case, again shown in figure 3-5 above). The present discussion is valid for any line 

targeted by the pump laser within the P branch, making it possible to study saturation 

effects over a wide frequency range.

In practice, this means that the saturation effects described in the previous section can 

be detected by a probe laser scanning either of the R(J±i) transitions. This non

resonant scheme will be used in our case, as it minimises any possible interference 

between the pump and probe beams shifting any beat signal to high frequencies. 

Theoretical analysis to compare experimental results with the expected values can be 

either performed following any of the two saturation/EIT approaches. The saturation 

approach will be used in our case when analysing the recorded data, though the results 

reported by Benabid et al. following an EIT approach [11] are also in good agreement 

with the results to be presented.

3.2.3. THE PUMP-PROBE EXPERIMENT

The physical basis for the saturation of an absorbing transition has been described at 

this stage. In this section a general overview of the experimental arrangements most 

commonly implemented by research groups to perform saturation experiments is 

included, complementing the theoretical approach. Details for the specific 

arrangements implemented during our experimental work are included in section 3.3. 

The most extended experimental scheme to perform saturation experiments is known 

as the pump-probe scheme, and involves the use of two laser beams as the name 

suggests. As discussed in section 3.2.1 the first beam is known as the pump, and
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corresponds to the laser providing the high optical power responsible for saturation. It 

is operated in a cw fashion and gives rise to molecular population modifications and 

saturation of the absorbing transition. A high-power laser diode can be used (such as 

commercially available DFB lasers) or else substituted by a low-power laser working 

in conjunction with an optical amplifier (commonly an Erbium-Doped Fibre 

Amplifier, EDFA). Both schemes are valid and eventually provide the required optical 

power to achieve saturation at a fixed wavelength. The second laser beam, referred to 

as the probe, is a low optical power beam used to probe the saturated transition. This 

laser is also operated in a cw fashion, but its frequency must be continuously tuned 

across the desired transition. This probe beam is derived from a second, independent 

tuneable laser source, or may be extracted from the pump beam using a suitable beam 

splitter (in that case typically 5-10% of the pump beam is split off). Both the pump 

and probe beams must be combined, collimated and coupled into the gas hosting 

structure to achieve light-gas interaction. It is common to set a co-propagating 

scheme when two independent sources are used, while a contra-propagating scheme 

is usually implemented when the probe beam is extracted from the pump. Light is 

detected using suitable photodiodes (PD) and separation of both beams is usually 

necessary to extract relevant information. A common approach is to set the relative 

beam polarizations mutually orthogonal using suitable optical elements and then 

introduce polarizing beam splitters to separate the beams. An alternative approach is 

to introduce some kind of modulation (amplitude/frequency) in either/both of the laser 

sources and then utilise lock-in techniques to demodulate the signals independently at 

their respective frequencies. Complete separation of the beams can be a difficult task 

and sometimes is not achieved, so that pump-probe interference effects must be
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assessed before carrying out the main experimental work. A schematic illustration of 

both cases is presented in figure 3-6.

PROBE
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¥
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Figure 3-6: Schematic representation of the most common pump-probe 

experimental set-ups. a) Independent laser sources with pump and probe beams 

co-propagating across the gas hosting structure, b) Probe beam extracted from 

the pump laser and then coupled into the gas hosting structure in a contra- 

propagating fashion.

Another issue deserving some attention is that of the gas hosting structure. As 

mentioned in chapter 2, gas sensing experiments can be carried out in gas cells where 

gas is injected at a certain pressure and the laser beam undergoes a single or multiple 

pass along the absorption length. However, Hollow-Core Photonic Bandgap Fibres 

are well-suited to pump-probe saturation experiments due to their inherent properties; 

The tight confinement of light in the hollow core greatly increases the optical field 

power, making it easier to saturate the absorbing transition. In this manner, HC-PBF’s 

present a big advantage as compared to standard gas cells when performing pump- 

probe experiments. Additionally, the absence of bend losses in these fibres due to the
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bandgap guiding principle makes it possible to easily increase the optical absorption 

length in the gas: a long section of fibre can be coiled oecupying only a small volume. 

A longer interaetion path increases the total number of gas molecules saturated before 

the beam exits the interaetion volume, so that the magnitude for the saturation signal 

will increase as will the Signal-to-Noise Ratio (SNR). If necessary the decay of the 

pump intensity along the fibre ean be theoretically modelled, tailored to the partieular 

information sought. During all of the above, the fibre is usually placed inside a 

chamber whose gas content can be controlled using suitable gauges and valves. In 

some cases each of the fibre ends is attaehed to a different chamber, and the gas 

diffuses along the fibre when it is injected into either of them [12, 13]. No matter what 

the final configuration chosen for the pump-probe experiment, all coupling-induced 

losses must be taken into aecount and minimised to ensure that enough power to 

achieve saturation reaches the input of the gas hosting structure.

3.3. EXPERIMENTAL SET-UP

Two different pump-probe experimental schemes have been implemented during the 

experimental work carried out and are discussed as follows:

3.3.1. SINGLE SATURATION: THE PUMP-PROBE 

EXPERIMENT

The first case is that of single saturation, where a pump laser targeting a fixed 

wavelength burns a saturation hole in the gas absorption profile and is observed using 

the probe laser. This case corresponds to the general description for a pump-probe
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experiment given in section 3.2.3. In our case a co-propagating scheme was 

implemented, making use of two independent laser sources for the probe and pump 

beams. A schematic of the experimental set-up is presented in figure 3-7.

GAUGE

Figure 3-7: Schematic illustration of the single saturation co-propagating pump- 

probe experimental scheme. Main elements and abbreviations used: PROBE =

Probe laser; PUMP = Pump laser; TEC = Thermo Electric Cooler; I = Current 

Source; POL CTRL = Polarization Controller; CH = Chopper; ISOL = Optical 

Isolator; yjl = Half-wave plate; POL BS = Polarizing Beam Splitter; HC-PBF = 
Hollow-Core Photonic Bandgap Fibre; BS = Beam Splitter; WA V = Wavemeter;

}JA= Quarter-wave plate; POL = Polariser; LIA= Lock-In Amplifier; PC = 

Personal Computer. All wavelength-dependent elements are designed at a 

working point of 1.5 pm. The fibre sits inside a vacuum/gas chamber connected 

to a gas cylinder by means of proper gauges to control the acetylene pressure.

The LIA is referenced at the chopper frequency to detect the probe transmission.

The probe laser is a commercial ECL system with a fiberised optical output that can 

be fine tuned between 1510 nm and 1590 nm with a resolution better than 1 MHz and 

power stability better than 1%. Also included is an external modulation facility. The 

beam is amplitude modulated using a chopper at a frequency fen- The pump source is
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a chip-on-carrier high-power Bookham DFB laser diode with a tuning range of 

approximately 1.5 nm around 1532.3 nm and a maximum optical output power in 

excess of 100 mW. It ineludes an integrated thermistor sensor and is mounted on a 

heat sink combined with a Peltier element, and operated using external current and 

temperature control units. The collimated laser emission is protected from back 

reflections by two optical isolators in series, each carefully adjusted to maximise the 

transmission (greater than 98%) and minimise the feedback into the laser. The 

polarizations of the probe and pump beams are adjusted using a polarization controller 

and a )J2 plate respectively. Polarizations are set to be linear and mutually orthogonal, 

and both beams are then combined using a polarizing beam splitter before coupling 

into the PBF.

As discussed later within this section, the polarization of the beams changes as they 

travel along the fibre and some degree of ellipticity is introduced. Thus, a /J4 plate is 

introduced at the chamber output to restore the linear state, and a polariser is then 

used to separate the beams as required. More details about the effeetive separation 

degree achieved are included elsewhere in this section. The Hollow-Core fibre used in 

the experiment has been already described in chapter 2, a commercial model HC- 

1550-02 from NKT Photonies with a hollow core of approximately 11 pm in diameter 

[23]. It is again plaeed inside the same chamber connected to an acetylene ('‘C2H2) 

cylinder, and the injected amount of gas controlled with the help of a high-speed 

turbo-molecular pump, vacuum/isolation valves and a pressure gauge. Both laser 

outputs and the fibre input and output ends are again placed on precision position 

stages so the coupling into and out of the fibre can be independently optimized. When 

necessary, a beam splitter is introduced after the chamber output window and 

reflected light coupled into a fibre connected to a wavemeter. Wavelength readings
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are performed with an accuracy of ±1 pm. Light is detected with an InGaAs 

photodiode (PD) and a Lock-In Amplifier (LIA) referenced at the chopper frequency 

fcH is used to detect the probe transmission signal. Data are acquired by means of a 

GPIB personal computer interface.

On the other hand, an additional effect that must be assessed before carrying out the 

measurements is the effect of any ripples in the transmission spectrum of the fibre. In 

Hollow-Core Photonic Bandgap Fibres light is trapped in the air core by the photonic 

bandgap of the cladding structure. The optical field distribution within the bandgap is 

the result of several modes which propagate along the fibre at the same time. The 

geometry of the fibre is designed so that under optimum coupling conditions a 

fundamental mode is peaked at the core of the fibre, while secondary modes only 

contribute with a small amplitude in the vicinity of the core and are affected by higher 

propagation losses. This makes the resulting intensity profile propagating across the 

fibre to be quasi-Gaussian, facilitating the input/output coupling with Gaussian modes 

associated with single mode fibres used during the experimental work. In the case of 

our fibre, the optimum fundamental mode exhibits a Quasi-Gaussian profile with 

>85% shape overlap with the fundamental mode of a conventional fibre [23]. This 

discussion means that, in practice, coupling of the pump and probe beams into the 

HC-PBF has to be earefully optimized to get a proper output intensity profile. If 

coupling is properly adjusted then the fundamental mode at the fibre core is 

significantly enhanced and the final profile can be regarded Gaussian to a very good 

extent, providing maximum transmission. In the opposite case, part of the eoupled 

light would contribute to the enhancement of secondary lossy modes propagating in 

the vicinity of the fibre core. As a result the transmission through the fibre would 

decrease and the output field distribution would be a combination of more than one
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mode. If these effects are not effectively suppressed, then a ripple in the transmission 

spectrum of the laser light is observed when the wavelength of the laser is scanned 

across some spectral range. This ripple distorts the real lineshape of the absorption 

transitions studied, so careful optimization of the input coupling is carried out prior to 

data acquisition during the experimental work presented in this chapter. An additional 

method to minimise the effects of multiple modal output from the fibre is to collect 

the light using large area photodiodes. Because of the inherent degree of birefringence 

introduced by the fibre, each of the propagating modes would acquire a different 

polarization state and present a different divergence at the output of the fibre. 

Focusing the light on large area photodiodes assures collection of all these modes 

avoiding ripple effects. A detailed analysis of the described effects can be found in 

[24] for further reference. The previous discussion also applies to the experimental 

scheme described in the next section without any loss of generality.

3.3.2. DOUBLE SATURATION: EXTENDED PUMP-PROBE 

EXPERIMENT

In this second case some fundamental modifications are introduced in the previous 

pump-probe set-up to establish a new approach to the saturation experiment, allowing 

for saturation effects at two different wavelengths. The experimental scheme 

presented in the previous section is extended to introduce wavelength modulation 

techniques as well as an active feedback loop to lock the pump laser emission 

frequency. These changes are highlighted in red in figure 3-8.

First of all, wavelength modulation of the pump is achieved by connecting an external 

signal Vmod to the modulation facility integrated in the current control unit of the 

laser. In our case the voltage signal has a symmetric square shape with a voltage
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^Vmod/2 around zero, so that the emission wavelength of the laser oscillates around 

the set point reaching the values Ac ± zU. The central point Ac is set to the pump 

absorption line centre, so the two operating wavelengths symmetrically target either 

side of the line. The modulation voltage amplitude determines the exact positions 

targeted, which can be set anywhere across the absorption line.

GAUGE

Figure 3-8: Scheme for the double saturation co-propagating pump-probe 

experiment. The set-up is based on that presented in figure 3-7 but has been 

extended as highlighted in red. The pump laser is now wavelength modulated 

and a feedback loop is implemented to stabilise its set emission frequency.

A comparison between the single and double saturation schemes is schematically 

presented in figure 3-9 for more clarity. Because of the square modulation profile the 

high saturation power is now alternatively distributed over the two wavelengths Ac ± 

A?^. This means that a saturation hole is now burned at each of these wavelength 

values, and thus we refer to this scheme as the double saturation pump-probe 

experiment. Polarization and final spatial separation of the two beams is controlled 

using the same A/2, A/4 and polarization controllers than in the previous section.
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Figure 3-9: Schematic comparison between the single and double saturation 

spectral schemes. In the single saturation case (a) the probe is scanned across 

the absorption line which is saturated by the pump beam at the centre 

wavelength. In the double saturation case (b) the pump frequency is modulated 

with square profile and saturation occurs alternatively at two wavelength points 

^MOD. whose distance from the line centre is determined by the modulation 

voltage Vmod-

A lock-in amplifier LIAl referenced to the pump modulation frequency processes the 

transmitted signal through the fibre. This modulation scheme is essentially equivalent 

to a WMS technique with the output of the LIA proportional to the first derivative {If) 

of the transmission, though some differences apply: first of all, the modulation depth 

is bigger than that of a typical WMS experiment; secondly, the modulation signal has 

a square shape rather than a sinusoidal one; and third, the set wavelength Ac of the 

modulated laser is not tuned across the absorption line. These differences are not a 

problem to implement a frequency locking loop: They don’t affect the output of the 

lock-in significantly when the loop is closed, and that output is the loop feedback
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signal. The frequency of the pump laser is set to the line centre, so the corresponding 

value of the first derivative amplitude detected by the lock-in is zero. In an ideal case 

there would be no drift of the pump emission frequency from the set point so the 

amplitude would be exactly zero at all times. In a real case, however, some finite 

noise occurs which causes the If amplitude to randomly oscillate around zero with a 

small amplitude (this issue is described in detail in chapter 4). When this signal is 

coimected back to the pump laser injection current control unit with the correct lock- 

in phase, the laser noise can be effectively nullified and the laser emission frequency 

locked to the line centre with a high degree of accuracy. In this experiment the 

locking technique is implemented to assure a symmetric wavelength modulation 

around the line centre, allowing a double Lorentzian lineshape to fit the recorded data. 

Then the main saturation parameters can be extracted and discussed in a confident 

way, facilitating the understanding of nonlinear saturation effects. In the next chapter 

a similar feedback loop is described again, but this time with a different aim: to 

characterize the main parameters regarding the frequency stabilization of the laser. 

For such reasons, a detailed theoretical analysis of feedback loops along with a 

detailed explanation of the working principles of the locking loop implemented here 

will be included then. The second lock-in amplifier (LIA2) in the experimental 

scheme is referenced to the chopper modulation frequency fcH so that its output 

corresponds to the transmitted probe intensity. Finally, a third lock-in (LIA3) is 

introduced in series after LIA2, and is referenced at the pump modulation frequency 

/mod- Here lies the key to the saturation technique implemented in this case: this third 

lock-in will detect any signal in the probe transmission which is directly caused by the 

pump beam, the saturation signal. This signal will be referred as the pump-probe (PP) 

signal from now on, and its expected shape can be estimated taking into account the
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previous experimental discussion. Firstly, two saturation holes are burned at each 

wavelength Ac± 4<,c; secondly, because this signal is filtered through a double lock-in 

scheme, it is directly proportional to the shape of the saturation dip and any sloped 

background is eliminated (significantly improving the final SNR); thirdly, because the 

saturation power reaches each of the wavelengths Ac ± A/.c at alternative times due to 

the square modulation, there is an effective phase difference of k radians between the 

two signals detected by the lock-in. This means that the two signals have opposite 

sign. Details of the specific mathematical expression used to describe this double- 

peaked lineshape along with theoretical fits of the experimental data are included in 

section 3.4.2.

3.4. RESULTS AND DISCUSSION

3.4.1. SINGLE SATURATION

The experimental scheme is implemented as explained in section 3.3.1 to study single 

saturation effects of '‘C2H2 overtone rotational transitions in the vj+vs vibrational 

band around 1.5 |im. According to the notation introduced in section 3.2.2, a non

resonant scheme is used with the pump laser diode targeting the P(13) gas line centred 

at 1532.830 nm and the probe wavelength tuning across the R(1 J) absorption feature 

at 1519.137 nm. This overtone rotational absorption scheme is essentially a three- 

level coupled system with a A-type R(J-l) - P(J+1) interaction, as shown in figure 3- 

10, where both transitions share the same upper energy level [11]. Using a non

resonant scheme minimises any possible interference between the pump and probe
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beams, shifting any beat signal to much higher frequencies away fi'om our targeted 

region.

b)
R Branch P Branch

Wavelength (nm)

Figure 3-10: Three- (a) and two-dimensional (b) representations of the non

resonant spectral scheme used in the single saturation pump-probe experiment. 

The pump laser diode targets the P(13) gas line centred at 1532.830 nm and the 

probe wavelength is tuned across the R(11) absorption feature at 1519.137 nm. 

The pump is shifted from the line centre in the three-dimensional diagram for 

clarity.
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The measured output powers of the pump and probe lasers are approximately 100 mW 

and 5 mW respectively while the maximum measured coupling of both lasers into the 

PBF reaches approximately 50%. Spatial separation of the beams is controlled by 

means of the polarization components already described, and the free-space optical 

isolators associated with the pump laser beam are fine tuned to prevent back 

reflections from distorting its linewidth performance. Separation of the beams is not 

complete because some properties of the PBF change the polarization state of the 

coupled lasers as they travel along the fibre. Firstly, because the PBF fibre exhibits 

some degree of birefringence, the input linear polarizations of both lasers are 

transformed to an elliptical state. Because the lasers operate at different wavelengths, 

the degree of ellipticity introduced might be different for each of them. This means 

that the ?J4 wave plate cannot transform them back to their original and mutually 

perpendicular linear polarization state, and the polariser cannot fully separate them. 

Secondly, because the guiding properties of the fibre are based on photonic bandgap 

effects (i.e. multiple interference of different electromagnetic modes), more than one 

mode might be present at the output of the fibre. In that case the polarization state of 

the beams cannot be defined by a single state, and the original polarization states 

cannot be recovered. Thus, because the separation is not complete part of the pump 

beam reaches the photodiode. However, this does not affect our probe measurements 

because the probe beam is amplitude modulated and detected using a lock-in, 

effectively filtering the pump signal out of the targeted region. The probe beam is 

modulated using a chopper at a frequency fru = 2.191 kHz, with the lock-in amplifier 

referenced to the same frequency in order to detect the transmission signal. The 

experiment was carried out at a room temperature of T = 22°C and the acetylene gas 

pressure in the measurement chamber was maintained at pc2H2 = 1 mbar.
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The results for the saturation of the three-level system are presented in figure 3-11. 

Non-resonant saturation of the absorbing transition was achieved and is clearly 

depicted in the figure inset. For PBF input laser pump powers of around 40 mW, the 

measured Doppler width is Atto ~ 470 MHz and a saturation dip is created at the 

absorption line centre with a measured depth and linewidth of approximately 2% and 

50 MHz respectively. It is important to note that the scan rate of the probe laser must 

be carefully chosen when performing these measurements. The narrow saturation dip 

created by the pump laser drifts with time around the line centre according to the 1/f 

noise from the temperature and current control units connected to the laser (this issue 

is discussed in more detail in section 4.2 in next chapter). If the scan rate is too slow 

compared with the drift fi'equency then an averaging effect will occur and the 

lineshape of the saturation dip will be effectively broadened.

Detuning from line centre (MHz)

Figure 3-11: Non-resonant pump-probe saturation results for 1 mbar of 
acetylene inside the PBF at an input pump power of 40 mW. The measured 

Doppler width is AVd~ 470 MHz while a saturation dip of around 2% with a 

linewidth of 50 MHz is observed at the centre of the probe transmission 
spectrum.
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The narrow measured linewidth of 50 MHz for the saturation dip agrees very well, 

within experimental error, with the estimated theoretical value of approximately 

A'Usat ~ 48 MHz. This value is the sum of a Lorentzian collisional broadening 

contribution [25] of Aucol ~ 8 MHz for a total pressure of 1 mbar plus a transit-time 

broadening [26] of Avti- 40 MHz. When calculating the transit-time contribution the 

assumption is made that acetylene molecules cross a Gaussian beam of 1/e intensity 

diameter d = 7.5 |im (this value corresponds to the quoted diameter in the fibre 

datasheet [23]) with a three-dimensional (3D) mean molecular velocity V3d = 

V(8RT/7iM) = 490.3 ms ' at a temperature of T = 22°C, and a corrected two- 

dimensional (2D) velocity of V2d = V(%)v3d = 400.3 m s ‘ (this correction is 

introduced because the transit-time broadening is calculated with respect to any 

direction perpendicular to the fibre axis). The total linewidth of the saturation dip 

corresponds to the convolution of both effects and exactly equals the sum of the two 

contributions if both lineshapes are Lorentzian [27]. However, the transit-time 

broadening follows a Gaussian-like lineshape as explained in section 2.2.3 in chapter 

2 [28, 29] so an approximation has been introduced to estimate the total saturation dip 

linewidth. The estimated result agrees well with those obtained by R.Thapa et al. [14], 

where acetylene saturated transitions are studied in HC-PBF’s of different diameters 

for various pressure values. Transit-time broadening is commonly the limiting factor 

for the linewidth, and can be reduced to values of around ~ 15 MHz by selecting low- 

velocity molecules (Hald et al, [30]) or down to ~ 10 MHz using large-core PBF’s 

(Jones et al, [31]). Pressure broadening can be minimised by working at acetylene 

pressures as low as 0.001 mbar and thus increase the saturation level achieved in HC- 

PBF’s, as reported by Benabid et al [11].
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3.4.2. DOUBLE SATURATION

In the second case the experimental scheme is extended as explained in section 3.3.2. 

The same A-type overtone rotational absorption scheme is used with the probe and 

pump lasers, as already outlined, targeting the P(13) and R(ll) lines around 1.5 pm 

respectively. The measured optical powers are again approximately 100 mW and 5 

mW respectively. The chopper modulates the probe beam at the same frequency fcH = 

2.191 kHz, and now the pump is wavelength modulated with a square signal of 

frequency fpuMP = 90 Hz. The modulation depth is varied in order to scan the 

saturation wavelength across the absorption line. The polarization of the beams and 

their spatial separation is carried out in the same fashion, using suitable polarization 

elements. As explained in the previous section, the separation of the beams is not 

complete and a small fraction of the pump light still reaches the photodiode. Full 

separation of the probe and pump beams is commonly desired in pump-probe 

experiments, but the remaining pump light is an advantage in the present case: it can 

be detected with the corresponding lock-in amplifier (LIAl) and the signal used to 

implement the emission frequency locking loop for the pump laser. The probe signal 

is detected on the other hand with a second lock-in amplifier (LIA2) set in parallel, 

referenced at the chopper modulation frequency fcH- Finally, because the pump signal 

is modulated at a frequency much smaller than the probe, its signature goes through 

the fast lock-in amplifier LIA2 and can be detected in a third one (LIA3) set in series 

and referenced to the pump modulation frequency fpuMP- It is important to emphasize 

here a basic but important condition that must be fulfilled whenever two or more 

different signals are modulated within the same experimental scheme: In order to 

avoid undesired mixing of the signals during the demodulating stage, the respective 

modulation frequencies must not match any of the harmonics of each other (a well-
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known example is that of avoiding modulation frequencies which are harmonics of 

the mains frequency fMAiNs = 50 Hz, because otherwise some noise would be 

introduced in the measurements). As before the room temperature is constant at T = 

22 °C with the acetylene pressure remaining at pc2H2 = Imbar.

Experimental results are presented in figure 3-12 below, including selected pump- 

probe traces recorded at different values of the modulation voltage Vmod after 

consecutive scans. The modulation depth is directly proportional to the modulation 

voltage, so from now on we will refer to this parameter during our discussions without 

any loss of generality. A total of fifteen traces at different modulation depths covering 

the total width of the absorption line were recorded, but only four are shown for 

clarity reasons.

Detuning from line centre (MHz)

Figure 3-12: Selected results for the non-resonant double saturation experiment. 

A saturation signal is detected at both sides of the absorption line centre with 

opposite sign, and each trace is fit to a double Lorentzian lineshape to extract 

relevant parameters, as shown in the inset.
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As expected from the theoretical point of view, each of the obtained pump-probe 

signals consists of two saturation peaks of opposite sign symmetrically located around 

the line centre. Because each of the saturation wavelengths only affects a single 

“molecular-speed” group of the acetylene gas, the saturation peaks are not affected by 

Doppler broadening but only by homogeneous broadening processes and their 

lineshape is Lorentzian. Each of the experimental traces can be thus described by a 

double Lorentzian lineshape of the form y(x) = Lright(x-) - Lieft(x), where the two 

Lorentzian functions Li(x) are symmetrically centered at distances ± xc from the line 

centre and share the same area under the curve A and full-width at half maximum

(FWHM) parameter w, according to the expression

L(x) =
2A w
n 4(x — Xc)^ +

(3.11)

Results for the corresponding fits are presented in table 3-1, along with the 

corresponding errors AW, Axc and AA for the three extracted parameters. Analysis of 

the results yields several points. From the qualitative point of view, it first becomes 

clear from figure 3-12 that the SNR of the pump-probe (PP) signal has dramatically 

increased compared with that of the single saturation case. Now the saturation signal 

rests on a flat background rather than on the transmitted signal itself, making the 

theoretical fit possible with good accuracy. The height of the saturation signal 

decreases as the modulation depth of the pump laser is increased, as expected due to 

the molecular absorption decreasing away from the line centre. Some small finite 

background exists in the region between the two peaks, due to the remaining pump 

light detected by the two-lock-in amplifier scheme. Only for high modulation depths
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the PP signal becomes too low and comparable with this background, decreasing the 

fit accuracy (note how the error values increase with modulation voltage in table 3-1).

Table 3-1 • Double saturation experimental fit results
Vmod W AW Xc AXc A AA
mV MHz MHz MHz MHz MHzV MHz V

60 39.25 0.96 75.98 0.56 317.56 6.54
80 36.51 0.82 103.54 0.50 291.51 4.99

100 39.03 0.85 125.24 0.53 304.02 4.91
120 39.99 0.85 156.18 0.55 302.82 4.69
140 38.04 0.83 177.90 0.55 279.17 4.40
160 38.73 0.88 203.75 0.59 268.18 4.36
180 43.01 1.16 232.52 0.78 236.91 4.58
200 42.11 1.19 248.15 0.80 221.71 4.48
220 46.80 1.45 277.85 0.98 213.75 4.72
240 48.88 1.71 301.08 1.16 192.10 4.81
260 46.14 2.22 326.29 1.52 134.51 4.61
280 47.73 3.11 351.35 2.13 101.15 4.68
300 47.76 3.47 371.33 2.38 90.48 4.66
320 48.78 4.58 396.48 3.15 70.51 4.70
340 47.70 6.66 406.99 4.59 46.80 4.64

Table 3-1: Fitting results for the non-resonant double saturation traces 

presented in figure 3-12. The row highlighted in blue approximately corresponds 

to the half-width points of the overall Doppler-broadened absorption line (xc ~

250 MHz, FWHMdoppler ~ 470 MHz).

On the other hand, a quantitative analysis for the linewidth (w) and area under the 

curve (A) parameters can be performed according to the fit results. Plots for these two 

parameters versus the location fit parameter xc are included in figures 3-13 and 3-14 

to further illustrate the discussion. The parameter xc is chosen for the x-axis because it 

is expressed in frequency units and thus can be directly compared to the overall width 

of the absorption line.
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Figure 3-13: Plot for the saturation width of the pump-probe signal versus the 

location parameter according to the fit results presented in table 3-1.
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Figure 3-14: Plot for the area parameter (A, area under the curve) of the 

Lorentzian curves used to model the pump-probe signal versus the location 

parameter, according to the fit results presented in table 3-1.
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The linewidth data presented in figure 3-13 illustrate an interesting result. As can be 

observed, the results suggest an increasing trend for the linewidth of the pump-probe 

signal with modulation depth of the pump laser. Values for the linewidth lie now 

approximately within the (38-50) MHz interval. The theoretical estimation of Adsat ~ 

48 MHz presented in the previous section 3.4.1 lies within the same interval, but the 

change of the linewidth value requires further analysis. On the other hand the results 

for the area under the curve parameter (A) presented in figure 3-14 point out an 

additional issue. The area under the curve is directly proportional to the degree of 

saturation achieved by the pump laser, so the plot indicates that the saturation is 

decreasing as we move away from the line centre. This can be understood by the fact 

that the absorption of the gas line at the wings is smaller than at its centre, leading to a 

decrease of the saturation power affecting the molecular transition.

The effect of the saturation power in the linewidth of saturation signals has been 

theoretically treated and experimentally tested in the literature, utilising set-ups with 

co-propagating beams where the pump laser frequency was fixed at the centre of the 

absorption line. Javan et al. present a detailed theoretical analysis for a three-level 

system in [32], where it is shown that at low saturation powers the linewidth of the 

Lamb dip at the probe absorption line centre is proportional to the square root of the 

input power. Both Benabid et al. [11] and Gosh et al. [12] have reported experimental 

results in good agreement with theoretical predictions targeting acetylene hosted in 

hollow-core PBF’s at the 1.5 pm spectral region. In the case of Gosh et al. [12], for 

example, the linewidth of the saturation signal varies within the (30-60) MHz range 

for optical powers of (75-300) mW at the output of the fibre, at gas pressures between 

10-200 mTorr. Our experimental scheme differs from these examples in several ways.
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First, the pump frequency is modulated and alternatively targets two values at either 

side of the line; second, the change in saturation power is due to a decrease in 

molecular absorption rather than due to a change of the operating conditions of the 

laser itself. This will require further theoretical analysis in the future.

3.5. CONCLUSIONS

In this chapter we have described the successful extension of the gas sensing scheme 

in HC-PBF’s to the nonlinear region, where saturation effects take place. These fibres 

present several advantages for saturation experiments compared with other gas 

hosting structures, including the relaxation of laser power requirements. The 

presented experiments have been carried out using laser diodes readily available from 

industry. In the first part results for the single saturation of a non-resonant 

combination of two absorbing transitions have been presented. A pump-probe 

experimental scheme has been employed, the main saturation parameters have been 

characterized and successfully compared with theoretical estimations. These results 

prove the saturation capabilities of this microstructure. In the second part a novel 

approach to the pump-probe scheme has been introduced, extending the experimental 

scheme in order to increase the SNR and improve the accuracy of the saturation 

results. Wavelength modulation techniques and two-lock-in amplifier detection 

techniques were included in the pump-probe scheme. Saturation of the pump 

absorbing transition at two different wavelengths was proposed and demonstrated. 

The SNR of the saturation signal was dramatically increased by several orders of 

magnitude due to the implemented wavelength modulation and two-lock-in detection 

technique. This technique could be applied to the single saturation case if the pump
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laser was also amplitude modulated, but then the optical power reaching the HC-PBF 

would decrease and thus the saturation effect. Using the proposed double saturation 

scheme no loss of optical power occurs, with the full saturation power reaching the 

gas molecules hosted in the fibre. In addition, an active feedback loop has been 

implemented to lock the pump laser frequency to the centre of the corresponding gas 

absorption line. This allows for consistent symmetry of the experimental results that 

facilitates mathematical fitting to extract the relevant parameters. Moreover, the 

saturation at two different wavelengths opens up the possibility for the study of new 

saturation features. The results obtained applying this novel scheme suggest that the 

modulation technique affects the saturation degree for the targeted molecular 

transition, modifying the linewidth properties of the saturation profiles. Similar effects 

have been investigated from a theoretical and experimental point of view by several 

authors regarding different experimental schemes, so future work should focus on 

further theoretical analysis to explain these interesting results.
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cHAPTER

SATURATION-BASED LASER FREQUENCY

STABILISATION

/1

4.1. INTRODUCTION

Laser spectroscopy is nowadays a vast research area covering a huge number of 

topics and applications, with multiple types of laser sources and instrumentation 

available and necessary in each particular case [1], Experimental work concerning 

gas sensing, utilising affordable laser diodes readily available from the 

telecommunications industry, was investigated and is reported in this thesis. 

Hollow-Core Photonic Bandgap fibres [2, 3] are used due to their advantages in 

these experiments [4-6], The basic properties and sensing capabilities of these fibres 

have been presented in chapter 2, while characterization of the main properties of 

saturated transitions and demonstration of a novel experimental scheme under a 

nonlinear absorption regime have been covered in chapter 3.

One of the most important requirements in some laser spectroscopy and gas sensing 

experiments is the high stability of the laser optical frequency. This characteristic 

plays a crucial role and some particular applications based on HC-PBF fibres are 

extremely dependent on it, such as wavelength referencing [7, 8]. Frequency 

stability of the laser output is usually limited by current and temperature induced
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effects related to the laboratory equipment necessary to operate a laser diode device. 

Low-noise equipment to increase frequency stability is expensive and thus not 

always accessible for research, so frequency stabilization techniques based in 

standard laboratory equipment are of great interest. In order to achieve this goal, 

nonlinear absorption effects become very useful because of the narrow spectral 

width of the profiles involved. Nonlinear effects are easily obtained using Hollow- 

Core Photonic Bandgap Fibres and have been extensively studied [9], making these 

fibres very good candidates to implement new stability techniques. Several laser 

locking techniques have been investigated, based on saturation effects and 

implementation of active feedback loops. These techniques typically involve a 

pump-probe scheme where an Erbium-Doped Fibre Amplifier (EDFA) is used to 

provide the high optical power for the pump laser beam. This beam is usually split 

and a small fraction is frequency or amplitude modulated, in order to obtain a 

feedback signal to stabilise the laser frequency. Some examples include stabilization 

of External Cavity Lasers (ECL) using piezo-locking in acetylene-filled Fabry-Perot 

cavities [10, 11], Rubidium saturation spectroscopy [12], ECL locking in Rubidium 

and metastable Argon reference cells using differencing techniques [13], Distributed 

Feedback (DFB) laser stabilization using third-harmonic techniques [14, 15] and 

modulation transfer spectroscopy [16] in acetylene gas cells. In addition, large-core 

HC-PBF’s in conjunction with Frequency Modulation (FM) techniques have been 

used in recent experiments to stabilise fibre lasers [17, 18]. Each of these techniques 

has strengths and weaknesses and can be selected depending on the particular 

application to be used.

In this chapter a novel application of Wavelength Modulation (WM) techniques [19] 

to modulation-free laser stabilization is presented, based on the non-resonant
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saturated transitions of acetylene in HC-PBF’s presented in chapter 3. The former 

pump-probe experimental scheme is extended and wavelength modulation of the 

probe laser is used to produce an error signal to lock the pump laser. The use of 

laser diodes makes it easy to apply modulation techniques, due to the versatility of 

these readily available laser sources. As opposed to other stabilization techniques, 

the pump laser beam is neither split nor modulated at any experimental stage in our 

case. This is a novel feature which improves the optical power available for optical 

saturation, as well as simplitying the experimental scheme to a significant extent. 

No EDFA is necessary to achieve saturation and the required locking electronics 

remain very basic. The locking capabilities of the technique are demonstrated here 

for both constant and variable temperatures of the pump DFB laser diode, but are 

applicable to other types of laser sources. In addition, frequency locking of the laser 

is demonstrated utilising a non-saturation standard technique. This makes it possible 

to compare the results and emphasize the significant improvement achieved with 

our novel technique.

4.2. BACKGROUND

4.2.1. LASER WAVELENGTH TUNING AND STABILITY

An ideal laser is designed to provide a monochromatic output of a certain optical 

frequency v. Parameters such as the resonance cavity length, gain medium and 

reflectors are carefully chosen to fulfil the gain and phase conditions necessary for 

lasing. The phase condition depends on the cavity length L and the effective 

refractive index («) [20, 21] riejf = n’ejf + yielding a set of available modes 

within the cavity of wavelengths [22]
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(4.1)

where M is the mode order. Lasing starts for the cavity mode with minimum mirror 

losses, because it is the first mode for which the roundtrip cavity gain equals one. 

On the other hand the ability to tune the laser output over a certain frequency range 

is desirable in some cases, such as in spectroscopy experiments. From equation 4.1 

it follows that two of the methods to achieve wavelength tuning are a) changing the 

value for the real part of the effective refractive index n ’ejf and b) changing the 

cavity length L.

In the first case, wavelength of the laser can be tuned because both the mirror losses 

and the condition for the wavelength Xm of the cavity modes depend on the effective 

refractive index. One example relying on refractive index change is that of a 

uniform grating where the value of Ueff is modulated with a period A, causing light 

reflections at every index-step interface. Constructive interference of the reflections 

and thus lasing takes place when the Bragg condition is fulfilled.

^laser ^ ^bragg ~ (4.2)

Tuning can be achieved by changing the real part of the effective refractive index 

n giving rise to a wavelength shift

AA — \^Ti'eff\/'Peff^B,0 (4.3)

with Abo being the unperturbed Bragg wavelength. A schematic comparison 

between the lasing properties of a Fabry-Perot structure and a Distributed Bragg 

Reflector (DBR) laser is presented in figure 4-1 to illustrate the previous discussion. 

The effective refractive index is changed by some bandgap effects due to current 

injection and temperature variation. They are described in more detail in [22] but
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can be neglected during our experimental work, as explained in this section. On the 

other hand the value for the laser eavity length is directly related to the emission 

wavelength of the laser according to equation 4.1 above. When the cavity length 

changes due to thermal expansion effects, the emission wavelength is automatically 

affected. Both the refractive index ehange and cavity length effects are ultimately 

related to the current injection and temperature tuning methods described next.

wr,

r, = r2= 0.3 r, = 0.3

Fabry-Perot laser DBR laser

Figure 4-1: Lasing in a Fabry-Perot laser and a Distributed Bragg Reflector 

(DBR) laser with a wavelength selective reflector. The output lasing 

wavelength for the DBR laser can be tuned by changing the refractive index of 

the grating.

Injection current tuning

The current injected into the laser by the control unit gives rise to two different 

effects. First, some bandgap effects changing the effective refractive index take
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place as described in [22]. Second, the injected current produces a temperature 

increase of the laser and gives rise to thermal expansion of the cavity. Under normal 

operational conditions the expansion effect on the emission wavelength is much 

larger than the bandgap-induced variation, so the latter can be neglected. Only when 

the injected current into the laser is modulated at very high frequencies are the 

thermal effects effectively negligible. A well-known rule of thumb is that the 

emission wavelength of an InP telecom laser emitting around 1550 nm changes at a 

rate of about O.Olnm/mA.

Thermal tuning

The second effect is that produced by temperature variations of the laser source. 

These variations can occur due to noise in the thermo-electric cooler unit connected 

to the laser, or else due to current induced thermal effects as explained above. 

Thermal expansion of the cavity changes its length, automatically affecting the 

emission wavelength of the laser. The overall effect is a wavelength increase with 

increasing temperature, at a rate of approximately O.lnm/K for a single-mode 

InGaAs/InP laser emitting in the 1550nm region.

In this manner, it becomes clear how stability of the output wavelength of a laser 

highly depends on the fluctuations in current or temperature associated with the 

current and temperature controllers. Low-noise battery-operated current controllers 

can be used to improve the wavelength stability but still limit the maximum 

attainable accuracy. Further stability can be obtained by applying locking 

techniques such as that to be presented in this chapter. Note that these locking 

techniques compensate for the 1/f noise of the controllers, but do not reduce the 

linewidth of the stabilised laser source itself The linewidth of the utilised laser 

diodes mainly arises as a result of random phase fluctuations due to spontaneous
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emission processes within the active region of the lasers. This will be treated in 

more detail in the next chapter of the thesis.

4.2.2. SATURATION AND THE WM TECHNIQUE

Experimental work presented in this chapter is based on the non-resonant saturation 

effects and pump-probe experiment described in chapter 3, but an additional feature 

is included in this case in order to implement a novel laser stabilization technique. 

This feature consists of merging together the WMS techniques described in chapter 

2 and the pump-probe saturation scheme, thereby extending modulation 

spectroscopy to nonlinear absorption regimes where saturation occurs. Modulation 

of the laser wavelength at a frequency / produces a well-defined response for each 

of the detected harmonics at frequencies nf when laser light interacts with the 

absorbing medium, each of the lineshapes being directly proportional to the n'*’ 

derivative of the transmitted beam. As an example, experimental curves for the 

second harmonic response of a WM laser beam probing Gaussian absorption 

features were presented in figure 2-11 in chapter 2.

However, when switching to the high-power regime saturation of the absorbing 

transition by the pump control beam occurs and nonlinear absorption takes place. 

The equilibrium molecular populations of the energy levels involved in the 

transition are distorted and the resulting absorption lineshape is thus modified, 

presenting a saturation dip at the gas absorption line centre if the pump spectrally 

targets that exact resonant value. This has been experimentally confirmed using a 

pump-probe scheme and results presented in figure 3-11 in chapter 3. If the pump 

laser was modulated in the same manner as discussed in section 3.3.2 and the 

optical power was increased then a total of two saturation dips would be observable.
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one at each side of the absorption line. Discussion will be limited here to the 

unmodulated case, but the principles remain valid for both cases. Hence, the key 

point in evaluating the theoretical WMS harmonic lineshape under these conditions 

is to clearly understand the role of each of the lasers in the pump-probe 

experimental set-up. Recalling section 3.3.1 in chapter 3 it becomes clear that both 

lasers are independent of each other, the pump beam providing enough optical 

power at the right wavelength to saturate the absorbing transition and the probe 

beam independently scanning the absorption line (one must remember that the pump 

and probe lasers can target different gas lines as discussed in section 3.2.2, 

depending on whether a resonant or non-resonant scheme is used). Thus, because 

the pump is the beam responsible for creating the saturation feature at the central 

wavelength and the probe responsible for scanning the spectral absorption profile 

sensing the nonlinear effect, the clear choice is to use the latter as the modulated 

source to detect the WMS signature of the saturation dip. Following the same 

reasoning as presented at the beginning of this section modulation of the probe and 

detection of the harmonic will cause the final signal to be proportional to the w'* 

derivative of the absorption profile, but in this case the profile includes the 

saturation dip. Because the shape of the saturation dip is also bell-like, but orders of 

magnitude smaller than the overall absorption line and inverted, the related WMS 

signature will have the same shape as that of the overall absorbing transition but 

with opposite sign. That is, the final shape of the harmonic of the saturated 

absorption profile is similar to the superposition of two signals of similar shape, but 

different scale and opposite symmetry. Note that the shape of such a harmonic is not 

strictly the superposition of two signals, but only proportional to the n'^ derivative of 

the absorption profile that has been modified in the nonlinear regime.
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The mathematical description of these harmonics depends on the gas pressure 

regime targeted during experimental work. As discussed in chapter 2, the lineshape 

of an absorbing transition at low pressures is described by a Gaussian function G(x), 

because in that case Doppler broadening dominates and is proportional to the 

Gaussian-shaped Maxwell-Boltzmann molecular speed distribution of the gas. At 

high pressures a Lorentzian function L(x) applies because collisional broadening 

dominates and is described by a Lorentzian lineshape. In our case the low-pressure 

Gaussian lineshape applies, because we are working at values of few mbar. On the 

other hand the lineshape of the saturation dip is given by a Lorentzian function 

Lsat(x) to a first approximation, as discussed in section 3.4.1 in chapter 3. Hence, 

the final lineshape Lfinal(x) of the saturated absorption profile can be described 

either by a Lorentz-Lorentz {L-L) model or a Gauss-Lorentz {G-L) model, according 

to the relations

^FINAL^^^ ~ ^LOR£NTz(^)[l — (4-4)

^'final(-^^ ~ G{x')\l — Lsat(.^)] (4.5)

where the generic Lorentzian and Gaussian lineshapes are respectively given by

L(x) =
2A w

G (x) = Aexp

n 4(x — Xcy + 

-(x - Xc)2

(w/2slbay.

(4.6)

(4.7)

The parameters A, w and xc respectively correspond to an amplitude scaling factor, 

full-width at half maximum (FWHM) and independent variable central point (an 

assumption is made that both the Lorentz/Gauss and saturation Lorentzian functions 

are centred around the same value). These models, illustrated in figure 4-2, include 

theoretical curves for the first {If) and second {2f) harmonics of a saturated
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absorption lineshape {Of) centred at xc = 0 for both Lorentz-Lorentz and Gauss- 

Lorentz models, with the amplitude and width factors chosen so that Alorentz. gauss 

= 1, WLORENTZ..GAUSS — 1, AiqreNTZ.CAUSS^AsaT — 3 and WloRENTZ.GAUSs/^SAT ~ 10. As 

discussed above, the Gauss-Lorentz model applies in our experimental case.

On the other hand, a very important issue to take into account when applying WMS 

techniques is the dependence of the final lineshape on the modulation depth of the 

modulated laser. As discussed in section 2.2.6 in chapter 2, the amplitude of any 1 f 

and 2f signals obtained applying this technique depends on the modulation depth of 

the corresponding laser source, making it possible to optimize the signal of interest 

for a given set of experimental conditions. Maximum amplitude is achieved when 

the modulation depth is of the same order of magnitude of the linewidth of the 

absorption feature, decreasing otherwise. In the case of a saturated absorption line 

two different features are involved: the overall broadened gas line, of the order of 

hundreds of MHz wide at few mbar of pressure, and the narrow saturation dip, of 

the order of tens of MHz wide at the same pressure values. Taking this into account, 

there can be two different scenarios for the final If lineshape of the saturated 

absorption line: if the modulation depth is of the order of magnitude of the overall 

gas line, then the amplitude of the overall If will be maximum and the amplitude of 

the saturated If at the line centre will be significantly reduced; in the opposite case, 

the amplitude of the overall If will decrease and that of the If of the saturation dip 

in the line centre will increase. The final decision depends on the characteristic of 

interest for a given experiment and conditions, providing the best output in each 

case.
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Detuning from centre (a.u.)

Figure 4-2: Theoretical curves for Lorentzian L(x) and Gaussian G(x) 

lineshapes centred at xc= 0 presenting a Lorentzian saturation dip Lsat(x) at 

the line centre (a) and the corresponding first (b) and second (c) harmonics.
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Regarding the laser stabilization technique presented in our case, modulation depth 

is chosen to maximise the amplitude of the first harmonic of the saturation. This 

improves the overall locking response of the locking technique as discussed in the 

upcoming section 4.3.2 and illustrated in figure 4-9.

4.2.3. FEEDBACK CONTROL LOOPS AND LASER LOCKING 

Feedback control loops

It is common to find dynamic physical systems where one or more of the outputs 

drift with time and need to be stabilised to a reference value. These kind of systems 

are widely spread both at macroscopic and microscopic scales with examples 

including temperature regulation in buildings, microscopes where vibrations need to 

be minimised and effectively suppressed or cruise speed control associated with 

different means of transport such as cars or ships. In order to stabilise the desired 

output a certain signal is chosen which contains the relevant information to assess 

the stability, and then processed before being fed back to the system S implementing 

a loop structure. A schematic diagram corresponding to a simple case is presented in 

figure 4-3, where only one time-dependent output parameter needs to be stabilised 

and its magnitude y(t) become exactly equal to that of a chosen reference value r(t) 

at all times.

Figure 4-3: Schematic diagram for a feedback control loop to stabilise a 
dynamic system S.
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In the ideal case where the output is stable in time the condition y(t) = r(t) holds. 

However, under normal operation conditions the magnitude of the output of interest 

drifts with time from the desired value. In that case the output signal is collected by 

a sensor scheme F and subtracted from the reference signal, defining a finite error 

signal eft) = r(t) - y(t). This signal is a measure of the departure of the system from 

its stable state and its magnitude relative to the output is typically small. A 

controller C receives this error signal and generates the input value i(t) to be finally 

fed back to the system S. In the ideal case of successful implementation of a 

stabilization loop this input value compensates the undesired system drift. The error 

value asymptotically approaches zero within some stabilizing time interval, which 

will be characteristic of the physical process involved in the system and can be 

defined as the system time constant Tsys- It is customary to define such an 

arrangement as an active feedback loop. Small signal analysis is usually applied in 

this type of loops as the magnitude of the error signal is much smaller than the 

system output, and compensation for the undesired drift thus carried out in a linear 

regime. Transient behaviour becomes important when the loop is initially closed, 

and conditions must be chosen to assure that the magnitude of the error signal does 

not exceed a certain limit during the associated transient time scale. On the other 

hand the frequency response of the loop is determined by its effective time response 

Tsvs. as introduced elsewhere in this section, and the active loop will be only able to 

compensate system drifts whose associated time scale Tdrift is longer than that 

effective response. The reference value in the feedback loops implemented during 

our experimental work is equal to zero, simplifying the required experimental 

arrangement as presented in sections 4.3.1 and 4.3.2.
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Laser frequency locking

Active feedback loops can be applied to stabilization of a laser output frequency, 

extending the previous discussion to this particular physical system. The emission 

frequency of a laser source exhibits some finite drift in time under normal operation 

conditions, mainly due to 1/f noise in the laser controllers as discussed in section 

4.2.1. This becomes a serious drawback in fields where frequency stability plays a 

crucial role (such as optical metrology or precise frequency referencing), so active 

feedback loops can be applied to minimise such noise effects.

Figure 4-4 below includes the experimental scheme to implement an active 

feedback loop in order to lock the optical frequency v(t) of a laser source, making 

use of a spectral feature of gas in an absorption cell. According to the terminology 

introduced in the previous discussion this frequency is now the output of the system 

to be stabilised y(t) = v(t).

REF-
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y(t) = o(t)
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Figure 4-4: Schematic representation of an experimental scheme including an 

active feedback loop to lock the operating frequency of a laser, based in a gas 

absorption cell.
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A usual arrangement is that where the main beam is divided in two with the help of 

a suitable splitting element and a small fraction used for locking purposes, while the 

remaining light is sent towards the main experiment to be carried out. In order to 

implement the locking loop, the correspondent beam first travels through the gas 

absorption cell. This gas absorption feature acts as a frequency discriminator, and 

the output light is detected with a high-speed photodiode (equivalent to the sensor 

measurement F in figure 4-3). The photodiode output signal usually needs to be 

processed by locking electronics (also equivalent to the sensor measurement block F 

in figure 4-3), that provides some control voltage to be mixed with the reference 

value to extract an error signal e. This signal is finally fed back to the laser input 

control system via a controller C in order to counteract for any undesired drift. As 

shown in figure 4-4, several possibilities arise for implementation of this controller 

depending on each specific case: External Cavity Lasers (ECLs) can be stabilised by 

feeding the control signal back to the piezo controller associated with the external 

grating or the laser optical cavity length [10, 11]; Distributed Feed Back (DEB) 

lasers can be stabilised by feeding the signal to the Thermo-Electric Cooler (TEC) 

unit controlling its temperature and thus the cavity length, or more usually 

connecting the control signal to the laser input current unit. Performances of each of 

these methods vary in the frequency domain; conventional ECL’s have piezo 

resonances of the order of 1 kHz which can limit the locking bandwidth; 

temperature and current stabilization of DFB lasers depend on the modulation 

bandwidth of the corresponding control units.
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4.3. EXPERIMENTAL SET-UP

4.3.1. UNSATURATED LASER STABILISATION

In the first part of our experimental work the laser frequency stabilisation technique 

is implemented under a non-saturation regime. This will illustrate and prove the 

basic working principles of the locking method and help with the understanding of 

the saturation-based approach presented in the next section. The experimental 

arrangement implemented is shown in figure 4-5 below, involving only one single 

laser as opposed to the two-laser pump-probe scheme presented in chapter 3. In 

order to maintain the same experimental conditions during our research period, the 

original pump-probe set-up was not dismantled but one of the beams is simply 

blocked.

PC

Figure 4-5: Schematic diagram for the set-up used to stabilise the pump laser 

emission frequency without saturation effects.
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Because we are interested in the frequency stabilisation of the high-power DFB 

laser diode used as the pump, the blocked beam is that of the probe. The 

polarisation-dependent elements previously used to separate both beams still remain 

in place but do not affect the stabilisation results in this case. They were readjusted 

for maximum transmission of the pump laser in this case. Because this technique is 

applied under a non-saturation regime, the pump laser optical power is now 

decreased.

In this new scheme Wavelength Modulation (WM) techniques and an active 

feedback loop are introduced, as discussed in sections 4.2.2 and 4.2.3. The pump 

laser emission frequency is m.odulated with a signal V^iod connected to the 

modulation facility input of the current control unit 7. The output signal from the 

photodiode is fed to a lock-in amplifier (LIA), referenced at the modulation 

frequency /mod so that its output y(t) (following the notation introduced in section 

4.2.3) corresponds to the first derivative of the input signal On the other hand, 

an active feedback locking loop is implemented by connecting the lock-in voltage 

output to the modulation facility integrated in the precision low-noise current source 

driving the pump laser. This modulation facility generates an output current 

proportional to the input voltage, so the total current eventually injected into the 

pump laser is a combination of both the set point plus this additional contribution. 

In essence, the aim of the locking technique is to provide the conditions under 

which the frequency drift related to the laser is counteracted and effectively 

nullified by such a loop contribution. Given this experimental set-up, the key point 

in order to achieve frequency stabilization is to set the pump emission frequency at 

the corresponding absorption line centre so that y(t) = lf(t)cENTRE- In the ideal case 

where the frequency does not drift in time the 7/amplitude at the line centre is zero
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according to figure 4-2b and the condition yioEAdt) = I/centre = 0 applies. This 

defines the reference value for the control loop to be r(t) = yioEAUO = 0 so that the 

error signal satisfies e(t) = y(t) - r(t) = y(t) and corresponds directly to the lock-in 

output. However, in the real case, the emission wavelength of the pump laser drifts 

in time due to temperature and current perturbations and a non-zero error signal e(t) 

^ 0 is generated. In order to compensate for this drift the relative shape of the 1 f 

signal is chosen so that a negative drift of the laser Ifequency AVpump < 0 

corresponds to a positive output amplitude > 0 and vice versa. This is achieved 

by manually setting the sign for the lock-in gain, and in this manner the frequency 

correction introduced by the control loop counteracts the former laser drift as 

illustrated in figure 4-6 below.

Drift from line centre (a.u.)

Figure 4-6: Schematic representation for the stabilization behaviour 

introduced by the feedback loop without saturation effects. When the pump 

frequency drifts in a positive manner the magnitude of the unsaturated If 

feature at the line centre becomes negative and vice versa.
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This technique allows for the emission frequency of a laser to be stabilised, though 

it presents a major drawback; frequency stabilisation is achieved at the expense of 

having to modulate the frequency itself This decreases the attainable accuracy for 

absolute frequency stabilisation, thus limiting the number of potential applications 

based on this technique. The saturation-based stabilisation scheme presented in the 

next section overcomes this disadvantage, significantly improving the absolute 

frequency stabilisation results.

4.3.2. SATURATED LASER STABILISATION

The second laser stabilisation scheme makes use of saturation effects, and is 

essentially an extended pump-probe set-up (similar to that used in chapter 3, figure 

3.7). The new configuration is presented in figure 4-7 below.

GAUGE

Figure 4-7: Schematic diagram for the extended pump-probe set-up used to 

implement WMS detection techniques and an active feedback loop to stabilise 

the pump emission frequency. The set-up is based on that presented in figure 3- 

7 but has been modified, with additional components shown in red for clarity.
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In this extended scheme two laser sources are used, corresponding to the same ECL 

laser (probe) and the high-power DFB laser diode (pump). The frequency of the 

ECL laser is now modulated by means of an external signal Vmod applied to the 

modulation facility integrated into the laser module. This allows for application of 

WMS techniques using a lock-in amplifier LIA, which is referenced to the probe 

modulation frequency /mod- The lock-in output y(t) thus corresponds to the 

amplitude of the first-harmonic of the input signal, y(t) = lf(t). Polarization of the 

beams is again controlled using suitable optical components and the relative 

polarisation of the beams is set in the same way as explained in chapter 3 to block 

the pump beam before reaching the measuring photodiode. The locking loop is 

implemented in a similar fashion as in the unsaturated experimental scheme, but 

now there is a fundamental difference: the output of the lock-in is not fed back to 

the modulated laser, but rather connected to the modulation facility input of the 

unmodulated source -the pump laser. The total current driving the pump laser is 

now a combination of the feedback contribution plus the set point, and the aim of 

the feedback loop remains the same as that stated in the previous section: both 

contributions must cancel each other and effectively nullify any pump laser 

frequency drift.

In order to achieve this cancellation, both the probe and pump laser frequencies are 

set to their respective absorption line centres. Because the pump is now operated at 

high optical powers, this means that a reduction in absorption (a saturation dip) is 

created at the centre of the probe transmission spectrum. The result is that the output 

of the lock-in corresponds to the signal at the centre of the first harmonic of the 

saturation dip, y(t) = ^/centre^O- From this point on the same working principle 

applies for the feedback locking loop as with the unsaturated case: the generated
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error signal e(t) = y(t) is fed back to the pump current control unit; in the ideal case 

there is no pump frequency drift and e(t) = 0 for all times; in the real case a small 

amplitude e(t) f 0 generated, and introduces an extra contribution to the total 

current driving the pump laser. The shape of the saturated If signal is chosen so that 

the frequency change introduced by this extra current counteracts the former laser 

drift, and frequency stabilization is achieved. A very important difference applies in 

this case; this technique allows for the emission wavelength of the pump laser to be 

stabilised without any modulation applied to it, a novel feature as pointed out in the 

chapter introduction. This is a major improvement as compared with the unsaturated 

scheme presented in section 4.3.1, allowing for high-accuracy absolute frequency 

stabilisation of a high-power laser source. Figure 4-8 illustrates the present 

discussion in an equivalent way as figure 4-6 does for the unsaturated case.

Drift from line centre (a.u.)

Figure 4-8: Schematic representation for the stabilization behaviour 
introduced by the saturation-based feedback loop. Only the central region 
containing the saturated If signature is shown for clarity reasons, as its 
spectral width is much narrower than that of the overall If signal.
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Note that in the saturated ease the pump laser frequency noise causes the narrow If 

feature at the line centre to move across the overall static probe 1 f lineshape, while 

in the unsaturated case the whole If lineshape remains unperturbed.

The response of the frequency locking loop can be further optimised by adjusting 

the modulation depth applied to the probe laser. The value for the modulation depth 

determines the peak amplitude of the first harmonic of the saturation dip, so it can 

be maximised as discussed in section 4.2.2. Because such signal corresponds to the 

error signal fed back to the pump laser current control unit, increasing its peak 

amplitude means that bigger noise signals Vnoise affecting the laser can be nullified. 

Figure 4-9 below illustrates the current discussion comparing two traces with 

different 1 f saturation amplitudes.

Detuning from line centre (a.u.)

Figure 4-9: Theoretical curves for the first harmonic (If) of a Gaussian 

absorption profile exhibiting a Lorentzian saturation dip of two different 

amplitudes at the line centre.
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Note that the experimental scheme described in this section is used to obtain the 

WMS results presented in section 4.4.1 by simply disconnecting the active feedback 

loop.

4.4. RESULTS AND DISCUSSION

4.4.1. WMS SATURATION OF NON-RESONANT 

TRANSITIONS

The first part of this experiment is based on the non-resonant saturation results 

presented in chapter 3 so similar experimental conditions apply, with the pump laser 

diode still targeting the P(13) gas line centred at 1532.830 nm and the probe 

wavelength tuned across the R(11) line at 1519.137 nm. As previously mentioned in 

section 4.3.2 the experimental set-up corresponds to that presented in figure 4-7, but 

in this case the active feedback loop is not closed. The measured output powers of 

the pump and probe lasers are again approximately 100 mW and 5 mW respectively 

and maximum coupling into the PBF of approximately 50% is achieved. The 

coupling was optimised to avoid transmission ripple effects as discussed in section 

3.3.1 in chapter 3. Under optimum coupling the central peak of the quasi-Gaussian 

intensity profile in the core of the PBF is enhanced and transmission becomes 

maximum. In order to apply WMS techniques the probe laser is now modulated 

with a sinusoidal signal of frequency f = 2.430 kHz, which also references the 

processing lock-in. Modulation depth is on the other hand optimised to achieve the 

maximum amplitude for the If signature of the saturation dip as discussed in the 

previous section 4-3, improving the locking response. The gas temperature and
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Acetylene gas partial pressure are respectively T = 22°C and 1 mbar while the total 

pressure in the gas chamber including the residual air present is 3 mbar.

Results for the first-harmonic WMS detection of the saturated transition are 

presented in figure 4-10 below, with a lineshape in very good agreement with the 

theoretical curves shown in figure 4-2b.

Figure 4-10: Experimental results for the first-harmonic WMS signal of the 

saturated probe transmission spectrum at a partial pressure of I mbar of 

Acetylene. Residual coupling reflections together with ripples in the 

transmission spectrum of the PBF account for the observed interference 

pattern in the background.

As discussed in section 4.2.2 the overall lineshape is proportional to the first 

derivative of the probe transmission spectrum including the saturation dip, and 

consists of the If signature from the Doppler broadened gas line with the narrow 

saturation dip. The zero-crossing of the saturation dip can be clearly observed 

approximately at the line centre, with a measured peak-to-peak width of 

approximately At)''" sat ~ 50 MHz as clearly shown in the inset. Residual coupling
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reflections in the system account for the periodic pattern in the background. The 

scan rate for the probe frequency was chosen to avoid effective averaging effects 

due to 1/f noise present in the system, as discussed in section 3.4.1 in chapter 3.

4.4.2. LASER STABILIZATION 

Unsaturated laser stabilisation

The experimental scheme is set following the description in section 4.3.1 and the 

optical power of the pump laser beam decreased to a value of approximately Ppump 

5 mW at the input of the fibre. This produces a red-shift of the operating 

wavelength of the laser, so now the P(ll) absorption gas line at 1531.588 nm is 

targeted within the P-branch of the acetylene vj+vs absorption band. The current of 

the DFB pump laser is tuned and the first harmonic of the transmitted spectrum 

recorded as shown in figure 4-11. As can be observed the signal profile is in good 

agreement with that presented in figure 4-6, a necessary condition to implement the 

frequency locking loop. A finite shift of the baseline from its expected zero-value 

can be observed, and is attributed to a residual offset introduced by the measuring 

lock-in amplifier.

The feedback loop to lock the pump laser frequency to the centre of the absorption 

line is then implemented. The laser frequency is set to the P( 11) line centre and the 

output of the measuring lock-in connected back to the laser current control unit, as 

discussed in section 4.3.1. A small fraction of the PBF output beam is directed to a 

wavemeter using a beamsplitter to monitor the wavelength.
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Figure 4-11: Experimental trace for the first harmonic of the pump laser P(11) 

absorption line. The signal exhibits an appropriate shape to implement a 

frequency loop, counteracting the laser drift. The observed shift of the baseline 

from its ideal zero value attributed to a residual lock-in offset.

Results for the successful implementation of the locking loop are presented in 

figures 4-12 and 4-13. In order to assess the proper functioning of the frequency 

locking loop, the feedback signal is first disconnected and the temperature of the 

pump laser increased. This leads to a linear increase in the emission wavelength of 

the laser, as shown in the corresponding trace of figure 4-12. When the locking loop 

is closed the temperature-induced wavelength change is compensated by the 

feedback signal and the wavelength remains constant, as observed in the second 

trace in the same figure. The working principle of the locking loop, discussed in 

section 4.3.1, is now illustrated in figure 4-13. Starting at a set point Tset = 21.5 °C 

the temperature is raised up to Tset = 21.9 °C; the temperature is changed in 0.1 °C 

steps, maximum precision achievable with the corresponding thermo-electric cooler
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controller connected to the pump laser. For each of the 0.1 °C intervals the 

temperature changes with time and asymptotically reaches its steady value, as 

observed in the corresponding trace. On the other hand, the error signal introduced 

by the locking loop compensates for this temperature-induced wavelength change as 

shown in figure 4-13. The shape of the error signal exactly replicates that of the 

temperature change, but with an opposite sign. This effectively nullifies the laser 

drift and stabilises its emission wavelength to the line centre. As discussed in 

section 4.3.1, the drawback of this technique is the necessity of modulating the 

emission wavelength itself to implement the locking loop.

Temperature (°C)

Figure 4-12: Comparison of the pump laser emission wavelength at different 

laser temperatures for an open and closed feedback locking loop. When the 

loop is open (dots, red) the wavelength of the laser increases linearly with 

temperature. When the loop is closed (crosses, black) the temperature-induced 

wavelength change is counteracted by the loop and the wavelength remains 

constant. Precision of wavelength measurements is limited to ±lpm by the 

measuring wavemeter.
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CLOSED LOOP - LOCKING
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Figure 4-13: Comparison of the induced laser temperature change and 

corresponding error signal introduced by the frequency locking loop when it is 

closed. The temperature (open dots, black) is changed in 0.1°C steps and 

asymptotically reaches its steady value for each interval. The error signal 

(solid dots, red) exactly replicates the behavior of the temperature curve but 

carries an opposite sign. This compensates for the temperature-induced 

emission wavelength change and stabilises the wavelength value to the centre 

of the absorption line, as measured in figure 4-12.

Saturated laser stabilisation

In the second part of the experiment both the probe and pump lasers are used and 

the experimental scheme implemented as described in section 4.3.2. The probe laser 

targets the R(11) absorption line centre at 1519.137 nm within the v/+V5 absorption 

band of acetylene while the pump laser is again operated at high optical powers and 

now targets the P(13) line centre at 1532.830 nm. The measured optical powers at 

the fibre input are approximately 5 mW and 40 mW respectively. The frequency 

locking loop is implemented as described in section 4.3.2 by connecting the output
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of the lock-in amplifier LIA to the modulation facility integrated in the low-noise 

current controller unit driving the pump laser. Experimental results for the first 

harmonic of the saturated absorption profile presented in figure 4-10 show that the 

feedback signal has the appropriate shape to implement the fi'equency stabilization 

loop, with figure 4-14 below in good agreement with the corresponding theoretical 

trace shown in figure 4-8. This signal has a peak-to peak width of approximately 50 

MHz, while some existing schemes achieve widths of ~ 10 MHz (large core HC- 

PBF’s, Radio Frequency (RF) techniques [17]) or = 700 kHz (ECL lasers and 

Fabry-Perot cavities, [10]), but they usually require more complex experimental set

ups.
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Figure 4-14: Central region of the experimental trace presented in figure 4-10 

for the first harmonic of the saturated probe transmission spectrum. The 

saturated If signal at the line centre is used as the feedback signal to 

implement the saturated locking loop.

Results for the successful implementation of this technique for a steady pump laser 

temperature are presented in figure 4-15. The temperature of the high power DFB
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laser diode is set at T = 21.5°C and the frequency drift is first measured when the 

active feedback loop is open. The DFB wavelength drift in time without any control 

loop is measured by coupling the laser beam into a single mode fibre and sending it 

to a calibrated gas cell containing 5 mbar of Acetylene and 5 mbar of HCN. The 

laser emission wavelength is set at the Acetylene P(13) absorption line centre and 

the diode is externally modulated with a sinusoidal signal at a frequency of f = 2.4 

kHz in order to apply WMS detection techniques. The amplitude of the If trace at 

the line centre is then recorded in time, being directly proportional to the laser drift 

according to the discussion in section 4-2. This measuring technique also makes the 

frequency drift measurement insensitive to any finite coupling-induced power 

changes that might take place, because the signal amplitude at the 1 f centre is zero 

and small changes in the optical power coupled into the gas cell do not significantly 

change the slope of the first harmonic trace at the line centre. Typical DFB laser 

drifts of more than 10 MHz are measured as presented in figure 4-15 and then 

significantly reduced to a root mean square (RMS) value of

^^RMS = Jl/A/Sf=iZluf = 180 kHz around the line centre when the feedback

loop is closed for a total time greater than 2 minutes. Deliberate perturbations of the 

pump DFB temperature were introduced in the system by changing the air flow 

surrounding the chip-on-carrier mounted laser diode while the feedback loop was 

closed. These perturbations (at approximately 28 seconds and 55 seconds) were 

compensated by the control loop while keeping the laser emission wavelength 

constant at the gas line centre, as shown in the corresponding trace.
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Figure 4-15: Comparison of pump laser emission frequency drift at constant 

laser temperature with and without implementation of a control loop. Slight 

temperature perturbations at approximately 28 s and 55 s are compensated as 

observed in the corresponding trace (amplified by a factor of 50 for clarity).

In order to further demonstrate the stabilization capabilities of this technique, the 

laser diode temperature was changed in a controlled manner while the feedback 

loop was in operation. The Thermo-Electric Cooler unit responsible for controlling 

the pump laser temperature allows a minimum temperature change of 0.1°C when 

operated remotely via a GPIB interface, so additional resolution is needed in order 

to change the laser temperature in small increments. To achieve such fine 

temperature control a simple external electronic circuit was connected to the 

external thermistor input facility integrated in the unit. The circuit consists of a DC 

voltage source of maximum value Vext = +10 V which can be remotely tuned plus 

a resistor of magnitude R=5 connected in series so that the output voltage 

provided by the circuit is reduced to the mV scale. This voltage is directly 

connected to the terminals of the thermistor voltage reading in the TEC unit, so that
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the total voltage magnitude sensed by the instrument is the sum of the real signal 

originated from the thermistor in the laser diode chip plus an external contribution 

equivalent to a virtual temperature change. In this way the response of the unit and 

thus the pump laser temperature can be precisely controlled by varying the external 

voltage supplied.

Successful results for the implementation of such a technique are presented in 

figure 4-16, which shows the error signal amplitude increasing in time to 

compensate for a total temperature change of the DFB laser of AT = 0.05°C.

Equivalent drift from line centre (MHz)
100 200 300 400 500 600

Figure 4-16: Error signal amplitude as a function of pump laser temperature 

with the stabilization loop implemented.

This error signal exactly counteracts the frequency drift introduced by the 

temperature change of the laser, included in the figure as an additional scale after 

calibration. The total drift corresponding to the temperature change of AT = 0.05°C 

exceeds 650 MHz, significantly bigger than the measured absorption line Doppler 

linewidth of Atio = 470 MHz. In this way the locking loop can stabilise the laser
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emission frequency even under the presence of slight temperature variations that 

might be present under normal operational conditions. Comparable experimental 

results using saturated acetylene transitions in gas cells include those by Balling et 

al, where the optical frequency of a high-power DFB laser is stabilised to a value of 

= 10 kHz using third-harmonic techniques [14, 15], as well as Nakagawa et al who 

managed to stabilise a high-power DFB narrow linewidth laser diode with an 

absolute frequency accuracy of ~ 20 kHz [16], However, these experiments required 

more complex schemes and the stabilised laser was split at some experimental stage. 

In the case of Balling et al construction of several gas cells and splitting of the pump 

beam for modulation and generation of third harmonics was required. The 

experimental scheme used by Nakagawa et al requires additional Radio Frequency 

(RF) components, an EDFA amplifier and Electro- and Acusto-Optical Modulators 

(EOM, AOM). As opposed to these cases, our results report a remarkable 

improvement for the frequency stability of the stabilised laser using a simple 

experimental scheme.

4.5. CONCLUSIONS

A novel technique for modulation-free laser frequency stabilization based on 

saturation effects of gas absorption transitions and WMS techniques in HC-PBF’s 

was demonstrated in this chapter. Application of such a detection technique to a 

pump-probe saturation scheme has been successfully implemented in the first part, 

characterizing the main saturation parameters of Acetylene absorbing transitions 

yielding a saturation level of about 2% and 50 MHz linewidth for fibre input powers 

of approximately 40 mW. In the second part a novel laser stabilization technique 

has been proposed and demonstrated for a high-power DFB laser diode, where the
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stabilised laser beam is neither modulated nor split at any experimental stage in 

contrast to other available techniques. Stabilization of the emission frequency of the 

laser is achieved to a RMS value of 180 kHz for both constant laser temperature and 

over a range of 0.05°C. This novel technique can be extended to different types of 

saturation media and lasers providing a very useful way of stabilizing the operating 

wavelength in saturation spectroscopy experiments. The significant stabilization 

attained could be further improved by optimizing parameters such as the gas 

pressure or fibre geometry, maintaining the simple set-up and achieving 

stabilization figures similar to other more complex schemes. Note that, on the other 

hand, a drawback of saturation-based locking techniques using HC-PBF’s is the 

amount of optical power lost due to gas absorption along the fibre. This effectively 

reduces the total optical power available at the output of the stabilised laser, though 

the power requirements in frequency referencing experiments are normally fulfilled.
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cHAPTER

LASER LINEWIDTH ANALYSIS AND 

SPHERICAL MICROCAVITIES

5.1. INTRODUCTION

Over the previous two chapters of this thesis experimental work has been presented 

regarding spectroscopic studies of acetylene hosted in a Hollow-Core Photonic 

Bandgap Fibre (HC-PBF, [1, 2]), with special emphasis in Laser Diode (LD) 

frequency stability applications. Absorption properties of this gaseous species have 

been investigated under linear and nonlinear absorption regimes, taking advantage of 

some of the optical properties of the microstructured fibre to enhance the molecular 

interactions with light. The main parameters of both linear and nonlinear absorption 

transitions have been successfully characterized, and some of the experimental results 

under the nonlinear regime have lead to the proposal and demonstration of a novel 

laser frequency stabilisation technique. These results are an example of how some 

novel photonic microstructures, in conjunction with LD’s available from the 

telecommunications industry, can be effectively utilised to design and implement new 

schemes with very useful applications in both gas sensing research and accurate laser 

stabilisation.
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During the present chapter, attention will be directed towards a second type of optical 

micro structure, namely optical microspheres or micro-resonators [3], Yet these 

microspheres are geometrically very simple and they can be easily fabricated by just 

melting the tip of a silica optical fibre, they exhibit some complex but very interesting 

properties. Under appropriate conditions, light coupled into microspheres gives rise to 

the so-called Whispering Gallery Modes (WGM’s) [3], a special type of light 

guidance mode based on total internal reflection in which light travels around the 

equator of the sphere with almost negligible losses. When high surface quality 

microspheres are utilised the excited WGM’s can exhibit extremely narrow linewidths 

(of the order of tens of MHz), which is the key feature for our purposes: the spectral 

intensity profile of such microsphere modes becomes extremely sensitive to frequency 

noise perturbations, including those originated in the laser source. Thus, this opens up 

the possibility of investigating the linewidth characteristics of our NIR laser diodes 

using this type of microspherical structures. An appropriate theoretical description of 

the main concepts and relations relevant to such an investigation is first included in 

this chapter, followed by the corresponding presentation and discussion of the 

experimental results obtained in our case.

5.2. BACKGROUND

5.2.1. LASER LINEWIDTH AND LASER FREQUENCY 

STABILITY

In an ideal laser the optical output is purely monochromatic, with a phase coherent 

light beam of optical frequency v(t) emitted. In the case of tuneable laser sources
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several mechanisms exist to tune such optical frequency across some spectral interval, 

which can be as large as tens of nanometres in laser structures such as the SG-DBR or 

DFB laser diodes described in section 2.2.5 in chapter 2. As discussed in section 4.2.1 

in chapter 4, the most extended methods to tune the emission frequency of laser 

diodes are based in controlling the laser temperature and injection current. 

Temperature variations of the laser cavity give rise to changes in its length L due to 

thermal expansion, ultimately affecting the emission frequency according to the phase 

condition for the wavelength of the order mode [4]

(5.1)

On the other hand current injected into the laser changes the effective refractive index 

n ’effof the laser cavity due to bandgap effects [4], as well as contributing to heating of 

the active region which again affects the cavity length. As discussed in section 4.2.1 

in chapter 4 the bandgap effects can be neglected during our experimental work, so 

that the stability of an ideal laser source operated using realistic temperature and 

current controllers is determined by the low-frequency 1/f noise associated with such 

controllers.

However, in a real laser source the spectral output from the active region is not purely 

monochromatic but exhibits some frequency spread. At each time t the instantaneous 

frequency v(t) of the laser beam differs from the ideal value vo(t) by some finite 

amount Su(t). Such difference eventually determines the particular amplitude profile 

of the output power spectrum of the laser, which can be thus described by a specific 

lineshape and laser linewidth Avlas- Calculations for the specific shape of the power 

spectrum associated with a particular type of laser source require a detailed analysis of
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all the physical mechanisms affecting the frequency departure value Si)(t). A brief 

summary of the analysis carried out by Henry in [5] regarding semiconductor lasers 

will be thus presented here, emphasizing the most important results relevant to our 

work.

The power spectrum of a laser source emitting at an optical frequency v(t) and 

corresponding angular frequency Q](t)=27ro(t) is directly proportional to the power 

spectral density of the laser W/f 0$ given by

n 00

= I {/ft) * P{Q)) expiicat) dt 
*/—00

(5.2)

where J3(t) gives the time dependence of the optical field of the laser E(x,t) according 

to

E{x,t) = B[/ft)0{x)+/ft)*0{xy] (5.3)

and 5 is a constant. The linewidth of the laser At)iAs is obtained by measuring the 

power spectrum of the laser, and the results for the spectral profile in the two most 

important operational regimes are presented next.

I) Operation below threshold

When the laser is operated below threshold, both intensity noise and phase 

noise contribute to the final linewidth of the laser. The power spectral 

density exhibits a Lorentzian lineshape given by

Wpioi) =
R

[coo + a AG 12 - co]^ + {AG/if
(5.4)
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where a= An 7An ’ ’ is the ratio of the changes in the real and imaginary 

parts of the refractive index of the laser cavity with change in carrier 

number, and G = ^ is the difference between the rates of emission and

absorption. The laser linewidth is given by

^^LAS —
-AG R
2n 2nl

(5.5)

where I = IP(t)l^ is the light intensity. When 1 is related to optical power 

we obtain the well-known result first reported by Schawlow and Townes 

[6].

II) Operation above threshold

The intensity fluctuations become stabilised when operating above 

threshold and can be neglected (this assumption indeed holds for laser 

diodes operating in this regime), and the main contribution to the laser 

linewidth arises from phase noise. Phase fluctuations arise as a result of 

spontaneous emission processes which can be shown to follow a Gaussian 

distribution, and calculations show that the power spectrum of the laser 

follows again a Lorentzian lineshape with a modified linewidth of

^^LAs =^,0--^

AttI
(5.6)
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This result differs from that in (5.5) by a factor Vi, which accounts for the 

suppression of intensity fluctuations, and a factor (1 + oc) which is related 

to the increased phase changes brought on by that suppression.

Thus, the laser diodes utilised above threshold during our experimental work exhibit a 

Lorentzian power spectrum. This laser linewidth discussion complements the laser 

stability description included in section 4.2.1 in chapter 4 and briefly summarized at 

the beginning of the current section. It is very important to clearly understand that 

both of these descriptions refer to physical processes of different nature and sources: 

The laser linewidth Avlas is a result of spontaneous emission processes taking place 

within the laser cavity itself and affects the laser emission frequency at all times. The 

laser stability is mainly a result of 1/f electronic noise in the temperature and current 

controllers external to the laser, and makes the whole Lorentzian distribution of 

linewidth Avlas to drift in time. The aim of this chapter is to ultimately determine the 

value for the laser linewidth utilising a novel scheme, minimising the 1/f noise to 

achieve it. Further references for the relationship between the lineshape of the laser 

power spectrum and the frequency noise can be found in Stephan et al. [7], while a 

more comprehensive study of the topic of laser diode modulation and noise has been 

published by Petermann [8]. An introductory book on the general topic of Noise has 

been published by Connor [9], very useful to clearly understand the basic ideas and 

fundamental theory of this field.

5.2.2. NARROW LINEWIDTH SLOTTED LASERS

Part of the experimental work presented in this chapter was carried out utilising a 

special type of laser diode, different than the SG-DBR and DFB laser structures
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discussed in previous chapters. The new laser diode is referred to as a Discrete Mode 

(DM) laser diode, with the most important difference relevant to our experimental 

purposes as compared to the former laser sources being a very narrow emission 

linewidth. Results for the linewidth measurement Avdm of the particular DM laser 

diode utilised during our experimental work are presented in section 5.4.1, while a 

brief overview of the laser structure and working principles is included here.

The DM laser is essentially a Fabry-Perot (FP) laser cavity where a fundamental 

difference is introduced; Some slots are etched along the ridge waveguide cavity at 

specific positions, as illustrated in figure 5-1. The aim of such etched slots is to 

effectively introduce perturbations in the refractive index of the laser structure. These 

slots manipulate the FP cavity mirror loss spectrum, and their specific positions along 

the waveguide determine which of the available FP cavity modes is enhanced over all 

others. Carefully designing the distribution of the etched features, as well as their 

depth, thus permits the design of a DM laser diode with a single mode operating 

wavelength at some desired value. The essential improvement of this type of cavities 

as compared with other structures is that the ridge and slots can be etched in the laser 

structure during the same processing stage. Epitaxial re-growth stages used in other 

laser fabrication techniques are avoided, simplifying the experimental process. In the 

particular DM laser utilised in our case, this relaxation of the fabrication requirements 

allows for the choice of materials which eventually help enhancing the laser output 

linewidth. The structure of our DM laser is based in AlGalnAs quantum wells.
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Figure 5-1: Schematic view of an AlInGaAs/InP Multi Quantum Well DM laser 

diode, along with an example for a SEM image of a particular etched feature 

pattern (inset). The etched slots can be grown during the same etching stage as 

the ridge waveguide, and their position ultimately determines the emission 

wavelength of the DM laser (reprinted from [13] with permission).

Our DM laser is designed to emit at a wavelength of = 1537 nm at a temperature of 

T = 25 °C and current of I = 150 mA, and can be tuned by temperature or injection 

current effects as described in the previous section 5.2.1. An example of the optical 

spectrum recorded under such conditions for the DM laser is shown in figure 5-2, 

where the characteristic single mode emission pattern can be clearly observed.
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Figure 5-2: Optical spectrum for the DM laser diode utilised during our 

experimental work, measured at a laser temperature and injection current values 

of T = 25 °C and I = 150 mA respectively. The laser clearly emits in a single 

mode fashion, with the emission wavelength centred around X ~ 1537 nm 

(measurement carried out by Eblana Photonics, printed with permission).

The narrow linewidth characteristics of this laser are a key feature for the 

experimental work presented in upcoming sections. Further details about the 

fabrication process and general properties of DM lasers, along with the linewidth and 

tuning characterization of similar lasers as the one used in our case, can be found in 

[10-13],
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5.2.3. LASER LINEWIDTH MEASUREMENT TECHNIQUES

As described in section 5.2.1, measurement of the linewidth of a laser source is 

usually achieved by recording the optical power spectrum utilising some appropriate 

experimental scheme. Acquired data can be then fit to a suitable lineshape curve, 

which in the case of laser diodes operating above the threshold correspond to a 

Lorentzian profile. Several schemes exist to achieve this goal, but attention will be 

directed here towards two of the most commonly used methods in order to understand 

their working principles.

Self-Homodyne Technique

The set-up corresponding to this technique is schematically presented in figure 5-3. In 

this scheme the fiberised output of a laser source with a linewidth Avin and operating 

optical frequency vo is connected to a fibre interferometer with two arms of different 

path lengths.

INTERFEROMETER

Figure 5-3 Schematic set-up for self-homodyne laser linewidth measurements.

The same optical power is directed along each of the arms, and the difference in path 

lengths gives rise to a constant time delay r between the two beams before they 

recombine at the interferometer output. An integrated polarisation controller can be 

manually adjusted in order to optimize the relative polarisation of the beams and
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provide optimum output intensity. Essentially, the effect of the time delay is to 

effectively remove any correlation between the two laser beams that would otherwise 

remain in phase since they are derived from the same laser source. If the path length 

difference between the interferometer arms is chosen so that the related time delay r 

exceeds the coherence time of the laser Arc (T>Arc), then the two beams can be 

effectively regarded as coming from two independent laser sources with the same 

characteristics when they are mixed together again. The output of the fibre 

interferometer is then sent to a Radio Frequency (RF) analyser in order to acquire the 

corresponding optical power spectrum of linewidth Avqut- The lineshape of this 

spectral power profile will be proportional to the convolution of the power spectrum 

of the two beams, i.e. of two exactly equal replicas of the original spectrum of the 

laser source. It can be demonstrated that the convolution of two Lorentzian lineshapes 

yields a Lorentzian profile whose linewidth equals the sum of those of the original 

lineshapes [14], so in the case of our laser diodes it follows that

Aoout — 2Ao IN (5.7)

Where the input linewidth equals that of the laser, Avin = Avlas- This allows us for 

extraction of the linewidth of the utilised laser source from the acquired data by using 

the simple relation

^^LAS — (5.8)

It should be noted that the experimental spectrum obtained with an RF analyser shows 

only half of the profile, because this measurement technique only considers the 

absolute value of the frequency deviation from the carrier. The near-DC component of
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the spectrum is not either observable up to a cut-off frequency fcur determined by the 

interferometer: according to the previous discussion, any beam components 

undergoing an effective delay smaller than rwill be still correlated and thus become 

invisible by the RF analyser, thus yielding a value for the equivalent cut-off frequency 

offcuT = 1/t. Results for the self-homodyne linewidth measurements for the lasers 

used during the experimental work are presented in section 5.4.1, using a fibre 

interferometer with a delay of x = 25 |is, fcur == 40 kHz. The special case where a 

short delay comparable to the laser coherence time is used has been analysed in detail 

by Ludvigsen et al. in [15].

Heterodyne technique

The second linewidth measurement technique to be discussed is essentially based on 

the same working principle as the self-homodyne case presented above. As sketched 

in figure 5-4 the main difference between both techniques is that, in the heterodyne 

case, the outputs from two different laser sources are combined and then sent directly 

to an RF analyser

Figure 5-4: Schematic set-up for heterodyne linewidth measurements, where two 

lasers are used (LASl and LAS2).

A reference laser with a known narrow linewidth Avref is usually chosen and mixed 

with the target laser source whose linewidth Aviy » Avref is to be determined. The 

target laser operates at a frequency vq while the reference source emits at a close
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frequency vo+Av (Av«vo). Interference of these closely-spaced optical frequency 

sources yields an output spectrum consisting of a carrier frequency peak centred at vo 

surrounded by intensity peaks symmetrically located at values vo ± Av. According to 

the discussion in the self-homodyne case, when laser diode sources exhibiting a 

Lorentzian power spectrum are utilised the linewidth of both the carrier and side 

peaks is given by

'^'-’OUT ~ AUrrp -f AuREF nN Au IN (5.9)

where the condition Auref « Auin has been taken into account. Some important 

conclusions can be drawn from relation (5.9): The linewidth of the acquired power 

spectrum directly corresponds to the linewidth of the targeted laser source. In 

addition, there is a fundamental difference in this measurement technique as 

compared with the self-homodyne scheme. We can acquire the power spectrum of the 

side peak centred at the beat frequency Ad, with two immediate consequences:

1. This spectrum is now double-sided, somewhat facilitating the corresponding 

theoretical fit.

2. The spectrum is recorded at higher frequencies, thus eliminating part of the 1/f

noise associated with the laser sources (the beat frequency An is usually 

chosen to lie in the 1 GHz region).

The total accuracy attainable when implementing the heterodyne measurement 

technique is on the other hand limited by various factors. First, the linewidth of the 

reference laser Auref rnust be known itself with a high accuracy. Second, and more 

important, the stability of the beat frequency Av is limited by the 1/f noise affecting
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both of the laser sources. The value for the beat frequency corresponds to the 

difference between the emission frequencies of the two lasers, so any drift of these 

values automatically shifts the central frequency for the side peak. This can severely 

limit the attainable measurement accuracy, so good quality, narrow linewidth External 

Cavity Lasers (ECLs) are commonly chosen as the reference to minimise the effect.

A special case of this heterodyne scheme is illustrated in figure 5-5 below and can be 

referred as the self-heterodyne technique.

Figure 5-5: Schematic set-up for self-heterodyne linewidth measurements.

In this case a single laser source of linewidth Jy//v and operating frequency vo is used. 

The laser frequency is modulated using a sinusoidal wave at a frequency / in the 1 

GHz regime, giving rise to the appearance of multiple spectral sidebands of order n 

separated from the carrier frequency vo by an amount n/'[16]. These sidebands are 

exact replicas of the carried frequency peak and exhibit the same linewidth, while the 

modulation depth can be chosen so that only the first sideband is produced. In such a 

case both the carrier peak and the first sideband enter the fibre interferometer and 

become uncorrelated before being recombined, so that they can be effectively 

regarded as coming from two independent laser sources with the same linewidth Auin. 

The same analysis as in the heterodyne case applies so that the recorded spectrum on 

the RE analyzer presents both a one-sided Lorentzian peak centered at zero frequency
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plus a sideband peak centered at the modulating frequency /, both of them with an 

approximate linewidth of

Auout — Aujn "b AUim — 2AuIN ^ ^*^IN UN (5.10)

Thus, the sideband spectrum can be then recorded and fitted to a Lorentzian lineshape 

to estimate the target laser linewidth Avlas = Avin according to the relation

A^las — ^'->out/2 (5.11)

Note that these measurement techniques usually require the use of fast photodiodes, 

with suitable response characteristics in the high-frequency region targeted in each 

case. A rigorous theoretical analysis of both optical heterodyne and homodyne 

measurement techniques by Nazarathy et al. can be found in [17] for further 

references.

5.2.4. OPTICAL MICROSHPERES AND WGM MODES

The experimental work presented in this chapter is based on a special type of optical 

microcavities, namely optical microspheres or microresonators. In a similar fashion as 

other types of optical resonators, the main interest of these microstructures relies on 

the fact that light can be confined within a small volume with almost negligible losses 

for long periods of time. A particular case is that where such excited modes are 

confined close to the surface of the microspheres with minimum losses, and are 

referred to as Whispering Gallery Modes (WGM’s). The interesting properties of 

these modes can be applied to many different fields, among which we can locate our
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experimental purpose of investigating linewidth properties of laser sources. Thus, it 

becomes necessary to understand the main features and properties of this type of 

microstructures and modes relevant to our research before presenting and discussing 

further experimental schemes and results. Much theoretical work has been done to 

characterize the structure and main properties of optical microspheres, as well as a 

large amount of experimental work to control, modify and exploit such properties to 

improve existing applications or establish new ones. Thus, a brief summary of the 

review presented by Chiasera et al. [3] will be included in this section, referring to 

further material when needed.

Structure and fabrication

Spherical microspheres are micron-size spherical structures with a diameter of 

typically ten to a hundred micrometers. The most extended type of microspheres are 

made from silica glass, though some experiments have been carried out with liquid 

microdroplets [18-20]. Glass microspheres can be fabricated using melting processes 

by simply targeting the end tip of a silica fibre (this corresponds to our case, described 

in detail in section 5.3.1), while some other methods are based in sol-gel processing 

[21]. In some cases specific coatings are applied, and some degree of ellipticity may 

apply (which in practice does not affect our results). Our experimental procedure to 

fabricate microspheres allowed us to routinely achieve reproducible results.

Light coupling

Light coupling into microspheres is commonly achieved using evanescent-field 

schemes. Some optical structures are used that exhibit an evanescent field decaying 

into the air at some position over their geometry, and the microresonators then
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carefully located within overlap distance with that field (of the order of hundreds of 

nanometres). When the coupling conditions are fulfilled (usually related to phase 

matching across the microsphere surface), light is coupled into the microcavity. 

Examples of the most extended evanescent-field coupling schemes are shown in 

figure 5-6, including tapered fibres (a), waveguides (b), optical prisms (c) or angle 

polished fibres (d).

(C)

Figure 5-6: Schematic illustration of the most extended microsphere light 

coupling geometries. The evanescent field from a tapered fibre (a), waveguide 

(b), optical prism (c) or angle-polished fibre (d) is coupled into the microsphere 

when the phase matching condition is fulfilled (adaptedfrom [3J).

During our experimental work an optical prism scheme was utilised, allowing for fine 

control of the coupling geometry. Further details for the set-up are included in section 

5.3.1, while optimization of coupling into microspheres is further discussed in [22].

Total internal reflection and WGM’s

If light of wavelength 2 is coupled into a microsphere of radius a and refractive index 

n under the appropriate conditions, a special guidance mechanism takes place. In a so- 

called Whispering Gallery Mode (WGM), light is guided along the equator of the
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microsphere due to Total Internal Reflection (TIR). Light travels very close to the 

microsphere surface with a small fraction evanescently decaying into the surrounding 

medium (usually air). In terms of the size parameter x, the coupling condition can be 

expressed as

X =2nalX - l/n (5.12)

where / is an integer. Different modes can be excited exhibiting a different radial and 

angular field distribution depending on both the polarization of the incoming field and 

coupling geometry. Some quantum numbers r -radial- and /, m -angular- are used to 

describe the field distribution (using r rather than the usual notation n for the radial 

quantum number to avoid misunderstandings with the refractive index). This leads to 

the concept of mode bands, corresponding to groups of WGM’s of similar 

characteristics. A pseudo-free spectral range (FSR) can be defined to describe the 

constant separation between modes with the same polarization and radial number r 

but differing in one unit of / (assuming no ellipticity).

FSRi = Zluf^j »
2mia

(5.13)

In the case of two adjacent modes with same numbers r, I but different polarizations 

Transverse-Electric (TE) and Transverse-Magnetic (TM),

FSRpoi = r,l
c yj-n? — 1 

27ma n
(5.14)

Examples of experimental traces of excited WGM bands during our experimental 

work are included in figures 5-13 and 5-14 in section 5.4.2. Observing the structure of

144



CHAPTER 5

the complete band is very important for our purposes, as it allows us to select the 

strongest WGM to be targeted and improve the achieved SNR. It is also important to 

note that, in practice, all the modes belonging to the same band observed during our 

experimental work exhibited the same width within experimental error, relaxing the 

conditions when selecting a particular mode.

Q factor

The so-called Q-factor is a measurement of the quality of the microsphere in terms of 

its associated optical losses. The Q-factor is defined by the ratio of the optical 

frequency v of the guided light and the resonance width of the excited WGM So,

V
(5.15)

The value for the intrinsic Qo factor for an isolated microsphere is a combination of 

radiative (curvature), bulk (material) and surface losses. Our measured high-Q values 

are of the order of Q ~ 10^, as detailed in section 5.3.1. It is critical for our linewidth 

investigation purposes that high quality microspheres are routinely fabricated.

Thermal effects

When light is coupled into a WGM thermal effects must be taken into account (unless 

the light level is extremely low). As light travels around the equator absorption of 

light by the Silica microsphere occurs and the absorbed power builds up inside the 

cavity, increasing the sphere temperature proportionally to its thermal capacity and 

the amount of optical power coupled in. This induces thermal expansion of the 

microcavity increasing the original diameter, which effectively changes the resonant
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condition (5.12) for the incoming field, affecting coupling of the light into the system. 

This effect takes place on a time scale corresponding to the thermal response of the 

microspheres and can become very significant depending on the experimental 

conditions. Details on the origin and minimisation of thermal effects during our 

experimental work are included in section 5.3.2. Note that thermal effects also apply 

when the temperature of the microsphere decreases and the diameter is reduced. A 

detailed analysis on the effects of both size and refractive index changes in the 

resonant frequency of a microsphere has been published by Schweiger et al. in [23] 

for further reference.

On the top of the previous points, the resonant frequency of WGM’s can be tuned 

based on mechanical- or thermal-induced deformation of the sphere size. An example 

of mechanical-based tuning can be found in [24], though during our experimental 

research no tuning of the resonant frequency was either implemented or desired.

5.3. EXPERIMENTAL SET-UP

5.3.1. SPHERICAL MICROCAVITIES FABRICATION

Fabrication of the spherical microcavities used in the experiment was carried out in a 

systematic and reproducible fashion, following a series of well defined steps in order 

to provide good quality micro-resonators. This allows for data consistency during 

experimental research, a condition which must be fulfilled in order to carry out 

analysis and extract meaningful eonclusions. The fabrication process is based on the 

principle of fibre melting and sphere formation due to surface tension forces. When a 

solid material is melted under standard laboratory conditions, two main forces act on 

the liquid phase material during the process: gravity and surface tension. On one hand.
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in order to minimise the total surface energy associated with the system and thus fulfil 

the stability condition, the melted material acquires a spherical shape corresponding to 

minimum surface area for a given volume V. On the other hand the gravity acts on the 

melted volume pulling it down, the additional force distorting the ideally spherical 

surface. The final microsphere shape is determined by both effects, generally giving 

rise to an almost perfectly spherical shape because the surface tension forces on this 

scale are orders of magnitude greater than the force due to gravity.

The experimental set-up corresponding to the melting technique implemented is 

presented in figure 5-7. In the first step a piece of a single mode (SM) Silica fibre is 

immersed in Acetone for approximately 20 minutes in order to soften the outer 

protective coating layer (-250 pm) and then strip it. This leaves the fibre cladding 

(=125 pm) exposed and minimises the amount of impurities that might be present due 

to the plastic coating, which would otherwise eventually limit the attainable Q-factor 

for the microresonator. Then the fibre is attached to a two-directional positional stage 

which allows both vertical and horizontal (out of the plane corresponding to figure 5- 

7) translation. The fibre is held in a vertical position and a CO2 laser is set with its 

output beam horizontally traversing the fibre a few centimetres fi-om its bottom end. 

The laser emits at 10.6 pm with a maximum optical power of 20W and the beam is 

focused on the fibre with the help of a suitable lens. The output power of the laser is 

manually controlled and measured with a power meter placed after the beam waist. 

This allows for centring the fibre in the beam by operating at low optical powers and 

minimizing the meter reading while the position of the fibre is adjusted.
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SM FIBRE

Figure 5-7; Experimental set-up for microsphere fabrication. A single-mode 

(SM) fibre is attached to a two-directional positional stage allowing for vertical 

and horizontal (out of the plane) position adjustment. The power-controlled 

output from a CO2 laser is focused on the fibre and measured with a power 

metre.

Once the fibre and laser are properly aligned the optical power of the laser is 

increased until the fibre approaches the melting point, as observed using a 

microscope. Then, as outlined in figure 5-8a, the fibre is manually pulled down from 

the bottom end using appropriate tweezers so that a narrow tapered section is created 

(tens of pm of diameter). The fibre position is then adjusted until the laser beam is 

focused on its bottom, untapered section. The optical power of the laser is then 

increased to start the melting process. As the microsphere is formed at the tip of the 

fibre, its vertical position is adjusted in real time so that the whole untapered section 

gets melted. The schematic diagram for this step corresponds to figure 5-8b. At this 

point the optical power of the laser is decreased avoiding melting effects, and the fibre 

position adjusted so that the beam is focused tens of millimetres from the 

microsphere. Then the optical power of the laser is increased again, giving rise to a 

bending of ~ 90° of the fibre as sketched in figure 5-8c. This bending facilitates 

coupling of the light at the equatorial plane of the microsphere, minimizing
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interference with the supporting fibre stem. A sample microsphere obtained with this 

process is included in the same figure, in very good agreement with the expected 

shape as described above.

a) b) c)

Figure 5-8: Schematic illustration for the microsphere fabrication process, (a) 

Fibre tapering, (b) Fibre melting and microsphere creation, (c) Fibre bend of ~ 

90 °C to facilitate experimental coupling. A microscope image of a sample 

microsphere created using this process is included, in very good agreement with 

the expected shape. The microsphere, of ~ 250pm diameter, sits at the end of a 

tapered stem of a SMfibre with an original cladding diameter of ~ 125 pm.

5.3.2. WGM EXPERIMENTAL SCHEME

A schematic representation for the experimental set-up used to study the WGM 

properties in the spherical microresonators is shown in figure 5-9. A tuneable laser 

source is set so that the output wavelength can be tuned across the microsphere 

resonant value by ramping the driving current source with a voltage signal Vmod at a 

frequency fMoo- Two different laser sources will be used as described in upcoming 

sections, and the polarization adjusted in both cases using a suitable polarization 

controller.
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'^MOD ■ ^MOD

Figure 5-9: Scheme of the set-up implemented for the microspherical resonators 

WGM experimental work. Abbreviations used correspond to: polarization 

controller (POL CTRL), wavemeter (WAV), multimode fibre (MM FIBRE), 

photodetector (PD), optical amplifier (AMP), oscilloscope (OSC), Lock-In 

Amplifier (LIA), Personal Computer (PC).

As explained in section 5.2.4 different WGM bands can be excited within the micro 

resonator depending on the polarization state of the coupled beam, so proper control 

of this parameter becomes crucial for optimum excitation of WGM’s in the 

microsphere. Coupling depends on polarization of the input light via the continuity 

equations for the electromagnetic field across two media, though this effect was not 

observed in practice and thus neglected. Light is collimated and focused onto an 

optical prism using a lens system positioned on precision translation stages for 

coupling optimization. An additional piezo controller was also introduced in the set

up for fine tuning of the coupling distance. A fraction of the laser beam (typically 5- 

10%) can be split off and sent to a wavemeter if necessary. A detailed scheme of the 

prism coupling is shown in figure 5-10.
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Figure 5-10: Detailed scheme for the evanescent field WGM prism coupling into 

the micro spherical resonator.

The laser beam is focused onto one face of the prism so that part of the optical field 

evanesccntly decays into the surrounding air. The detection system consists of two 

independent photodetectors that record the transmitted light through the optical prism 

(PD2) and the scattered light from the spherical surface (PDl), the latter collected by 

a multimode fibre whose position can be precisely controlled. Because of the small 

amount of scatter detected, a low-noise transimpedance optical amplifier is introduced 

after the corresponding photodetector in order to improve the Signal-to-Noise Ratio 

(SNR) of the scattered signal (this amplifier works at gain and bandwidth values of 

2x10* V/A and 100 kHz respectively). Signal amplification relaxes the requirements 

for the total optical power coupled into the microsphere, somewhat making easier the 

challenging coupling process in prism-based coupling schemes. The bandwidth of the 

amplifier produces some effective averaging of the collected data but does not affect 

the results and subsequent discussion to be presented in section 5.4. The signals from

151



Laser linewidth analysis and spherical microcavities

both photodetectors are then acquired using a high-frequency digital oscilloscope 

referenced to the modulation frequency /mod- Ramping the optical frequency v of the 

laser in this way means that the scattered signal from the microsphere surface is 

directly proportional to the WGM intensity profile I(v), while the signal collected 

after the prism corresponds to the associated - I(v) absorption profile (note that light 

is not strictly absorbed by the microsphere, but only coupled in; lo corresponds to the 

intensity of the laser beam incident at the prism inner surface). This experimental 

scheme allows for the profile of one or several microsphere modes to be observed in 

real time on the oscilloscope, depending on the value for the modulation depth applied 

to the laser source. The WGM signal I(v) is at the same time acquired by a Lock-In 

Amplifier (LIA) referenced to the modulation frequency /mod- The output of this lock- 

in is used to implement an active feedback loop in order to lock the laser emission 

frequency to the centre of the WGM, explained in more detail next.

WGM line centre locking loop

A very important feature of the set-up scheme presented in figure 5-9 is that of the 

active feedback loop implemented during experimental work. This loop is used to 

lock the operating frequency of the laser source to the central frequency of the excited 

mode that is being targeted. This has significant consequences which facilitate both 

collection and subsequent analysis of data, and will be discussed at the end of this 

section. The set-up for the locking loop essentially replicates those presented in 

sections 3.3.2 and 4.3.1 during chapters 3 and 4, working on the same principle. The 

loop is implemented by connecting the output of the lock-in described above to the 

input of the modulation facility integrated in the laser current control unit I. As 

detailed in section 2.2.6 of chapter 2, this modulation scheme ensures that the output

152



CHAPTER 5

signal of the lock-in is proportional to the first derivative (If) of the input signal. In 

the particular case described here, the If signal detected is thus proportional to the 

first derivative of the WGM scattering signal with respect to v. Because the intensity 

profile of the microsphere mode follows a Lorentzian lineshape, the corresponding 

first derivative presents a zero-crossing at the WGM line centre. Hence, when the 

central wavelength of the modulated laser is set to the centre of the microsphere 

mode, the output of the lock-in equals zero. Summarizing the detailed explanation 

included in section 4.3.1 of chapter 4, we have for the lock-in output y(t) = 

lf(t)cENTRE- In the ideal case where the frequency of the laser does not drift in time 

fi-om its set value we have y/oEALft) = I/centre = 0, and the reference value for the 

control loop can be defined to be r(t) = yiDEAiO) = 0. The error signal for the active 

feedback loop, defined as e(t) = y(t) - r(t) in section 4.2.3, thus reads e(t) = y(t) - 0 = 

y(t) and corresponds directly to the lock-in output. In the real case the optical 

fi-equency of the laser drifts in time due to temperature and current perturbations and a 

non-zero error signal e(t) ^ 0 is generated. The total voltage signal injected to the 

modulation facility of the current control unit of the laser thus corresponds to the 

modulation ramp voltage Vmod plus a DC value equal to the error signal amplitude 

e(t). The aim of the locking technique is to provide the conditions under which the 

frequency drift related to the laser is counteracted and effectively nullified by the loop 

contribution, as illustrated in figure 5-11 (this figure corresponds to figure 4-6 in 

chapter 4, as it essentially describes the same principle). The phase of the lock-in must 

be carefully chosen to fulfil such a condition or otherwise the loop will further perturb 

the laser frequency stability.
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Drift from line centre (a.u.)

Figure 5-11: Schematic representation of the operational principle for the active 

feedback loop implemented in the WGM experiment. The If signal has the 

appropriate lineshape to counteract for the laser frequency drift. The figure 

corresponds to figure 4-6 in chapter 4, but has been included here because it 

essentially describes the same locking principle.

At this point it is useful to distinguish between the two possible modulation regimes 

applied during our experimental work and describe the active feedback loop 

behaviour in each case.

A) Low modulation depth: Only one WGM is excited within the microsphere and 

the scattered signal is zero elsewhere across the modulation interval. This case 

is analogous to the modulation schemes implemented in sections 3.3.2 and 

4.3.1, with the error signal almost equal to zero. The drift of the laser is 

compensated by the loop and the emission frequency is locked to the central 

frequency of the WGM mode. Experimental results presented in sections 5.4.1
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and 5.4.2 were obtained under this regime, with the modulated interval of the 

order of few picometers.

B) High modulation depth: When the modulation depth is increased a wider 

wavelength interval is covered. If this interval exceeds the Free Spectral 

Range (FSR) value for the WGM’s targeted in the experiment (FSR ~ 10 pm 

in our case, high modulation depth interval of the order of hundreds of 

picometers), then more than one mode within the working band is excited. In 

this case several Lorentzian profdes of different intensities populate the 

scanning region and the output of the lock-in is not zero. The magnitude of 

this error signal is a result of the contribution of all modes, each of the error 

amplitudes directly proportional to the corresponding mode intensity. The net 

result is that the value for the error signal is mainly determined by the 

strongest mode within the band, and the locking loop thus shifts the operating 

frequency of the laser towards that specific mode centre. The emission 

frequency of the laser gets eventually locked to that value. In practice, we 

found this method to significantly facilitate the experimental preparation stage. 

A high modulation depth is initially applied to the laser, coupling distance and 

polarization of the laser optimized, and several modes are excited and 

observed in the oscilloscope. A certain mode within the band was routinely 

observed to be strongest, with additional weaker modes spread over the 

modulation interval. Then the locking loop was closed, and the locking effect 

automatically observed: the band of modes shifted in real time with the central 

frequency consecutively jumping from one mode to the nearest stronger one, 

until eventually being stabilised to the strongest mode previously observed. No
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extra adjustment was needed once the locking loop was closed, and the 

emission frequency of the laser was effectively locked to the centre of the 

strongest mode. Two examples of the WGM band structure obtained when 

applying a high modulation depth to the laser are presented in figures 5-13 and 

5-14 in section 5.4.2. After the laser frequency was locked to the strongest 

mode within the band the modulation depth was decreased, and the strong 

mode investigated under a low modulation depth regime.

WGM locking loop vs gas line locking loop

Successful implementation of the locking loop described above means that the 

emission frequency from the laser is locked to the targeted WGM centre. As 

mentioned during the previous discussion this locking method is in some ways similar 

to the gas-based locking techniques implemented in sections 3.3.2 and 4.3.1 presented 

in previous chapters. However, some fundamental differences apply that must be 

understood and will be clearly described now. The main difference is related to the 

resonant frequency for the corresponding gas absorption line or microsphere mode. In 

the gas-absorption-based locking techniques the resonant frequency of the absorption 

line is fixed at some specific value, which is determined by the corresponding 

molecular physics analysis of the targeted gas. On the other hand, in the whispering- 

gallery-mode-based locking technique the value of the resonant frequency for the 

mode arises from a geometrical requirement (the relationship between the wavelength 

of the incoming light and the radius of the microspherical resonator). Here lies the key 

point which determines the fundamental difference between both methods: the size of 

the microsphere can change during experimental work due to thermal effects, so the 

resonant value for the mode is no longer fixed. We can easily estimate the effect of a 

small change in the microsphere size on the resonant WGM wavelength by taking the
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derivative of the coupling condition (5.12). Such calculation leads to a relation d/J/^ = 

da/a for the relative variations of the microsphere radius a and the wavelength 2 of the 

incoming light, which for our measured values of a ~ 125 pm and ~ 1.5 pm yields 

d/. ~ 6 lO'^da. This means that a change of 1 pm in the radius would lead to a shift of 

the resonant wavelength of = 6 nm, several orders of magnitude bigger than the 

typical width of a WGM in a high-Q microsphere (as an example, our measured 

sphere modes presented in section 5.4 have widths of the order of sub-picometres). 

Thus, these thermal effects can be thought as being low-frequency noise sources that 

ultimately limit the frequency stability of our system and need to be minimised. The 

different processes giving rise to thermal effects during our experimental work are 

analysed next, and can be split in two categories: External or laser-related.

• EXTERNAL: INDEPENDENT OF THE LASER SOURCE.

o Room temperature: If the room temperature significantly changed during 

experimental work, the corresponding temperature of the microsphere would be 

affected and the coupling condition would change. The laboratory is kept at a 

constant temperature of T = 22 °C so these variations can be neglected, 

o Coupline distance: The coupling distance between the microsphere and prism 

determines the fraction of the evanescent field from the prism which overlaps with 

the resonator. When the coupling distance decreases a bigger percentage of the 

laser field is coupled into the microsphere, increasing the optical power within the 

microcavity and thus raising its temperature. The coupling distance was only 

changed during our experimental work prior to data acquisition once the laser 

frequency was locked to the centre of the targeted WGM. The locking loop 

maintained the laser frequency aligned to the WGM centre as the distance was
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varied, allowing for optimization of the SNR of the WGM signal. The coupling 

distance can be regarded constant during data acquisition time.

• LASER-RELATED: DEPENDENT ON THE LASER SOURCE.

o Modulation depth: When the modulation depth applied to the laser decreases from 

a high- to a low-modulation depth regime at a fixed modulation frequency, the 

laser light spends on average more time within the WGM coupling interval. 

Hence, the optical power coupled during scanning time increases and the 

temperature of the microcavity raises, changing its size and shifting the resonant 

frequency. The modulation depth is changed during our experimental work as 

described earlier in this section, with the locking loop again keeping the laser 

frequency at the resonant value at all times.

o Modulation frequency: The particular value for the modulation frequency when 

the modulation depth applied to the laser is fixed also determines the thermal 

response. If the scan frequency is very low, the laser light spends more time 

within the cavity thus increasing its temperature and shifting the resonant 

frequency. This effect is effectively suppressed by increasing the modulation 

frequency of the ramp, so that the scan time is much faster than the microsphere 

thermal response. Experimental traces demonstrating this effect are presented in 

upcoming section 5.4.1.

o Current sweep: When the optical frequency of the laser is tuned across some 

interval (applying a modulation ramp or just sweeping the set current), a well- 

known effect in laser diodes takes place: The optical power of the laser output 

does not remain constant, but linearly increases with increasing current. This 

makes the optical power coupled into the microsphere during the sweep to
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increase. This effect is much smaller than the effects previously described, and 

does not affect our measurements in practice.

On top of these thermal effects another type of frequency noise must be eonsidered: 

the emission frequency of the laser changes in time from its set value due to 1/f noise 

associated with the laser current and temperature controllers, as well as due to mains 

noise at 50 Hz or higher harmonics. This effect has been treated in detail in section 

4.2.1 of chapter 4, and produces frequency shifts much smaller than in the thermal 

eases deseribed above (these thermal effects can be thought as effectively being low- 

frequency noise sources also affecting the laser output).

As beeomes clear from the previous discussion, the thermal response of our system is 

a combination of many individual effects simultaneously/altematively taking place. A 

rigorous treatment would require further theoretical analysis but it is not necessary in 

our case: the implemented locking loop, along with an appropriate choice of the 

modulation frequency, effectively compensates for all of these effects in practice. The 

laser emission frequency is locked to the WGM centre during our experimental work. 

Note that this locking loop is not an absolute frequency locking loop such as that 

presented in section 4.3.2 in chapter 4, but exhibits the same drawback as the locking 

technique presented in section 4.3.1: the laser frequency is modulated itself However 

this is not a real drawback for our purposes, because we are not searching for an 

absolute frequency locking loop. The aim is to lock the central laser frequency to the 

eentre of the WGM mode at all times, in order to investigate the properties of the 

whispering gallery mode itself During all of our experimental work the locking 

method was routinely implemented in a successful manner for long periods of time (of 

the order of hours), facilitating data acquisition to a very significant extent.
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5.4. RESULTS AND DISCUSSION

5.4.1. SELF-HOMODYNE LINEWIDTH MEASUREMENTS

The linewidths of the two laser sourees used during our experimental work have been 

measured utilising the self-homodyne technique described in section 5.2.3. As 

discussed there such measurement technique avoids the 1/f frequency noise 

introduced by the current and temperature control units associated with the lasers, 

improving the measurement accuracy. The experimental scheme presented in figure 5- 

3 is implemented, making use of a fibre interferometer with a fixed delay of t=25fi,s 

between its two arms. This corresponds to a cut-off frequency of approximately frur 

(INT) ~ 1/t = 40 kHz, while light is detected using a photodetector of cut-off 

frequency fcur (PD) 10 kHz. As discussed in section 5.2.3 the intensity profile of 

the detected signal follows a Lorentzian lineshape of the form

L(u) = Lo +
2A Avi
n 4(u — VcY + Avi

(5.16)

with a FWHM (Aul) equal to twice the linewidth of the laser source, Avi=2Avlas- 

Thus, acquired data are fit to a Lorentzian curve and the linewidth of the laser is 

obtained from the simple relation

Avlas = (5.17)

Results for the two laser sources utilised (DM and DFB LD’s) are presented in figure 

5-12.
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(a) DM Self-Homodyne Linewidth Measurement 
T=25°C, 1=105 mA

(b) DFB Self-Homodyne Linewidth Measurement 
T=5“C, I =95 mA, I =55.7 mAsoa ’ SI

Frequency (MHz)

Figure 5-12: Self-homodyne linewidth measurement results for the DM (a) and 

DFB (b) laser sources used during our experimental research.
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Translating these fitting results into relation (5.17) yields a measurement value for the 

linewidths of the two lasers of

AVdm = (5.18)

AVdfb = ^^Ldfb/'^ ^ 0 (5.19)

As observed, the linewidth characteristics for both lasers are significantly different, 

with the DM laser diode exhibiting a very narrow output spectrum one order of 

magnitude smaller than that of the DFB laser diode. The linewidth difference between 

the two lasers is a key point to successfully perform the microsphere WGM 

experiments. Because the self-homodyne is a well established and theoretically solid 

measurement technique, the results for the Lorentzian fits have a small, negligible 

associated uncertainty. The total error figure is rather determined by repeating the 

measurement several times (-5-10) and then estimating the average difference in the 

extracted linewidth parameter from consecutive readings. The uncertainty associated 

with the final results in (5.18) and (5.19) was in practice estimated to be A(Audm) ~ 50 

kHz and A(Audfb) = 0.5 MHz.

5.4.2. WHISPERING GALLERY MODE BANDS

As discussed in sections 5.2.4 and 5.3.2 of this chapter, a set of microsphere modes 

can be excited within the microcavity when the laser emission frequency is modulated 

over an inverval (i.e. high modulation depth applied to the laser) larger than the free 

spectral range of the WGM spectrum. The experimental set-up is prepared according 

to figure 5-9 and the coupling parameters (microsphere-prism alignment, coupling 

distance and laser polarization) carefully adjusted. When the coupling requirements
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are fulfilled a set of modes arises from the flat background and the previous 

parameters can be further optimized. As discussed in section 5.3.2 the frequency 

locking loop can be closed at that point, automatically shifting the central frequency 

of the laser until it gets eventually locked to the centre of the strongest mode within 

the band. Then the modulation depth applied to the laser is decreased, and attention 

focused onto a single microcavity mode.

Experimental results showing a typical WGM band excited within the microsphere 

during our experimental work are presented in figure 5-13.
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Figure 5-13: Experimental results for a WGM band around 1.5 pm excited 

within the microsphere over a wide tuning interval. A DFB laser operating at 

T = 16°C is used, and emission frequency tuning achieved by sweeping the laser 

injection current.
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Note that in this case frequency tuning was achieved by sweeping the laser current 

rather than applying a modulation signal Vmod because of the wide scanning interval. 

As discussed in section 5.3.2 data were accordingly acquired using a GPIB interface 

and personal computer rather than a digital oscilloscope, as shown in figure 5-9. 

Results shown correspond to the DFB laser source, scanned over a current interval of 

AI = 45 mA approximately equivalent to a wavelength range of AA. = 0.58 nm (the 

DFB DC tuning rate was independently measured, and approximately equals AXyAI = 

0.013 nm/mA).

An additional figure (5-14) is presented below including the experimental results for 

the same WGM band corresponding to a narrower frequency range.
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Figure 5-14: Experimental results for the WGM band presented in figure 5-13 

over a narrower frequency range. The emission frequency of the DFB laser is 

now tuned using a modulation ramp, and the transmitted signal through the 

optical prism included.
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In this case tuning of the DFB emission frequency is achieved using a modulation 

ramp and data acquired with the help of a digital oscilloscope (note how the 

horizontal axis is now presented in a time scale). The transmitted signal through the 

optieal prism is now included, consisting of consecutive absorption peaks which 

correspond to each of the excited WGM’s within the microsphere. These two figures 

qualitatively illustrate the different laser tuning techniques, detection schemes and 

WGM band structure discussed in previous sections during this chapter. Note how the 

transmitted amplitude signal through the optical prism presents a small non-zero 

slope, as a result of the optieal power of the laser diode increasing as the current is 

swept (as discussed in section 5.3.2).

5.4.3. THERMAL EFFECTS

The different thermal effects affecting the size of the microspheres during 

experimental work have been discussed in detail in section 5.3.2. These effects 

ultimately lead to a change of the resonant frequency vo of the excited WGM, but they 

do not affect our experimental results as they are compensated by the implemented 

active feedback loop. The set emission frequency of the laser source is locked to the 

resonant value at all times, facilitating the analysis of data acquired for the WGM’s. 

In this section some experimental data are presented to illustrate the observed results 

for these thermal effects, as well as the subsequent minimisation.

The results for the microsphere heating and change of the resonant frequency are first 

shown in figure 5-15. Data correspond to a single WGM excited within the 

microsphere making use of the narrow linewidth DM laser diode, after coupling 

distance and polarization have been optimized to get good SNR for the mode. In this 

case the laser emission frequency is modulated using a triangular voltage ramp of low
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frequency fMoo LOW 2.2 Hz and peak-to-peak amplitude Vmod ~ 275 mV. A full

period is shown in the figure, and the difference between the positive and negative 

slope intervals become immediately clear. Because the modulation signal is applied at 

a low frequency rate, the optical power inside the microsphere builds up during the 

WGM scan time and heats the microcavity producing a thermal shift of the resonant 

wavelength. The intensity profile of the mode is distorted from its real lineshape, with 

the final results across the positive and negative slope intervals different from each 

other.
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Figure 5-15: Experimental results for the excitation of a single WGM within the 

microsphere using the DM laser modulated at a low frequency fuoD^'^'^ ~ 2.2 Hz.

The behavior of the thermal effect during scan time can be understood according to 

the additional figure 5-16, which corresponds to the positive-slope period WGM 

profile shown in figure 5-15 above. The observed thermal-induced shift can be
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explained as follows. When scan time equals ti during the initial stage of the 

modulation ramp, the laser frequency is aligned with the high-frequency wing of the 

unperturbed mode of resonant optical frequency v'o and the correspondent amplitude 

Ai recorded. As light is coupled into the microcavity the resonant frequency is red- 

shifted due to thermal effects, with a recorded amplitude A: at some intermediate time 

t2 when the whole WGM is centred at a resonant frequency v^o- At time ts the laser 

frequency is exactly aligned with the new resonant value vo\ so that the amplitude A3 

corresponds to the WGM maximum.

Equivalent frequency interval (MHz)
too 200 300 400 500 600

*2 Time(s)

Figure 5-16: Experimental results corresponding to the positive slope interval 

for the excited WGM within the microsphere presented in figure 5-15. The 

behavior of the thermal-induced shift of the WGM resonant optical frequency Vo 

during scan time is illustrated here at four different points.
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At this point a fundamental change in the thermal drag behaviour of the system 

occurs: because the laser frequency is changing at a faster rate than the induced 

thermal shift, the laser will target the right hand side of the WGM profile at any time 

t>t3. This means that the optical power coupled into the microsphere starts to 

decrease, thus changing the sign of the temperature-induced resonant frequency shift. 

As a result, the recorded amplitude A4 of the WGM at a time t4>t3 is dramatically 

decreased because the resonant frequency v‘*o is now shifting in the opposite direction 

to the laser frequency sweep. This effect gives any WGM mode recorded at low scan 

frequencies the particular intensity lineshape observed in the figure, facilitating the 

assessment of this modulation-frequency-related thermal effect. As discussed in 

previous sections the effect is effectively suppressed by increasing the modulation 

frequency of the ramp /mod until the laser frequency sweep becomes faster than the 

thermal effect response. Figure 5-17 corresponds to an excited WGM recorded using 

the DM laser modulated at a high frequency value fMOD*^"^^ =1.1 kHz where the 

thermal effect has been effectively suppressed. A small asymmetry in the wings of the 

Lorentzian profile can be still observed, but in practice does not affect the results 

presented in upcoming sections.
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Figure 5-17: Experimental trace for a WGM excited within the microsphere 

using the DM laser modulated at a frequency fmod - 1.1 kHz. The thermal-

induced shift of the mode resonant frequency due to a low modulation frequency 

has been effectively suppressed.

5.4.4. WGM'S AND NARROW LINEWIDTH LASER

In the first case a narrow-linewidth DM laser diode is used to excite the WGM’s 

within the microsphere. Description of the slotted geometry of the laser has been 

presented in section 5.2.2 and self-homodyne linewidth measurements yielding a 

value of Audm 550 kHz included in section 5.4.1. The emission frequency of the 

laser was tuned using a modulation ramp at a frequency of fMoo = 1.124 kHz, 

avoiding thermal effects which would otherwise distort the WGM intensity profile. A 

wide spectral interval was first targeted allowing for observation of complete WGM 

bands excited within the microsphere. The laser temperature and injection current
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were then tuned until the strongest band was targeted, and polarization of the laser 

optimized. At that point the frequency locking loop was closed, locking the emission 

frequency of the laser to the strongest mode within the band. The modulation depth 

applied to the laser was then decreased until only the strong WGM was observed in 

the oscilloscope. Coupling distance was finally optimized to increase the SNR of the 

detected signal. The central operating wavelength was measured corresponding to a 

laser temperature of Tdm = 26.6 °C and laser injection current of Idm = 109.2 mA, 

yielding a value of Xc°'^ = 1537.102 nm. Several samples for the WGM were then 

recorded, after which the modulation depth was increased to get a two-point current 

measurement in order to calibrate the horizontal axis of the acquired signal into a 

frequency scale. The ratio of small/high modulation depth, as well as the measured 

laser DC tuning rate of (AX/AIjoM = 0.0062 nm/mA, were also included in this 

calibration. This frequency calibration is necessary to compare sets of data from 

different lasers. On the other hand, in order to minimise any small drift of the 

coupling distance that may have occurred during data acquisition time, two 

consecutive measurements were performed. A coupling distance corresponding to a 

piezo controller voltage of Vcoupi = 10.3 V was first chosen and then the two DM and 

DFB lasers consecutively used to record the WGM profile. Then the coupling distance 

was optimized again, corresponding to a value of VcouP2 = 11-3 V, and the same 

lasers used to record the WGM intensity profile again. The observed change in 

coupling distance was negligible, so that both sets of data can be directly compared. 

Results are presented in figure 5-18 corresponding to the WGM mode trace at the two 

coupling distances corresponding to Vcoupi = 10.3 V and VcouP2 = 11.3 V within the 

optimum SNR regime. Appropriate theoretical fits of the experimental results to a 

Lorentzian curve are included, after shifting the data to a zero baseline and translating
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it to a frequency scale. Some small asymmetry in the mode wings can be observed 

due to residual thermal dragging effects, though it does not significantly affect the 

theoretical fit results. The fits yield WGM widths of respectively Au^'^’wgm ~ 10.9 

MHz and Au°^^wgm -11.5 MHz for the two coupling distances, with an average 

value for the mode width of

« 11.2 MHz (5.20)

which is much greater than the measured laser linewidth of Audm ~ 550 kHz. Here lies 

the key point of these experimental results: The frequency noise associated with the 

laser linewidth is transformed into AM noise via the sphere mode AM/FM conversion 

factor; however, because the linewidth of the laser is much smaller than the WGM 

width, the resulting AM noise is negligible and cannot be observed: The WGM traces 

presented in figure 5-18 correspond to the unperturbed, real intensity profile of the

whispering gallery mode. Stability of the lineshape was experimentally observed. This 

is a very important fact to keep in mind in upcoming section 5.4.6 when analysing the 

experimental results obtained with the two different lasers.
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(a) DM Sphere Modes at V =10.3 V' coup

(b) DM Sphere Modes at V =11.3 V^ coup

Detuning from mode centre (MHz)

Figure 5-18: Experimental results for the microsphere WG mode excited at two 

different coupling distances (corresponding coupling voltages (a) 10.3 V and (b) 

11.3 V) with a narrow linewidth DM laser (Avdm' 550 kHz).
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Estimation for the value of the Q factor of the spheres from the experimental data 

yields a value of Q ~ 10\ confirming that the microspheres possess a high quality 

surface with very low losses associated. Data were acquired during a time interval of 

around 20 minutes so that the quality of the microresonators is assumed to remain 

constant, a key feature in order to compare results using two different lasers.

5.4.5. WGM'S AND WIDE LINEWIDTH LASER

In the second case the WGM mode was excited using a DFB laser with a measured 

linewidth of approximately Audfb = 6 MHz as shown in previous figure 5-12. The 

same procedure to locate the WGM band containing the strongest modes and lock the 

emission frequency of the laser to the strongest one within the band was applied as 

described in the previous section. In order to facilitate comparison of data acquired 

with the two lasers, the polarization state of the DFB laser was adjusted to be the same 

as that of the DM case. Coupling distance was kept at the same value for both lasers 

as described in the previous section. The laser operating central wavelength was 

measured to be = 1537.134 nm at a laser temperature of Tdfb = 4 °C and

injection current of Idfb = 52.92 mA. The modulation ramp was applied at the same 

frequency of fMOD = 1.124 kHz and individual traces for the WGM were recorded 

consecutively. The modulation depth was then increased in order to perform the two- 

point current measurement for calibration purposes in the same manner as in the DM 

laser case. In this case the measured DC tuning rate of the DFB laser yielded a value 

of (AA/AIjDFB ~ 0.0132 nm/mA. It is very important to emphasize that we must work 

in the same wavelength region and polarization state as that of the DM laser, in order 

to excite microsphere modes within the same band for ease of comparison of 

experimental data.
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Results for the obtained data are presented in figure 5-19, containing a group of 

twenty consecutive trace samples for the excited WG mode at each of the two 

coupling distances Vcoupi = 10.3 V and Vcoup2 = 11.3 V. Amplitudes have been 

normalized to match those obtained with the DM laser in order to compare the results 

from both lasers, and data are presented on a carefiilly scaled frequency axis as 

previously explained. The calculated average and Lorentzian fit in each case are 

included, yielding values for the WGM linewidth of Au^'^^'wgm ~15.2 MHz and 

~ 14.8 MHz respectively, with an average of approximately

« 15.0 MHz (5.21)

The frequency noise associated with the laser linewidth is again transformed into 

amplitude noise by the microsphere excited WGM, which is effectively acting as an 

AM/FM converter according to the Lorentzian lineshape described in the previous 

section. However, the measured DFB laser linewidth of Audfb = 6.0 MHz presented in 

section 5.4.1 is now equivalent to approximately 40% of the WGM width. Here lies 

the main difference as compared with the results using the narrow linewidth DM 

laser: in this case the DFB laser linewidth is of the order of the WGM width and the

induced variations in the amplitude can be observed across the whole Lorentzian

lineshape. This amplitude noise pattern is thus directly related to the linewidth 

properties of the laser source, and can be utilised to estimate such value.
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Figure 5-19: Experimental results for the microsphere WG mode excited at tx’o 

different coupling distances (corresponding coupling voltages (a) 10.3 Vand (b) 

11.3 V) with a wide linewidth DM laser (Avofb ~ 6 MHz). Calculated average 

and corresponding Lorentzian fits are included.
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5.4.6. DATA ANALYSIS AND LASER LINEWIDTH

As it becomes clear from the discussion in previous section, the amplitude noise 

pattern observed across the intensity profile of a WGM excited within a high-Q 

micro spherical resonator is directly related to the linewidth of the laser source utilised. 

This assertion only applies when additional effects distorting the intensity profile of 

the microsphere mode have been effectively suppressed, such as thermal effects 

associated with the laser source or external perturbations as discussed in section 5.3.2. 

Thus, the noisy pattern can be analysed and information extracted regarding the 

underlying characteristics of the noise characteristics of the laser emission frequency. 

A simple model to account for the experimental results presented in previous sections 

will be presented herein, and compared to the independent linewidth results obtained 

using a self-homodyne measurement technique as presented in section 5.4.1.

A schematic diagram of the simple model utilised to analyse the presented 

experimental results is sketched in figure 5-20 below.

HIGH-Q

Figure 5-20: Schematic diagram for the simple model utilised to analyse the 

experimental WGM results presented in this chapter and extract information 

about the laser source linewidth.
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In our simple model laser light is coupled into the high-Q microsphere and then 

scattering from its surface detected with an appropriate fast photodetector. Coupling 

of light into the microresonator can be achieved by the optical prism coupling method 

described in section 5.3.2. Some feedback system is implemented, which effectively 

suppresses any frequency effect distorting the acquired WGM trace other than that 

due to the laser linewidth. Some assumptions are made which apply to our 

experimental results:

1. The output of the laser source follows a Lorentzian lineshape (this assumption 

is valid for most laser diodes operating above threshold, where the amplitude 

noise of the optical field can be neglected and only the phase noise due to 

spontaneous emission processes within the laser active region contribute to the 

final laser linewidth [5, 25]).

2. The effective system bandwidth is large enough so it does not significantly 

affect the amplitude noise pattern in the WGM trace acquired.

3. The Q-factor of the microcavity remains constant during the timescale of the 

experimental work.

In all cases, the excited WGM acts as an effective AM/FM converter where frequency 

noise introduced by the laser source is transformed into amplitude perturbations. 

Under these assumptions, two cases can be distinguished where the intensity profile of 

the excited WGM has different characteristics:
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A) The laser linewidth is much smaller than the WGM width, Avlas << Avwgm'-

In this case the amplitude noise associated with the frequency noise of the laser is 

negligible and the measured WGM linewidth is only limited by the mierosphere Q 

factor (i.e., its surface quality). A smooth profile is observed and the measured 

width Au^wgm corresponds to the real value for the surfaee-limited mode, 

unperturbed by any other sources other than the physical characteristics of the 

microresonator itself This case corresponds to the experimental results presented 

in section 5.4.4, obtained using the DM laser diode.

B) The laser linewidth is of the order of the WGM width, Avlas ~ Avwgm- In this ease 

the amplitude noise assoeiated to the frequency noise of the laser cannot be 

neglected, so that a characteristic noise pattern can be clearly observed across the 

WGM. The resulting profile of the acquired microsphere mode thus corresponds 

to the convolution of the laser intensity profile and the unperturbed microcavity 

mode described in A). Because both contributions are Lorentzian. the resulting 

lineshane for the WGM is also Lorentzian with a linewidth equal to the sum of

both contributions.

^^WGM = ^^WGM + ^^LAS (5.22)

where the superscript N refers to the noisy charaeter of the recorded WGM. This 

case corresponds to the experimental results presented in section 5.4.5, obtained 

using the DFB laser diode.

Equation (5.22) thus illustrates the key relation in order to extract the information 

about the laser source linewidth from the experimental data recorded:
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An estimation of the laser linewidth Aui as can be obtained by simply subtracting the

WGM width values obtained using the wide and narrow linewidth lasers, respectively:

(5.23)

Thus, according to our experimental results presented in (5.20) and (5.21) we obtain a 

final result for the DFB laser linewidth of

~ (15.0 - 11.2) = 4. 8 MHz (5.24)

The superscript 2laser emphasizes the fact that the WGM data acquired using the two 

laser diodes have been used to extract the final result.

Error analysis

In order to estimate the uncertainty associated with the presented results it is 

necessary to perform an appropriate analysis of the main error sources in the system.

The first significant error source for the linewidth parameter extracted from the WGM 

traces is that related to the finite number of measurements. This error source only 

applies to the DFB WGM traces presented in figure 5-19, where a sample of N=20 

traces has been used to calculate the mode linewidth at each of the two coupling 

distances Vcoupi,2- In the case of the DM sphere modes of figure 5-18 high stability of 

the WGM lineshape was routinely observed and thus no significant statistical 

variation of the extracted linewidth was assumed. Hence, the error associated with the 

limited sample size for the DFB case can be estimated using the so-called Bootstrap 

method [26], a special case of the widely spread Monte-Carlo data simulation
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techniques. This method can be applied to N independent and identically distributed 

(oT ad) data points, meaning that the sequential order of the data points is not of 

consequence to the process used to get the fitted parameters a. Such is the case of the 

Lorentzian linewidth of the fitted WGM data presented in previous sections, as the 

result does not depend on the sequential order of the N=20 traces recorded at each 

coupling distance. The first stage to apply the Bootstrap method is to generate 

synthetic data sets each of them of the same size N than the original set Do.

This is achieved by simply drawing N data points from the original set at a time with 

replacement, meaning that each original data point can be randomly selected more 

than once when generating a particular D^\. The next stage is to subject each of these 

synthetic sets to the same fitting procedure as that performed on the original one, 

obtaining a set of simulated fitted parameters {a^i}. The key statement of the 

Bootstrap method is that the set of parameters {a^i} is distributed around ao in the 

same way than ao is distributed around the true value Uirue- Hence, the standard 

deviation associated with the set (a^J can be regarded as a valid estimation of the 

error in the fitted parameter ao.

The results for the application of the bootstrap method to the DFB laser WGM traces 

shown in figure 5-19 are presented in figure 5-21 and table 5-1. Ten synthetic data 

sets have been generated from each of the two N = 20 WGM traces sets at the two 

coupling distances Vcoupi = 10.3 V and Vcoup2 = 11.3 V. Each of the synthetic sets 

has been fitted to a proper Lorentzian lineshape and the correspondent mode width 

extracted, allowing for consequent computation of the average and standard deviation 

of the simulated fitted set. As discussed earlier within this section, the standard 

deviation represents a proper estimation of the WGM linewidth error associated with
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the finite sample size, yielding a value of Obootstrap = AsampleCAuwgm) == 0.3 MHz in 

this case.

N
I

I

Bootstrap Sample

Figure 5-21: Results for the application of the Bootstrap data simulation method 

to the DFB WGM traces of figure 5-19. The average and standard deviation of 

the simulated fitted linewidths are included in table 5.1.

Table 5-1 • Bootstrap Fit Results

Sample 1 2 3 4 5 6 7 8 9 10

Mode
FWHM
(MHz)

14.76 14.95 14.89 15.11 14.66 14.60 14.69 14.69 14.53 14.59

Sample 11 12 13 14 15 16 17 18 19 20

Mode
FWHM
(MHz)

15.41 15.16 14.58 15.33 15.24 15.45 15.53 15.29 15.00 15.39

Statistics
Mean
(MHz)

15.00 Standard Deviation 
(MHz) 0.34
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The second important source of error in the estimation of the sphere modes linewidth 

is that related to the shift of the coupling distance. As discussed in previous sections 

WGM traces can be optimized by tuning the coupling distance between the glass 

microsphere and the optical prism. If the sphere is too far fi'om the prism only a small 

fraction of the evanescent field is coupled into the microcavity, and the intensity of 

the recorded WGM’s becomes very small. When the coupling distance decreases the 

overlap with the evanescent field increases and the intensity of the sphere modes is 

enhanced. However, if the coupling distance gets too small the WGM itself may 

decay into the prism volume, giving rise to a broadening of its intensity profile. Thus, 

if the coupling distance changes significantly during the measurement interval some 

effective error is introduced in the extracted FWHM parameter.

In the case of the DM and DFB sphere modes presented in sections 5.4.4 and 5.4.5, 

two sets of WGM’s have been consecutively recorded at two different coupling 

distances. Each set of modes has been independently fitted and results for the 

linewidth extracted, as shown in figures 5-18a,b (DM laser) and 5-19a,b (DFB laser). 

Thus, the actual fit results can be used to realistically estimate the effective error 

introduced in the linewidth parameter by any shift of the coupling distance. According 

to such values the difference of the measured WGM width for a given laser at two 

different coupling distances is

^COUp(^^WGm) ~ ^^WGM,b ^^WGM,a ~ IH-S 10.9| — 0.6 MHz 

^coi/pC^^wcm) ~ ~ ^^^GM,a ~ 114.8 — 15.21 = 0.4 MHz
(5.25)

Because the coupling distance is a common parameter for both lasers, an average of 

the previous values is calculated to estimate the effective error in the WGM 

linewidths, AcoupCAowgm) = 0*3 MHz, valid for both data sets.
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In this way the total error associated with the WGM’s linewidth values can be 

properly estimated. As explained earlier within this section, the error associated with 

the finite data sample size only applies to the DFB sphere modes, while that 

associated with the shift of the coupling distance does affect the sphere modes for 

both the DM and DFB laser diodes. Because both effects are independent from each 

other the two error contributions are summed up when required, yielding the 

following results for the total error in the measured WGM linewidths:

Ajot^^^wgm) ~ ^coupC^^wcm) ~ 0.3 MHz

— Aqqijp^Avwqm) + AsAMPLE^Av^Qf^') « 0.6 MHz
(5.26)

Applying these results to the DFB laser linewidth estimation given in (5.24) the total 

associated error can be calculated, yielding a value of

+ ApoT^Av^^f^^ ~ 0.9 MHz (5.27)

Thus, we can now compare the values for the DFB laser linewidth obtained using the 

WGM method with that extracted from the independent self-homodyne measurements 

presented in section 5.4.1. Table 5-2 summarizes the results, including the relative 

difference of the WGM results with the self-homodyne approach along with the 

estimated accuracy of each of them.
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Table 5-2 • DFB laser linewidth measurement results

MEASUREMENT
TECHNIQUE

Corresponding
results

Audfb

Relative
difference 
from self
homodyne 

result

Estimated
accuracy
achieved

MHz % MHz

Self-Homodyne (3.7) 6.0 - = 0.5

WGM-based
Two lasers

(3.12) 4.8 = 20 = 0.9

We can draw some conclusions based on these results. On one hand, it can be noted 

that the relative difference of the WGM-based results compared with the self- 

homod>Tie approach yields a significant value of = 20%. However, we can observe on 

the other hand that the estimated accuracy achieved during experimental work is of 

the order of 1 MHz. This is equivalent to a relative difference in the laser linewidth of 

16%, which strongly supports that the WGM-based experimental results agree with 

the independent self-homodyne measurement within experimental error. Such a 

conclusion makes our presented experimental research a success, as the aim was not 

to improve the accuracy of well-established laser linewidth measurement techniques 

but rather to propose and demonstrate the capability of a completely different 

experimental scheme for the same purpose. Note that our microsphere-based 

techniques, in a similar way as the self-homodyne and self-heterodyne techniques 

discussed in section 5.2.3, effectively suppress the 1/f noise affecting the system, a 

major limitation in heterodyne linewidth measurements. The accuracy of this novel 

microsphere-based scheme could be improved in several ways. The microsphere 

fabrication process could be optimized, giving rise to higher Q-factors which would
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increase the AM/FM WGM response. A lower-noise transimpedance amplifier would 

also improve the SNR of the acquired signals. Modulation of the laser sources could 

be shifted to higher frequencies, meaning that the locking loop would further reduce 

the system 1/f noise. Frequency-induced thermal effects would be also further 

minimised. Together with of all these factors, a deeper theoretical analysis could be 

carried out to analyse the acquired data in more detail. The fine structure of the 

observed AM noise is related to the averaged instantaneous departure do(t) of the laser 

emission frequency from its ideal value vo(t) at a time t over the measurement time Sr. 

Developing an appropriate model to perform a statistical analysis of this fine structure 

would allow us to gain a deeper understanding of the processes ultimately limiting the 

measured laser linewidth. A very detailed analysis of the most important statistical 

aspects of optical frequency measurement has been carried out by Allan [27] and 

Cutler [28], including the effects of the finite measurement time in the final results. 

The relationship of the lineshape of the laser output power spectrum and the 

frequency noise has been studied in detail by Stephan et al. in [7], while a more 

comprehensive study has been published by Petermann [8]. Optimizing the coupling 

of light into the microsphere and thus improving the SNR of the acquired signal 

would ultimately make the use of an optical amplifier unnecessary, increasing the 

total system bandwidth and thus improving the quality of a statistical-based analysis.

Wide linewidth laser and standard deviation

An additional approach to estimate the linewidth of a laser source making use of our 

WGM scheme can be understood on the basis of the AM/FM noise conversion 

introduced by the microcavity mode. The microcavity behaves as an effective 

absorber in a similar fashion as a frequency-dependent absorbing transition in a gas
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that changes the optical power transmitted through a gas-filled cell or HC-PBF. In the 

case of a gas, the AM/FM relation which describes the gas absorption lineshape I(v) 

can exhibit a Gaussian, Lorentzian or Voigt profile depending on the specific pressure 

regime. In the case of a microsphere, the AM/FM relation is described by a 

Lorentzian lineshape provided that any effects significantly distorting the lineshape 

are effectively suppressed. As explained in section 5.3.2, an appropriate feedback loop 

is implemented in our case that effectively suppresses any of these effects, allowing 

for Lorentzian fit of the experimental data recorded. Only when the linewidth of the 

utilised laser source is of the order of magnitude of the WGM width does this 

Lorentzian profile become distorted: some amplitude noise is introduced in the 

unperturbed profile due to the laser source frequency noise.

In the previous section we have successfully analysed the average amplitude for the 

noisy profiles and compared it with the unperturbed WGM profiles. However, a 

second approach arises if we examine the standard deviation associated with the 

amplitude of the noisy experimental data. The amplitude noise introduced in the 

WGM by the laser fi’equency noise (i.e., its linewidth Avlas) is directly proportional to 

the slope of the unperturbed, real WGM profile. This means that, in the ideal case 

where the laser linewidth is negligible compared to the width of the sphere modes, the

maximum noise amplitude will occur at the unperturbed WGM frequency coordinates 

of maximum slope: the inflection points. These points are symmetrically located at 

either side of the mode fi'om its centre, and the difference between their frequency 

values is approximately equal to the linewidth of the unperturbed WGM (Av^wgm 

according to our notation). This explains why we are focusing our attention towards 

the standard deviation of the recorded noisy modes: this parameter is sensitive to any 

noise amplitude change. That is, the standard deviation of the amplitude of the
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noisy WGM’s will exhibit two peaks, spaced apart by a frequency distance equal 

to the width of the unperturbed sphere mode. Hence, in this ideal case, the 

information that we were extracting from the modes recorded using a narrow 

linewidth laser would be available from the set of data acquired using a wide 

linewidth laser. This would allow for estimation of the DFB laser linewidth using 

relation (5.23), only requiring the use of one laser diode and thus simplifying the 

experimental requirements to a very significant extent.

However, in the real case presented during this chapter the linewidth of the DFB laser 

diode is not negligible compared to the width of the microsphere WGM. This 

effectively gives rise to a shift in the standard deviation maxima peaks, whose exact 

magnitude depends on the ratio between the laser and WGM linewidths. Further 

theoretical analysis is thus necessary to extract the linewidth of the unperturbed 

modes from the experimental data, opening up the possibility to implement this 

second novel technique in future work.

5.5. CONCLUSIONS

In this chapter we have investigated the optical properties and laser linewidth 

characterization applications of microspherical resonators in the 1.5 pm spectral 

regime, paying attention to the so-called Whispering Gallery Modes (WGM’s) that 

can be excited within these microcavities under specific conditions. The fabrication 

process of high quality silica microspheres has been carefully detailed and 

demonstrated, with spherical microresonators of Q-factors of the order of lO’ 

routinely fabricated. Excitation and characterization of single and multiple WGM’s 

within the spheres has been achieved using two lasers of different linewidth
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characteristics, a Discrete Mode (DM) narrow linewidth laser diode and a Distributed 

Feed Back laser diode, with a somewhat broader linewidth, directly acquired from 

industry. These diode lasers exhibit linewidth figures appropriate for spectroscopy 

applications and allow for easy application of modulation techniques compared to 

other more complex laser sources. This has allowed us to propose and demonstrate a 

novel application based on the WGM results to measure the linewidth of laser 

sources. The different thermal effects distorting the WGM intensity profiles have been 

discussed and an active feedback loop implemented that effectively suppresses these 

effects. This locking loop allowed for the set emission frequency of the laser to be 

locked to the resonant frequency of the targeted WGM at any time, significantly 

facilitating the subsequent experimental work. The absence of perturbing thermal 

effects allowed for the acquired WGM data to be analysed and results for the 

linewidth of the DFB laser extracted.

A novel method based on the WGM results has been then discussed and demonstrated 

in order to estimate the linewidth of the DFB laser diode utilised. The linewidth of the 

DFB and DM laser diodes has been first measured applying the self-homodyne 

measurement technique, yielding values of Audm ~ 550 kHz and Audfb ~ 6.0 MHz 

respectively. The WGM-based method to estimate the DFB linewidth, making use of 

the experimental data recorded with the two laser diodes, yielded a result of 

~ 4.8 MHz. Comparison of these results with the independent self-homodyne 

measurements leads to the conclusion that the novel approach demonstrated in this 

chapter yield consistent results, proving the validity of the novel microsphere-based 

experimental scheme as a linewidth measurement technique. The total accuracy 

achieved implementing this technique has been estimated and possible ways of 

improving such accuracy suggested. The basis for a second WGM-based method, only
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requiring the experimental results obtained using the DFB laser diode, has been 

proposed and discussed in detail. It would allow for estimation of the DFB linewidth 

using only one single laser and simplifying to a great extent the experimental 

requirements. These new laser linewidth measurement experimental schemes open up 

new possibilities for further research and future work, either related to the 

characterization of noise processes affecting the spectral performance of lasers or to a 

deeper characterization and understanding of WGM’s in optical microcavities.
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cHAPTER

CONCLUSIONS AND FUTURE WORK

6.1. OVERVIEW

The experimental work presented during this thesis was motivated by the wide range 

of possibilities that novel photonic microstructures open up in laser-based 

spectroscopy experiments. Due to the huge amount of research and development work 

concerning diode lasers carried out within the telecommunication industry sector 

during the last decades, applications of laser spectroscopy to gas sensing have 

undergone a spectacular development. On one hand, this research area has benefited 

from the progressively improvement and availability of laser sources exhibiting 

excellent characteristics regarding laser spectroscopy techniques. On the other hand, a 

huge amount of cutting-edge experimental work in this area has arisen during the last 

years due to the design and fabrication of new, exotic photonic microstructures that 

could not be even imagined only some decade ago. Our work was aimed to investigate 

and exploit the specific properties of the so-called Hollow-Core Photonic Bandgap 

Fibres (HC-PBF’s) in gas sensing experiments, paying special attention to any 

emerging experimental schemes with potential applications to laser frequency 

stabilisation.
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Considering the experimental work presented over the five chapters of this thesis, 

conclusion can be drawn that our initial aim has been undoubtedly fulfilled to a very 

significant and satisfactory extent. Setting the basic theoretical concepts, main 

description and experimental characterization of our laser spectroscopy system in 

chapter 2 has first allowed us to step into the nonlinear absorption regime as reported 

in chapter 3. This regime was very attractive to our purposes, as some gas absorption 

effects happening under these particular conditions are potentially applicable to laser 

stabilisation. In particular, much work has been done during the last ten years 

regarding nonlinear optics in HC-PBF’s [1], and several research groups around the 

world have reported studies of nonlinear acetylene absorption hosted in these fibres 

[2-4]. We have successfully characterised non-resonant saturation of acetylene 

transitions, and more importantly demonstrated a novel double-saturation scheme 

yielding consistent results. A closer look at some of these results suggests that the 

novel technique might be sensitive to fundamental properties of saturated gaseous 

systems, thus opening possibilities for further research.

Nonlinear effects using acetylene hosted in HC-PBF’s have been utilised by some 

researchers to implement laser stabilisation techniques [5-9]. This encouraged us to 

apply the experimental results presented in chapter 3 to the laser stability field, 

leading to the successful implementation of a novel laser frequency locking technique 

as presented in chapter 4. High-accuracy stabilisation of the emission frequency of a 

high-power DFB laser diode has been demonstrated; with absolute frequency 

stabilisation figures comparable to those obtained using more complex techniques. In 

addition, the novel scheme allowed for stabilisation of the laser frequency in a 

modulation-free fashion significantly improving its potential applications. This is a 

significant feature that makes our approach more attractive than other schemes, plus it
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is based in a simple, affordable experimental arrangement. Further optimization of the 

achieved results has been also discussed.

Lastly, a second photonic microstructure was targeted due to some of its optical 

properties directly related to laser linewidth characteristics and laser frequency 

stability. The so-called light-guiding Whispering Gallery Modes (WGM’s) within 

optical microspheres have been investigated and reported in chapter 5, where a novel 

experimental scheme to estimate the emission linewidth of laser sources was proposed 

and demonstrated. High-quality microspheres were routinely fabricated that allow for 

extremely low losses of guided WGM’s, enhancing light-matter interaction to a huge 

extent. The experiments were carried out using laser diodes of different linewidth 

characteristics, and linewidth measurements utilising the novel scheme have been 

reported, consistent with other well-known measurement techniques. Successful 

implementation of this microsphere-based scheme to study and characterize frequency 

noise processes in laser diodes opens up further possibilities for research. Much 

research is nowadays focused on this type of microresonators and WGM’s [10], so 

investigation and merging of our stabilisation scheme with other techniques seems to 

be a promising, feasible aim.

6.2. FUTURE WORK

As described during the previous section and corresponding chapters, several 

possibilities arise to further extend our experimental work. Suggestions are first 

included in chapter 3 regarding the optimization of nonlinear absorption signals in 

HC-PBF-based sensing schemes. This should be the basic, starting point to enhance 

the reported results and facilitate their subsequent application. Further optimization of
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the frequency stability scheme demonstrated in chapter 4 stands out as a very 

recommendable research line, because much interest is directed nowadays towards 

precise determination of the absolute frequencies of acetylene transitions in the 1.5 

pm spectral region (it has been suggested as a reference for the creation of wavelength 

standards for the C-band of optical communications [8, 11]).

Finally, the novel laser measurement scheme demonstrated in chapter 5 could also be 

optimized by some of the methods discussed during the corresponding conclusion 

section. Further improvement of the quality of the spherical microresonators would 

lead to WGM intensity profiles extremely sensitive to the frequency characteristics of 

the exciting laser source, opening the possibility of using our linewidth measurement 

scheme for more advanced characterization purposes.
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