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Summary
Tuneable Diode Laser Absorption Spectroscopy (TDLAS) technology for gas sensing 

has had reliance on, and has benefited from, devices developed for the optical 

communications sector, namely distributed feedback laser diodes. The range in 

wavelengths o f available DFB lasers coincides with absorption spectra o f many gases 

of environmental and industrial interest. However, since the distributed feedback laser 

diode has a narrow wavelength tuning range, only one gas can be targeted without 

changing the laser. The objective o f this thesis is to advance the strategic capability 

required to allow development o f TDLAS multi-species gas detection systems using 

widely tuneable laser diodes recently developed for the telecommunication sector.

In this thesis, the application o f widely tuneable laser diodes and a single frequency 

tuneable laser diode to trace gas detection in the near infrared region of the spectrum 

is reported.

High-resolution absorption measurements of the H2 O line in the V1+V3 band at 

L3928|j.m were made in the temperature range 296K - HOOK using an InGaAsP 

distributed feedback laser diode operating at 1.39|im. Spectral line shift as a function 

o f temperature and pressure and line strength measurements on the water vapour line 

and their impact on the accuracy o f optical absorption based gas sensing have been 

investigated. The results obtained were compared with values obtained from the 

HITRAN database and values reported in the literature for H2 O. The results, 

facilitates H2 O sensing in a non-standard temperature and pressure environment.

The application o f a strongly gain coupled three-section distributed feedback laser 

cascade operating in the 1575-1585 nm region to multi-gas detection is reported for 

the first time. Simultaneous detection o f Hydrogen Sulphide and Carbon Dioxide by 

dual wavelength operation of the three-section laser cascade is detailed. The device 

consisted of three cascaded sections (Si, S2 and S3) and an optical amplifier. Dual 

wavelength operation was achieved by biasing Si and S2 above threshold. By precise 

dual independent wavelength tuning o f the laser diode, both gases were 

simultaneously detected using wavelength modulation spectroscopy. The use o f a 

strongly gain coupled laser in a dual wavelength mode has the potential to eliminate 

the need for multiple laser devices to simultaneously monitor more than one gas. 

However, when operating the device in a dual wavelength emission mode, thermal 

cross-talk between the lasing sections complicates somewhat the setting o f the



emission wavelength of Si and S2. We have investigated stabilisation techniques to 

minimise the effect o f this cross-talk.

The application o f a sampled grating distributed Bragg reflector and modulated 

grating Y-branch laser as widely tuneable sources to a multi-species gas detection was 

investigated. In particular, the use o f these widely tuneable laser diodes as sources in a 

multi-gas analysing system using wavelength modulation spectroscopy and second 

harmonic detection of acetylene hydrogen cyanide and ammonia has been 

investigated The critical issues relevant to the application o f such widely tuneable 

diode lasers to spectroscopic based high selectivity multi-gas sensing are outlined. 

The general emphasis of the work described here is not on detection limits but to 

selectively detect three gases with overlapping absorption bands.

A simple and straightforward method using multiple reference gases for wavelength 

characterisation and monitoring of the spectral emission from a SGDBR is next 

outlined. This method requires measurements of the gas absorption lines, an etalon 

trace and comparison of the separations between gas absorption lines and the 

corresponding separations from a database (HITRAN) to determine the emission 

wavelength o f the SGDBR

The results o f the experiments reported in this thesis make a significant contribution 

to advancing the capability required to allow development o f a TDLAS multi-species 

sensor. In addition it has been shown that the tuning behaviour o f the SGDBR can be 

characterised using a combination of reference gases to provide unique wavelength 

identifiers to characterise the device and provide monitoring o f the lasing wavelength.
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Chapter 1

Introduction

1.1 Background

Significant demand exists for gas-sensing techniques that are fast, selective and 

compact, and laser-based approaches are attractive because they offer the promise of 

meeting these criteria. For these systems, near infrared diode lasers are popular as 

sources because they have the beneficial feature o f narrow linewidth, compact size, 

cost-effectiveness and compatibility v^ith optical fibres, which enables convenient 

alignment and multiplexing. Historically, the first measurements with diode-lasers 

have been made with mid-infi’ared lead-salt devices [1,2]. Lead-salt lasers cover the 3 

to 30 )o,m spectral region, which overlaps with the fundamental absorption bands o f a 

number o f important molecular species. For industrial applications the use o f lead-salt 

diode-lasers is limited due to the need for cryogenic cooling, occurrence of multimode 

emission and low power levels [2]. Several molecular species have absorption 

features in the near infrared spectral region. Telecommunication lasers operate at near 

infrared wavelengths (generally 1.5|j.m), and therefore overlap with the spectra of 

vibrational overtones, which are 10-200 times weaker than the spectra resulting from 

fundamental vibrations. To compensate for these small absorption strengths, high 

sensitivity detection techniques such as Frequency Modulation Spectroscopy (FMS) 

and Wavelength Modulation Spectroscopy (WMS) are employed [3].

Sensors based on these lasers have found applications in, toxic emission monitoring, 

monitoring of the levels of explosive hydrocarbon gases, monitoring o f background 

vapour concentrations in semiconductor device fabrication lines, and continuous 

emission monitoring in smokestacks. These tuneable laser diode absorption 

spectrometers (TDLAS) can identify the gases with high precision because the optical 

absorption spectrum o f most gases consists of many sharp individual lines. The laser
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diode can lock on the unique fine structure o f the target gas absorption spectrum and 

use it as a fingerprint to measure the gas absorption spectrum with high specificity 

and high sensitivity [4],

Recently, industrial and private capital investment in the commercialisation o f diode 

laser sensors has surged, providing an end-use for the development o f sensors in 

research laboratories. The uptake of TDLAS is currently buoyant due to the increased 

availability o f single frequency laser diodes at lower cost, which is a result of the 

growth in optical fibre communications. Today diode lasers dominate the overall laser 

market, representing over $1.6 billion in 2003 sales [5], as illustrated in Fig 1.1. The 

majority of these sales are in the optical storage and telecommunication industries, 

comprising devices operating between 400-700 nm and 950-1600 nm respectively. 

The requirements o f the telecommunication industry for devices operating near room 

temperature, with a wavelength tuning, high spectral purity, long-term stability, and 

compatibility with fibre-optic networks are all consistent with practical spectroscopic 

absorption sensors.
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Figure 1.1 Worldwide diode-laser sales by application [5J.

Because o f the large market potential for dense wavelength division multiplexing in 

telecommunication, the availability and quality o f these devices near 1.55)j,m can be 

expected to improve considerably. Also technology for fibre manufacturing has been 

significantly improved recently. The water concentration in some fibre, e.g. Lucent 

Technologies All-Wave optical fibre, can be made so low that the entire range 1285
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nm to 1625 nm can now be used for laser transmission with reasonably low 

attenuation. Therefore, telecom lasers are likely to be available over this larger 

wavelength range in the near future to take full advantage of these new fibres. Many 

important gas species have transitions in this wavelength range, and thus this 

extension o f telecom wavelength range can be valuable to the gas sensing community. 

The current state-of-the-art in the application of TDLAS is single species limited, due 

to the narrow tune ability o f distributed feedback laser diodes, which limits detection 

to a single gas. This has prevented the widespread uptake o f TDLAS technology in 

multi-gas detection applications despite the strong demand and the demonstrated 

TDLAS capability in respect of single gas detection. Fortunately, the insatiable 

demand for bandwidth in optical communications has driven the development of 

widely tuneable laser diodes for incorporation in optical networks as back-up systems. 

This is a major growth area in optical communications technology. These single 

frequency laser diodes, because they are widely tuneable, present opportunities for 

applications in absorption based multi-gas sensing regime. Sampled grating 

distributed Bragg reflector. Modulated Grating Y-branch and Strongly Gain Coupled 

cascaded distributed feedback laser diodes, with typical tuning ranges o f 50nm, 50nm 

and 15nm respectively, are examples of monolithic integrated widely tuneable devices 

developed for optical communications. Lasers in which the wavelength selection and 

tuning functions are external to the semiconductor structure are not discussed here 

since they are considered not compatible with the requirements for industrial 

deployment. Future development of quantum cascade lasers will bring the benefits of 

room temperature operation to the longer wavelengths that are most useful for 

sensitive gas detection

Research on monolithically integrated tuneable laser diodes has a fairly long history 

(more than 20 years) [6]. However until recently tuneable laser diodes were deemed 

unsuitable for applications in multi-species gas sensing due to their complex control 

and the stringent requirements posed on devices for gas sensing applications.

The aim of this project is to advance the strategic capability required to allow 

development o f TDLAS multi-species gas detection systems using widely tuneable 

laser diodes. Such detection systems will enable the real time simultaneous 

monitoring of multi-gas species, by taking advantage of the new widely tuneable laser 

diodes which have emerged in the past few years. A considerable advantage over the 

existing arrangement where monitoring is limited to a single gas

3



1.2 Thesis Overview
Chapter 2 provides a general introduction to absorption spectroscopy in the near 

infrared region. Spectral line intensity and lineshape theories are briefly outlined.

Chapter 3 provides a general introduction to single frequency laser diodes and 

monolithically integrated widely tuneable laser diodes that are available for 

applications in multi-species gas sensing. The relevant physical mechanisms enabling 

electronic control of the emission frequency o f these widely tuneable lasers is next 

outlined followed by the main requirements for applications in multi-species gas 

sensing.

Chapter 4. High-resolution absorption measurements o f the H2 O line in the V1+V3 

band at 1.3928|j,m were made in the temperature range 296K - HOOK using an 

InGaAsP distributed feedback laser diode operating at 1.39|j,m. Spectral line shift as a 

function o f temperature and pressure and line strength measurements on the water 

vapour line and their impact on the accuracy of optical absorption based gas sensing 

has been investigated. The results obtained were compared with values obtained from 

the HITRAN database and values reported in the literature for H2 O. The results, 

facilitates H2 O sensing in a non-standard temperature and pressure environment.

Chapter 5. The use of a strongly gain coupled (SGC) three-section DFB laser cascade 

operating in the 1575-1585 nm region to multi-gas detection is reported for the first 

time. Simultaneous detection of Hydrogen Sulphide and Carbon Dioxide by dual 

wavelength operation of SGC three-section DFB laser cascade is detailed. The device 

consisted o f three cascaded sections (Si, S2 and S3 ) and an optical amplifier. Dual 

wavelength operation was achieved by biasing Si and S2 above threshold. By precise 

dual independent wavelength tuning of the laser diode, both gases were 

simultaneously detected using wavelength modulation spectroscopy. The use o f a 

SGC DFB laser in a dual wavelength mode has the potential to eliminate the need for 

multiple laser devices to simultaneously monitor more than one gas. However, when 

operating the SGC in a dual wavelength emission mode, thermal cross talk between 

the lasing sections complicates somewhat the setting o f the emission wavelength o f Si
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and S2. We have investigated stabihzation techniques to minimise the effect o f this 

cross talk.

Chapter 6 outlines the application o f a sampled grating distributed Bragg reflector and 

a modulated grating Y-branch laser as a widely tuneable source in a multi-species gas 

detection system. The use o f  widely tuneable laser diodes as sources in a multi-gas 

analysing system using wavelength modulation spectroscopy and second harmonic 

detection o f  acetylene hydrogen cyanide and ammonia have been investigated The 

critical issues relevant to the application o f such widely tuneable diode lasers to 

spectroscopic based high selectivity multi-gas sensing are outlined. The general 

emphasis o f  the work described in this chapter is not on detection limits but to 

selectively detect three gases with overlapping absorption bands.

A simple and straightforward method using multiple reference gases for wavelength 

characterisation and monitoring o f a SGDBR is next outlined. This method requires 

measurements o f the gas absorption lines, an etalon trace and comparing the 

separations between gas absorption lines and the corresponding separations from a 

database (HITRAN) to determine the emission wavelength o f  the SGDBR.

Chapter 7 Presents our conclusions and suggestions for future work.
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Chapter 2

Principles of Absorption Spectroscopy

2.1 Introduction
This chapter provides an introduction to tuneable diode laser absorption spectroscopy in 

the near-infrared region. This is important since, in the work described here, narrow 

linewidth, single frequency, wavelength tuneable laser diodes are used to target 

individual rotational absorption lines. The fundamentals o f absorption spectroscopy and 

the dominant broadening mechanisms which determine the spectral width o f absorption 

lines are introduced. In addition, to spectral line broadening due to collisions, collisions 

can also result in a narrowing o f spectral profiles. In this work two techniques for diode- 

laser absorption spectroscopy were used: direct absorption spectroscopy and wavelength 

modulation spectroscopy. Their essential characteristics and limitations will be discussed 

in the following sections.

path length L (cm), the transmission coefficient t (v ), according to the Beer-Lambert law, 

is defined as

2.2 Beer-Lambert law
When monochromatic radiation o f frequency v (cm"') passes through an absorbing gas of

(2 . 1)
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where Iq and It are the incident and transmitted intensities, respectively. The spectral 

dependence o f the absorption coefficient k (v ) can be expressed as

k { v )  = S n ( ! ) { y ) L  (2 .2)

where S (cm/molecule) is the spectral line intensity, and n [molecule/cm^] is the number 

density o f the absorbing species. Lineshape function (j)(v) (cm) represents the probability 

of finding absorbing events between frequencies v and v + dv and satisfies the 

normalization condition

\^ (t> {v )d v^ \ (2.3)

2.3 Linestrength
Specifying the maximum value o f the absorption coefficient is not a satisfactory measure 

of the total absorption intensity since no inclusion of the width o f the spectral feature is 

made. The intensity o f a spectral feature must therefore be specified by the area under the 

absorption curve over the wavelength region o f interest. The strength S, is defined as
-H jo

^K{v)dv  (2.4)
—CO

The line strength or line intensity is a direct measure o f the ability of a molecule to 

absorb photons corresponding to a given transition. The intensities o f spectral lines 

depend not only on the population density o f the molecules in the absorbing or emitting 

level which is a function o f the Boltzmann fraction, but also on the transition 

probabilities o f the corresponding molecular transitions.
1The typical units for linestrength include a pressure-dependent version, S (cm' a tm '), and 

a number-density dependent version used by Hitran, S* (cm m ol'') [1, 2], For gases 

obeying the ideal gas law (PV=nkT), the conversion between S  and S* is given by,

5 ( r )  = « , | 5 * ( r ) D ^ : ^ ^ 5 * ( r )  (2.5)

where ni  is the Loschmidt’s number, and To is the absolute temperature [3]. For 

converting room-temperature linestrength (T=296K), the conversion is

5 = 5*x (2.488x10'®) (2.6)
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It must be remembered that since the transition probabilities corresponding to overtone 

bands is much less than corresponding fundamental transitions, absorption band strengths 

at these overtone/combination wavelengths are significantly weaker than at fundamental 

wavelengths.

2.3.1 Measuring Linestrength.
The linestrength o f an absorption transition is a key parameter for designing absorption 

based gas sensors. Though published linestrengths are available for many molecules in 

the 1.5|j,m region [2, 4], there are still a considerable number o f molecules where no 

linestrength information is available or are often based on calculations or low-resolution 

measurements. Thus, high-resolution tuneable laser diodes can be used to improve 

linestrength estimates.

The line strength S (cm''atm'^), for a particular transition can be determined from the 

integrated area A o f the transition [5], divided by the partial pressure o f the absorbing 

species Pj and the path length L.

The integrated area is measured by scanning the emission wavelength o f the laser and 

measuring the transmitted light attenuation as a function of wavelength. Thus the 

lineshape profile o f the absorption feature can be recorded and fitted to extract the area.

2.4 Spectral Lineshapes
A typical lineshape o f an isolated absorption line centred at Vo at low pressure, as a 

function o f frequency is shown in Fig. 2.1. The width o f the feature, Av, is defined by the 

full width at half the maximum value (FWHM). Broadening of an absorption feature 

occurs due to phenomena in the medium that perturb the transition’s energy levels or the 

way in which individual atoms and molecules interact with light. The dominant 

broadening mechanisms are collisional or pressure broadening (homogeneous) and 

Doppler broadening (inhomogeneous), which are described below.
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Figure. 2.1 Sample lineshape as a function o f frequency 

2.4.1 Doppler broadening
When a molecule has a velocity component in the same direction as the propagation of a 

beam of light, there will be a shift in the frequency at which it will absorb a photon. This 

effect is called the Doppler shift [6]. The molecules of any gas are in constant thermal 

motion and the distribution o f their random velocities is described by the Maxwell 

velocity distribution function. We can consider each group o f molecules with the same 

velocity component to be part o f a velocity class. The Maxwellian velocity distribution 

function tells us what portion o f the molecules are in each class. Each velocity class will 

have its own Doppler shift. Thus the distribution function leads directly to a lineshape 

function with a Gaussian form:

, , , 2 rin(2)V .
<l)oiy) = - ------------------- exp - 4 In2

n ; (2 .8)
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Where Vo is the line-centre frequency and Av£> is the Doppler full width half maximum 

(FWHM) linewidth.

The magnitude of the Gaussian lineshape function at line centre is

(l>Diyo) =
D \

ln2V^
K /

The Doppler fullwidth (FWHM) Avd is given by

U T \n 2
me

(2.9)

(2 . 10)

for which a more convenient form is

Av^=Vo(7.1623xlO-’ ) —

7’
(2.11)

where T is in Kelvin and M is the molecular weight in grams/mole [7]. Fig. 2.2 illustrates 

the increasing Doppler width with temperature for H2O at 940nm, H2O at 1.39|j,m and 

CO2 at 1.39j.im. As can be seen from Fig. 2.2, thermal broadening affects H2 O much 

more than CO 2 due to the formers comparatively small mass. It affects shorter 

wavelengths more than longer wavelengths for the same molecule due to the frequency- 

dependence o f the broadening mechanism.

N
X

X

l-L.
-C

IDc

'H.a.o
Q

2 .1G -
H.O at 940nm 
H

□ CO

.5G -

1.2G-

900.0M

600.0M

300.0M -

200 400 600 800 1000 1200 1400
Temperature (K)

Figure 2.2 Comparison o f  Doppler widths fo r  HiO and CO 2 fo r  a range o f  temperatures 
calculated using equation 2.11.
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2.4.2 Pressure broadening and shift

It is well known that the dominant absorption line broadening mechanism at pressures 

above a few tens of mbars is collision broadening. Since most optical absorption based 

gas sensing is carried out at atmospheric pressure the effect of collision line broadening is 

very important. Molecules in a gas are in continual motion and collide with each other at 

a rate 1/Xc, which increases with gas pressure where Tc is the mean time between 

collisions. Vibrational and rotational energies of the molecules are perturbed by these 

collisions, which interrupt the dipole oscillation resulting in a broadening of the 

vibrational/rotational lineshape. The largest source of line shift is associated with energy 

level shift caused by the interaction of the molecules during elastic collisions as shown in 

Fig 2.3 [8]. The collisional shift can be explained with the aid of potential curves. In a gas 

mixture of atoms A and B the mutual separation R(A,B) show random fluctuations with a 

distribution around a mean value R which depends on temperature and pressure. 

Accordingly co-î =\e .{^R)-Ei^{^R)\lh yields a corresponding frequency distribution

around a most probable value cOik(Rm)? which may be shifted against the frequency oJq of 

the unperturbed atom A. The shift Aco = cOo - coik depends on how differently the two 

energy levels Ej and Ek are shifted at a distance Rm(A,B) where the emission probability 

has a maximum. The elastic collisions change not the amplitude, but the phase of the 

damped oscillator, due to the frequency shift Aco(R) during the collision. They are often 

termed phase-perturbing collisions. A pressure-broadened line has a Lorentzian profile 

expressed as

<t>ciy) = - --------------- ^ ------------ T (2-12)

where Avc is the collision FWHM and As is the pressure-induced shift [6]. Because the 

collision interactions are proportional to the density of the perturbing species, Avc and As 

are related to the pressure broadening coefficient, y (Hz/atm), and shift coefficient by 5 

(Hz/atm), by

^v^=y.P  (2.13)

^ ,= S .P  (2.14)
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Figure 2,3. (a) Illustration o f  collisional line broadening and shift explained with the 
potential curves o f the collision pair A, B. The energy shifts A may be positive as well as 
negative. AE is positive i f  the interaction between A and B is repulsive and negative i f  it 
is attractive [8]. (b) Shift and broadening o f a Lorentzian line profile by collision.
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where P is the perturber pressure in atmosphere. The temperature dependence of y and 5 

are often modelled as

7 ( r )o c r -"  (2.15)

5{T)azT-"' (2.16)
where n and m are called temperature exponents [7]. Values of n and m depend on the 

absorber and perturber species and the rotational-vibrational quantum numbers.

2.4.3 Voigt Profile
In the gas pressure range between the above two cases where neither collision nor 

Doppler broadening dominate, the absorption lineshape can be described by a Voigt 

profile. The Voigt profile is the convolution of the Doppler (j)/) and the Lorentzian (j)/,

profile as indicated in the following equation,
+00

^v{^)= (2-17)
-oo

For this reason, it assumes Doppler characteristics at low pressure and Lorentzian 

characteristics at higher pressures. Therefore, one single expression for the lineshape can 

be used throughout a wide range of pressures. The Voigt y parameter indicates the 

relative significance of Doppler and collisional broadening, with y increasing as the 

effects of collisional broadening increase.

y = y f i ^ ^  (2.18)
Y d

The X parameter is a dimensionless measure of the distance from line centre and is 

defined as follows

defining an integral variable t as

2\l\n2{v - v \
= ----------------^  (2.19)

, = (2 .20)
^ V D

The Voigt profile is defined as
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V(x,>^) = — = Re[ w( x, j ' ) ] ,  (2.21)
ni y^+( x - e )  ^

The Voigt function is conveniently expressed as the real part o f the complex probability 

function w{x, y). The real and imaginary parts o f the complex probability function w{x,y) 

were calculated using a routine by Humlicek [9], Fig 2.4 compares the standardised 

Gaussian, Lorentzian, and Voigt profiles. Note the Gaussian profile decays rapidly 

(exponential) from the line centre while the Lorentzian profile decays slowly (quadratic).

 Gaussian
— •—  Lorenztian 

Voigt

0 .6 -

x">
0 .2 -

0.0
-10 •5 0 105

X

Figure 2.4 Calculated lineshapes fo r  Gaussian, Lorentzian and Voigt profiles (y=l).

2.5 Dicke narrowing
In addition to spectral line broadening due to phase-changing collisions, collisions can 

also narrow spectral profiles [10]. Dicke first predicted the narrowing o f the Doppler 

profile when he considered a radiating atom bouncing back and forth within a one­

dimensional box. The mean free path (A) in this approach is equal to the box dimension 

since the atom can only collide with the walls. When the dimension o f the box is much 

larger than the wavelength o f radiation (A »  X) a detector on the wall observes distinct 

red and blue shifts from the centre ft'equency (Doppler principle). However, when A ~  X,

15



the radiating frequencies are shifted and modulated by the frequent colHsions. If this 

effect is averaged over a Maxwellian velocity distribution, the result is a normal Doppler 

line with a sharp non-Doppler centre peak. The Dicke narrowing effect is also referred to 

as the collisional, motional, or confinement narrowing effect.

In the presence of the Dicke narrowing effect, a lineshape may vary appreciably from the 

Voigt profile. In this case the Galatry soft-collision profile [11] and the Rautian- 

Sobelman hard-collision profile [11] are appropriate to facilitate the inclusion of 

collisional-narrowing effects and it is possible to extract line parameters with high 

accuracy.

The model of Rautian considers that the mass of the active molecule is much smaller than 

the mass of the perturber. This is the reason why this model is called the hard collision 

model. This profile can be expressed as:

R( x , y , z )  s  Re
w (x ,y  + z)

(2 .22)
1 -  V ^ z w  (x , y  + z)

where x and y have the same definition as in equation 2.21, and where z is the narrowing 

parameter. This additional parameter is describing the Dicke effect and is given by

z = 2 V ln 2 -^A. (2.23)

where Pc is the coefficient of collisional narrowing [12]. Galatry has developed a model 

considering that the mass of the active molecule is much larger than the mass of the 

perturber. This profile can be expressed as:

G(x,>^,z) = - ^ R e i e x p  ( - i x - y ) t +  - ^ U - z t - e
[ L 2z

dt (2.24)

where x, y and z have the same definitions as above.

The real and imaginary parts of the complex probability function w{x,y) are calculated 

using a routine by Humlicek [9, 13] and the calculation of the Galatry profile according 

to Varghese and Hanson [14, 15] in subsequent parts of this thesis.
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Figure 2.5 Calculated lineshapes fo r  Voigt, Galatry and Rautian profiles (fory = z =1). 
Theoretical Voigt, Rautian and Galatry profiles are compared and shown. Due to the 
Dicke narrowing effect, the Rautian and Galatry profiles are narrower and sharper than 
the Voigt profile. Both the Galatry and Rautian profiles collapse into the Voigt profile 
when z=0.

2.6 Sensitivity of Direct detection
Typically, in a laser based gas sensing study the output o f the laser is directed through the 

target gas and the transmitted light is measured as a function o f wavelength by a photo 

detector. A typical detector consists o f a photodiode, which converts photons into hole- 

electron pairs, and a load resistor, which converts current signals to voltage signals. The 

intrinsic noises in the output voltage consist o f shot noise and thermal noise. Shot noise 

originates from intrinsic random photon generation and annihilation processes in the laser 

cavity [16]. If shot noise is the dominant noise source, an achievable minimum detectable 

absorbance where amin is

(2 .25)
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where e is the charge on the electron, B [Hz] is the detection bandwidth, r] [A/W] is the 

photodiode responsivity, Pq [W] is the incident power, and Iph [A] (= r|Po) is the

diode laser and r] = 1 A/W for a typical InGaAs photodiode). Inherent thermal noise in a 

pn junction diode and a load resistor R is usually characterized by a Johnson-Nyquist 

formula [17]. Detection sensitivity in the thermal-noise limit is

where T is the equilibrium temperature o f the junction. For ?o = 1 mW, r) = 1 A/W,

T = 300 K, and R = 1 kQ, am in  is ~ 4 x 10  ̂ for a 1-Hz bandwidth. Fig 2.6 shows the 

calculated amin at various incident laser power. Note that amin decreases with increasing 

incident laser power. At low power, amin is thermal-noise limited and decreases with 1/Pq. 

When ?o > ImW, shot noise becomes the dominant noise source and amin scales with 

1 / . For typical diode lasers with mW output power, theoretical amin is limited by the

shot noise. In practice, achievable amin is orders o f magnitude larger than the shot-noise 

limited sensitivity, mainly due to a considerable ] / f  intensity noise in the diode laser 

output, which dominates at low frequencies in the range o f 0.1-10 MHz. Models have 

been proposed to explain the 1 /f intensity noise in diode lasers, but the physical origin is 

not yet clear [18].

Q

photocurrent [17]. For a 1-Hz bandwidth, amin is ~ 2 x 10 (using ?o =lm W  for a typical

^j4kTRB 1 UkTB
(2.26)
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Figure 2.6 Calculated minimum detectable absorbance, amin, with IHz bandwidth as a 
function o f laser incident power. (ri = ] A/W, T=300K, and R=1 kfl)

2.7 Modulation Spectroscopy 

2.7.1 Introduction

The vibrational overtone/combination absorption line-strengths o f gases in the near- 

infrared region of the spectrum are significantly less than the fundamental line-strengths 

in the mid-infrared. Hence, to measure these weak absorption signals high sensitivity 

techniques known as Wavelength Modulation Spectroscopy (WMS) or Frequency 

Modulation Spectroscopy are required (FMS) [19-24], The key difference between these 

two methods is that for FMS the modulation frequency is equal to or greater than the 

absorption linewidth whereas for WMS the modulation frequency is much less than the 

gas linewidth. In brief the basic principle of WMS, is to probe a gas absorption line 

while modulating the emission wavelength o f the laser diode. The detected output is 

processed by a lock-in-amplifier at the modulation frequency, f  or n times the modulation 

frequency where n is an integer [25]. Its advantage over direct direction is twofold in that 

it shifts the detection to higher frequencies where the 7/^ laser excess noise is reduced. It 

also removes much of the base line slope seen in direct detection. Diode-laser WMS and

— — Shot noise 
 Therm al noise
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FMS can be treated with a uniform approach using the electric field o f laser radiation [19, 

20]. However, since only WMS was used in this thesis, the traditional mathematical 

approach using the intensity of laser radiation is used here [21]. A brief outline o f FMS is 

also included.

2.7.2 WMS
The emission wavelength of a diode laser can be conveniently modulated by modulating 

the injection current at frequencies from sub Hz to their relaxation resonance frequency, 

that is typically in the range 1-lOGHz. Although the name o f the technique suggests that 

it is the wavelength that is modulated, it has been found more convenient to treat the 

modulation process in frequency units [21]. The instantaneous diode laser light 

frequency, v(t), can therefore be written:

v ( /)  = v + acosco/ (2.27)

where v is the laser mean emission frequency and a is the modulation amplitude. We 

can assume the mean frequency and the laser intensity are independent o f each other. If 

we now substitute the time-dependent term I(v(t)) into the equation 2.1,

I { v ) =  I q {v ) \ - k { v  +  a CO?, cot)nL^ (2.28)

This time varying function (2.28) is a periodic and even function in cot and can be 

expanded by Fourier cosine series as

A:(v+ acosco/) = (v)cos«co; (2.29)
n=0

where v  is considered to be constant over a modulation period. //„ (v )  is the n*'’ Fourier 

component o f the modulated absorption coefficient. Individual Fourier components can 

be selected using a lock-in amplifier at the harmonic of the modulation frequency. 

This term is ultimately dependent on the absorption lineshape. If the pressure is such that 

collision broadening is dominant, then the absorption coefficient is described by a 

Lorentzian function
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1 + 'W-Vo
(2.30)

where Yl is the H alf Width at H alf Maximum (HW HM ) o f  the absorption line. The 

absorption coefficient at line centre is normalised to unity. Two dim ensionless parameters 

are defined as

v - v „
X  =  ■

Y l

(2 .31)

m  =  - (2.32)

where m is the modulation index and the absorption coefficient becom es

(x ,m) =
l + (x  + «2 cosco?)

(2.33)

The second harmonic (Fourier coefficient) for the Lorentzian lineshape is given by

, + (x  +  w c o s^ )
(2.34)

The first three harmonic signals are calculated and shown in Fig 2.7. The shape o f  H„ 

depends on both the absorption lineshape function and the modulation index.
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Figure 2.7 Calculated harmonic signal fo r  a Lorentzian line. (m=2.2)

2f Lineshape and modulation index

Harmonic signals, described by Eq. 2.34, depend on both the absorbance a  (including the 

specific absorption lineshape) and the modulation index m. 2 /  lineshape is often 

characterised by its positive peak (P), negative peak (N), width (W), and the total signal 

amplitude (A) as shown in Fig. 2.8a. The effects o f modulation index m on the 2/signals 

(of a Lorenztian absorption line) are illustrated in Fig. 2.8(b). When m increases, W 

increases due to the modulation broadening effect [3]. P and A increase with m when m < 

2, then decrease at larger values o f m. When m is larger than an optimum value, the 2 f  

signal spreads out in frequency rather than building up in amplitude.

Variations in 2 f  parameters o f a Lorenztian absorption line over a range of m are 

calculated and shown in Fig. 2.9. Note that for a Lorenztian absorption line, the 

maximum positive peak (P) and the total amplitude (A) occur at m = 2.2 and 3.1, 

respectively. 2 /  parameters for absorption lines with other profiles can be calculated 

similarly.
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Figure 2.8 (a) Definition o f 2 f  lineshape parameters (b) Calculated 2 f lineshape at 
various values o f modulation index m.
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Figure 2.9. Calculated 2fparameters o f  a Lorentzian absorption line at various values o f  
m.

Limiting Factors in WMS technique.
There are two limiting factors in WMS, which might prevent shot noise limited 

sensitivity, they are residual amplitude modulation (RAM) and Fabry-Perot fringes. In 

semiconductor lasers a change in the real part o f the refractive index due to a change in 

carrier density is accompanied by a corresponding change in the imaginary part, and this 

is expressed by the phase-amplitude coupling coefficient (aH-parameter) defined as.

Ic o d n /d N  
c d g ! dN

where n is the real part o f the refractive index, g  is the imaginary part o f the refractive 

index, c is the speed o f light, N is the carrier density and co the angular frequency. 

Therefore in addition to the modulation of optical frequency, the current modulation
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induces an intensity modulation. When RAM is larger than the absorption signal the 

detection becomes RAM-limited. Non-linearity in the output power versus current 

characteristics o f the laser diode also gives rise to an unwanted RAM contribution to the 

WMS harmonic signal even in the absence o f absorption by the target gas. It results in an 

offset in the detected WMS signal at the fundamental frequency f .

Also o f note is at low modulation frequencies (< 10 MHz) the temperature o f the laser 

diode is also modulated by the current modulation. Since the refractive index varies with 

temperature, the laser wavelength is also modulated via this thermal effect. The 

temperature and carrier effects are opposite in sign. The total modulation amplitude o f the 

laser optical frequency is the sum of these two contributions.

Fabry-Perot fringes, due to interference of transmitted and partially reflected fields 

between two surfaces, are commonly observed in laser spectroscopy [26, 27]. These 

fringes are characterised by the Airy function [28]

-  = ----------- TT-------------T (2.36)
I. 1 + F sm  { in v n D I c )

where Ii is the maximum transmitted intensity, D the distance between the two reflecting 

surfaces, and n is the refractive index o f the medium between the reflecting surfaces. A 

coefficient F describing the reflectivity o f the surfaces is defined as

F  =
2r

1 - r ^
(2.37)

where r is the surface reflectivity intensity. The frequency spacing between two fringe 

peaks, denoted by

c
Av = -

InD
FSR (2.38)

is the free spectral range (FSR). The amplitude o f the fringes can be reduced by angular 

mis-alignment and the use o f reflective and anti-reflection coated optics. However fringes 

due to small reflections can be readily detected, a surface reflectivity o f 3 x 10'^ results in
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a change o f  ~10'^ in the transmitted intensity, which is orders o f  magnitude larger than 

the small signals to be measured.

2.7.3 FMS
The m ain advantage o f  FMS over WMS is that noise is much less at higher frequencies. 

M any excellent theoretical descriptions o f  FMS can be found in the literature [20, 29-31], 

a summ ary o f  which is briefly given here. For FMS, the laser is m odulated at high 

frequency cOm (cOm > y (HW HM )), and the instantaneous electric field o f the laser output 

can be described as

where cOm is the m odulation frequency, coo is the optical frequency, M is the amplitude 

modulation depth, p describes the phase modulation (or frequency m odulation) and is 

usually called the frequency m odulation depth, and \\i gives the phase difference between 

the amplitude and phase modulation.

Equation 3.5 can be transform ed to an optical carrier and sidebands as

and J/(P) is the /'*’ order Bessel function. For FM S, P is typically much less than unity, 

and thus the only significant components in the expansion are the carrier (/=0) and the 

first order sideband pair (/ = ±1), as illustrated in Fig 2.10. If  the amplitude m odulation 

effect is negligible then M=0, and

E { t^  =  E q | l  + M sin(fy^r + ̂ ^/)exp^/<y()/ + //?sin(& )^/)j| (2.39)

CO£(o=v‘̂'X (2.40)

where

(2.41)

- J - i  ( ^ )  =  - r - , (2.42)
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the two side-bands have the same amplitude, but they are 180° out o f phase. A gas 

absorption line will act on each o f the above frequency components with an amplitude 

and phase response a(co) and (p(co). The demodulated signal can be obtained by squaring 

E(t), retaining only those components at the demodulation frequency (co for first 

harmonic detection, nco for nth harmonic). This gives a complex amplitude of

where r is the complex conjugate o f r. The detector phase angle 0 relates the phase o f the

detected signal to that o f the reference frequency in the lock-in amplifier. The in-phase 

component corresponds to pure absorption, and the quadrature component corresponds to 

dispersion. Therefore, not only the absorption but also the dispersion information may be 

obtained. Fig 2.11 shows calculated absorption and dispersion waveforms for first- 

harmonic detection of a Gaussian absorption line as a function o f increasing modulation 

frequency.

In the near-infrared region, the Doppler HWHM of molecular transitions are ~100- 

300MHz Thus FMS implies a modulation frequency cOm in the lOOMHz-GHz range. 

Even higher cOm may be required when the transition is pressure-broadened. This high 

frequency is more effective in avoiding excess laser noise and can achieve sensitivity 

near the shot noise limit. Table 2.1 lists important features o f WMS and FMS techniques 

for comparison. The instrumentation of an FMS system, includes high-speed detectors 

and RF circuit components, which becomes expensive.

Q = 2Ze'^

^  = ^m _ „ Q X ^ \ -a (co ^  + lo )^ ) l2 -a (o )^  +{l-n)co,„)l 2^ (2.43)
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WMS FMS

®m «  Av > Av

Modulation index > 1 <  1

Side bands Multiple 1 pair

Harmonic detection Usually 2 / I f

Instrumentation Easy Difficult

Cost Low High

dm in 1 X 1 0 '^ 1 X 1 0 ’’

Table 2.1 Comparisons o f  WMS and FMS

•  Absorption 
  Dispersion

Y (HW HM )

m
CO m

Figure 2.10. Spectral view o f  FMS
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Figure. 2.11 Calculated absorption (a) and dispersion (b) waveforms fo r first-harmonic 
detection o f a Gaussian absorption line as a function o f increasing modulation 
frequency. The HWHM o f the Gaussian lineshape is 150MHz. At modulation frequencies 
much greater than the linewidth, the absorption peaks are separated by approx twice the 
modulation frequency.
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Chapter 3
Widely Tuneable Semiconductor Lasers

3.1 Introduction
The main aim o f this chapter is to give an overview of the monoUthically integrated 

tuneable laser diodes that were commercially available during the course o f this work 

and are considered suitable for applications in multi-gas sensing. For a more thorough 

review o f integrated tuneable laser diodes, the reader is referred to the excellent book 

by Amann and Buus [1], All o f these tuneable lasers consist o f a longitudinal 

integration of sections with different functionality. Typically, one has an active 

section providing the optical gain for the laser oscillator, one or more filter sections 

with a frequency selective reflection characteristic, and a phase shifter section for 

fine-tuning of the cavity resonance frequencies [2].

Widely tuneable laser diodes are very attractive for molecular spectroscopy because 

their tuning ability allows scanning of a large spectral interval, which makes it 

possible to detect several species of a gas mixture simultaneously. Commercially 

available widely tuneable laser diodes are optimised for the communications market, 

which favours other parameter settings o f the laser device than those desired for 

spectroscopic use [3]. To improve the performance o f semiconductor lasers for multi­

gas sensing, parameters such as wide and mode-hop-fi’ee wavelength tuning, narrow 

laser linewidth, high FM/AM index ratio and the side mode suppression ratio should 

be optimised.

In the first section of this chapter, the basic concepts for the tuneable lasers are 

described. The distributed feedback and distributed Bragg reflector lasers are then 

introduced followed by more advanced laser structures for achieving a wide tuning 

range. Two such lasers are discussed, the sampled grating distributed Bragg reflector 

and the modulated grating Y-branch laser. These are the devices used throughout this 

thesis and so an overview of their tuning operation is presented. The relevant physical 

mechanisms enabling electronic control of the emission fi'equency of monolithic 

semiconductor lasers are presented. Finally the main requirements for the application 

of tuneable laser diodes to gas sensing are outlined.
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3.2 Basic Concept of tuneable laser
For laser operation at a frequency v two requirements need to be fulfilled 

simultaneously: the roundtrip cavity gain G(v) should be unity and the roundtrip 

phase (j)(v) should be an integer multiple of 2n.

G ( v) = r /j exp(-2/y0L) = 1 (3.1)

(3.2)

here c is the speed o f light in vacuum, ri Vz are the mirror power reflectivity and p is 

the propagation constant. The summation over / represents the optical length o f the 

laser cavity, i.e. the sum of the optical lengths o f the different concatenated sections. 

The phase condition defines the set of discrete frequencies Vk, the so-called cavity 

modes. The laser will oscillate at the frequency Vn among this set o f frequencies 

which requires minimal pumping of the laser to fulfil the gain condition G(v)=l. Fig 

3.1 shows a simplified equivalent circuit o f a laser oscillator. It consists of the cavity 

roundtrip gain and the phase shifting function by the cavity transit time, and the 

spontaneous emission input. The oscillator amplitude and phase conditions are 

depicted schematically in Fig 3.1 (b), where the fi"equency of the dominant laser mode 

is roughly defined to within AX/2 by the gain peak frequency v of the cavity roundtrip 

gain G(n).

Spontaneous 
emission

Output
power

G(v) Ap

N+2 N+1271

Delay
line

wavelength

(a) (b)
Figure 3.1 Simplified equivalent model o f  a laser, (b) cavity gain curve versus phase 
shift [1].
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If we look at the above model in Fig. 3.1 (a), we will find that the tuning of the laser 

frequency can be done either by varying the cavity roundtrip gain characteristic or by 

adjusting the phase shift, or by varying both parameters. This is the basic principle of 

the tuneable laser.

3.3 Wave propagation in periodic structures
After introducing the basic concept of the tuneable laser, we now give an overview of 

the gratings used to create single-mode operation in semiconductor lasers over wide 

tuning ranges. A summary of Buus’s analysis in chapter 3, section 3.2 [1] is outlined 

here. The aim o f the analysis is to illustrate the reflection variation as the wavelength 

is varied about the Bragg fi-equency of a grating. All transverse and lateral directions 

are neglected in this analysis. The refractive index o f the periodic grating varies 

according to

t

= —  (3-3)

It is assumed that the amplitude o f the periodic term is smaller than the steady term, 

which represents the real part of the effective refractive index rieff o f the structure 

without the grating. The Bragg propagation constant Po is related to the grating period 

by

M n  I k  •

where A,b is the Bragg wavelength in free space and M is the period order. For a first 

order grating we have

A = tV  (3.5)

which simply means the period is equal to half a wavelength in the structure. The

model is based on the scalar wave equation for the electric field

^  + (n (z )* :f  £  = 0 (3.6)

where E is the complex amplitude of the field with frequency v and k=2nv/c is the

free space propagation constant. Using P = nefjk

f  2;r V
« ( z )—  =/?'+4/?/fcos(2y9^z) (3.7)

X
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The new term introduced here is the couphng coefficient k , a useful and important 

parameter in describing periodic grating structures. The coupling coefficient is given 

by

/c = —  (3.8)
A

and describes the amount o f reflecfion per unit length. Only wavelengths close to the 

Bragg wavelength are considered and hence A[3=p-Po is the deviation from the Bragg 

wavelength. These are the two counter-propagating waves, which are coupled due to 

the Bragg scattering. We can therefore expand the electric field in the forward and 

backward propagating modes

£ (z )  = /?(z)exp(-7/?oz) + 5(z)exp(7T?oz) (3.9)

where the functions R(z) and S(z) vary slowly as a function o f z, so that their second 

derivatives in equation 3.6 can be neglected. If we insert equation 3.9 into the wave 

equation 3.6, take into account all the above assumpfions, and collect terms with all 

the same phase factors (-jPoz) and OPoz) respectively, we obtain the coupled mode 

equations [4],

dR
—  - { a , - j A p ) R  = - j K S  (3.10)
dz

^  + { a , - j ^ p ) S  = - j K R  (3.11)
az

When the coupling coefficient vanishes, these equations are simply the equations of 

two independent waves travelling in opposite directions.

3.3.1 Distributed Bragg reflectors
The basic DBR laser consists of two longitudinally integrated sections, an active 

section and a reflector section as shown in Fig. 3.2. The waveguide core o f the active 

section has a bandgap matching the desired emission frequency and hence provides 

optical gain if  sufficient carriers are injected. The core material o f the reflector in 

contrast has a higher bandgap, such that the material is transparent (passive) for laser 

light. Along the reflector section, a diffraction grating is embedded in the waveguide 

yielding a periodic modulation of the effective refi'active index o f the waveguide. 

Because o f the grating, the passive section reflects light back in a narrow fi-equency
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band. The aim o f this analysis is to illustrate the wavelength selectivity o f  the 

distributed Bragg reflector (DBR) by using the solution o f the coupled mode 

equations.

Active section DBR

Figure 3.2 Two-section DBR laser diode

The coupled mode equations can be solved for a periodic structure o f  length L and the 

general solution, for these form o f differential equations is

R{ L )  = cosh ( 7 1 ) + -^^— ^ ^ ^ sin h (x Z ,)
r

R { 0 ) - ^ s i n h { r L ) S { 0 )  (3.12)r

S { L )  = ^ s i n h { r L ) R { 0 )  +r cosh ( ) -  —— ^  sinh ( )

where

r ^ = K ^

5 (0 )  (3.13)

(3.14)

These equations can be written in transfer matrix form as

^R{L)]

V S { L ) ■5 ( 0 )

where the matrix elements o f  Fper follow directly from equations 3.12 and 3.13. I f  the 

periodic structure o f  length L is used as a reflector for a right-propagating wave and 

therefore S(L)=0, the field reflection coefficient can be written as follows using 

equation 3.13.

_  - jKs i r )h{yL)  ______
= ycosh{yL)-{a^-j^|3)slvi}[i{yL)

(3.15)

The results shown in Fig 3.3, show some important features o f distributed Bragg 

reflectors: (1) the amplitude o f the reflection increases with increasing k L, i.e. a 

higher coupling coefficient leads to a stronger reflection; (2) the amplitude o f  the
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reflection decreases with increasing ApL, i.e. the reflection becomes smaller when the 

wavelength deviates from the Bragg wavelength.

1.0
K L =

0.8

0.6

0.4

0.2

0.0

N o rm a lis e d  d e tu n in g  ( ApL)

Figure 3.3 Calculated Power reflectivity o f a DBR reflector as a function o f ApL.

3.3.2 Distributed feedback lasers
In a DBR laser, the active region, which is providing gain, and the grating, which is 

providing wavelength selectivity, are separated longitudinally. In a distributed 

feedback laser (DFB), the feedback is not localised but, as the name suggests, is 

distributed along the length o f the cavity (above the active medium in an index 

coupled structure) as shown in Fig. 3.4.

p-type

\ / \ / \ / \ / \ 2
n-type

grating

active

Figure 3.4 DFB laser structure.

The analysis of a DFB laser is not as simple as for DBR lasers because the gain and 

phase conditions do not separate. By allowing for the presence of gain the detuning 

Ap now becomes

40



^P  + igo (3-16)

Where go represents the gain for the field. The oscillation condition is

cosh(/L )+  ^  ^ —^ ^ s in h (7Z) = 0 (3-17)
7

where y now becomes

y ^ = K - - { ^ P  + ig^)' (3.18)

the oscillation condition can be written as

}'Lcoth(j^Z) = -/(Ay9L + /g^Z) (3.19)

For a given value of the coupling coefficient k  and length L, there exists a discrete set 

of eigenvalues, which corresponds to longitudinal modes with threshold gain given by 

go and wavelength determined by A(3. The solutions of Equation 3.19 can only be

solved using numerical methods and the results are shown in Fig. 3.5.

Stop band

-10

N orm alised  detun ing

Figure 3.5 DFB modes for different values o f kL

Fig. 3.5 shows that there is no solution at A(3=0 for the index coupled DFB laser. Note 

that there is a spacing between the two modes. The spacing region is called the stop 

band, and it has a width of 2kL for large values of kL. The appearance of two modes 

with the same lowest field gain means the existence of two degenerate modes, hence 

single-mode operation is not possible. In order to understand why there is no solution 

at Ap=0, consider a simple rectangular grating as shown in Fig. 3.6.
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Figure 3.6 Periodic structure with rectangular grating shape, showing the individual 
interface reflections [5],

Since the round trip phase change at the Bragg wavelength is therefore ti. The round 

trip phase change must be a multiple of 2 t t , the phase condition cannot be met, but 

there must be a degree of detuning. This characteristic is undesirable, but there are 

various approaches to break this degeneracy i.e. gain-coupled DFB [4, 6, 7] and 

quarter-wave shifted DFB lasers [8]. If both the index of refraction and the gain vary 

periodically in the longitudinal direction of a semiconductor laser cavity, the 

structures are known as gain-coupled DFB lasers (GC-DFB). The coupling 

coefficient, k ,  for gain coupled DFB can be written as

Where Kjndex and Kgain are real numbers describing the coupling strength.

For the gain-coupled case the Bragg reflection has a phase of 0 or n, therefore the 

roundtrip phase shift is a multiple of In , and you get a mode at the Bragg wavelength. 

The reason for the different phase can be understood from the Fresnel formula for a 

discontinuity

If ni and n2 are both real, then the Fresnel reflection is real, but if they are complex (as 

in a gain coupled structure) the Fresnel reflection is imaginary, corresponding to a 

different phase.

(3.20)

(3.21)
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In practice, three physical mechanisms can be used to change the refractive index o f a 

semiconductor: injecting free carriers, applying an electric field and changing the 

temperature. As applying an electric field was not used here it will not be mentioned 

further.

3.4 Carrier-induced index change
The injected electron-hole plasma is the source o f  a number o f  effects influencing the 

refractive index [9, 10].

3.4.1 Band-filling
The injected electrons occupy the lowest energy states in the conduction band, ju st as 

the injected holes fill the states in the valence band closest to the band edge. 

Consequentially, on average higher photon energies hv  are required to excite 

electrons from occupied energy states in the valance band to empty energy states in 

the conduction band. This causes a reduction o f  the absorption coefficient for photon 

energies h \  slightly above the nominal band-gap energy.

3.4.2 Band-gap shrinkage
Electron-Electron interactions at the densely populated states at the bottom o f the 

conduction band reduce the energy o f  the conduction band edge Ec. A similar 

correlation effect for holes increase the energy o f  the valance band edge Ey. The sum 

o f these effects causes a band-gap shrinkage, which lowers the minimum photon 

energy for which significant absorption occurs.

3.4.3 Free-carrier absorption
A free carrier can absorb a photon and move to a higher energy state within a band. 

The excess energy is released in the form o f lattice vibrations as the carrier relaxes 

towards its equilibrium state.

3.4.4 Temperature tuning
The refractive index o f  III-V semiconductors also exhibits considerable temperature 

dependence. A well-known rule o f  thumb is that the emission wavelength o f  a single 

mode InGaAsP/InP laser emitting in the 1550nm region increases with temperature at 

a rate o f  approximately O.lnm/K. Heating the entire laser cavity has the disadvantage 

that the threshold current increases and the differential efficiency (change in output 

power per unit change in drive current) decreases. Some heat is generated when
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carrier-induced tuning is used, due to the non-zero resistance o f the tuning diode and 

the non-radiative recombination process. It should be noted that the carrier effects 

decrease the refractive index, whereas the thermal effects increase the refractive 

index. This ultimately limits the tuning range achievable using carrier injection.

The amount of tuning depends on how much the refractive index can be changed, 

typical values for the fi*actional change in the refractive index is a few percent [5]. 

This gives a limitation for the DFB/DBR structures on the tuning range,

—  = — « l - 2 %  AX- lOnm (3.22)
/I n

In the next section a number o f ways for overcoming this limitation are outlined.

3.5 Extending the tuning range of DBR-type lasers
The tuning range of conventional DFB and DBR lasers is approximately 5-lOnm 

which is significantly smaller than the available gain bandwidth o f multiple quantum 

well semiconductor lasers (more than lOOnm) and Erbium doped fibre amplifiers 

(about 40nm in the C or L band) [11]. Consequently, much research has targeted the 

development of integrated lasers with extended tuning ranges beyond the refractive 

index limit [12-23]. The basic principle behind all schemes that have been developed 

for wide tuning is that a refi'active index difference is changed rather than the index 

itself Therefore, the relative wavelength change is equal to a relative change in index 

difference, which can be significantly larger for similar absolute refractive index 

variations. In the following sections we will describe the most common scheme for 

achieving the broad tuning range.

3.5.1 Vernier effect between two comb reflectors
The Vernier caliper is a well-known instrument for high-resolution length 

measurement. The same principle can be applied to a tuneable laser (Fig. 3.7) if  the 

laser has two mirrors with a comb-shaped reflectivity spectrum. The mirrors are 

designed such that the peak reflectivity spacing o f the front mirror (5f) and the rear 

mirror (5r) differ by a small amount. Lasing can then only occur in the frequency 

range where the two peaks coincide, since the round-trip loss is inversely proportional
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to the product of both mirror reflectivities. The phase section can be used to adjust the 

longitudinal modes, such that a mode can be aligned with the loss minimum. The 

coincidence of two particular peaks is often called a “super-mode” and the large 

frequency changes observed when applying the Vernier tuning mechanism are 

consequently called super-mode jumps. Intermediate tuning, from one longitudinal 

mode to the next, is obtained by tuning both reflectors simultaneously. Quasi- 

continuous tuning over a wide tuning range involves the synchronised adjustment of 

both the reflectors and the phase section.

Rear Reflector 

Front Reflector

6 rear 6 front

I
a
£
u

£

Frequency

Lasing mode

Cavity modes

&

Frequency

Figure 3.7  Vernier principle applied to a tuneable laser which has two mirrors with 
comb-shaped reflectivity spectrums with different pitches. Lasing occurs in the 
frequency range where the reflection peaks coincide.
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3.5.2 Sampled Grating DBR
The sampled grating (SG) is technologically the simplest way to produce a reflectivity 

spectrum that has periodic maxima [24], The device consists o f four independently 

biased sections; two sampled gratings, a passive phase section and a gain section as 

illustrated in Fig 3.8.

Front Grating Gain Phase Back Grating

^AAAA
A a Aa__________./
U---------------------------------------------------►!

6r

Figure 3.8 Four section SG-DBR laser diode consisting o f two sampled grating 
regions a phase section and a gain section. The front and back grating sections have 
different periods.

A “sampled grating” consists of a conventional uniform grating with grating elements 

periodically removed along its length. A qualitative idea o f the shape o f the 

reflectivity spectrum can easily be derived from coupled mode theory, which says that 

every spatial Fourier component o f the refractive index modulation contributes a peak 

to the reflection spectrum [12], The Fourier components of the sampled grating are 

obtained by convoluting the Fourier transforms o f the uniform grating and the 

sampling franction. The uniform grating has a single Fourier component with a 

coupling strength Ku given by (3.8), at a spatial frequency 1/A, which corresponds to 

the Bragg frequency vb according to (3.5). The Fourier transform of the sampling 

function on the other hand consists o f a comb of peaks with a spatial frequency 

spacing 1/ As.
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Figure 3.9 Principle o f  the sampled grating [12], 

The modulation function is given by (1 is an integer)

1 /A. < z </A„ + A„
0 /Aj + A^ < z < ( / + 1) Aj 

From which the amplitudes of the Fourier components are easily obtained as

(3.23)

F.=
A5 0

‘dz = — -̂----- -̂------y ------e
A. TrkA^ A.

iT ik A g jA .^ (3.24)

The convolution o f both Fourier transforms exhibits peaks centred at 1/ A, with 

spacing 1/ As, this leads to strong reflections at frequencies Vk

1 k
— I----
A A

(3.25)
S J

The reflection peak spacing is determined by the sampling period As,

c
5  = - v , = -

2n„A.S  5

(3.26)

where n§ is the group refractive index.

(3.27)
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The coupling coefficients at the same frequencies Vk are equal to the product o f the 

coupling coefficient o f the unsampled grating Ka and the Fourier components Fk o f the 

sampling function

k, = k^F, (3.28)

The overall reflectivity is the sum of the reflectivities of individual gratings with 

Bragg frequencies Vk and coupling coefficients Kk

Yk co sh (;/,L )-(a o  -  jA /?,)sinh(7,L )
(3.29)

with

(3.30)

(3.31)

here L is the length o f the sampled grating. Fig 3.10 shows a calculated reflection 

spectrum from a sampled grating DBR mirror.

>. 0.5

1.50 1.52 1.54 1.56 1.58

W a v e le n g th  (|j.m )

1.60

Figure 3.10 Calculated power reflectivity spectrum o f  a sampled grating.
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3.5.3 Modulated Grating Y-Laser.
Although it is technologically the simplest way to obtain a comb reflector, the 

sampled grating does not exhibit the optimum reflection spectrum. The shape o f the 

sampled grating reflection spectrum as shown in Fig 3.10, above is a sinc(x) function. 

This is a direct consequence o f the square wave nature o f the sampling function 

applied to the grating. The above approach o f periodically sampling a uniform Bragg 

grating in order to obtain multiple reflections peaks around the Bragg frequency can 

naturally be extended to other types of periodic modulation. Any modulation function 

that has a comb-shaped Fourier spectrum can be applied. These more general 

periodically modulated grating (MG) are commonly called super-structure gratings 

(SSG). Diagrams and analysis in this section is summarised from Buus’s chapter 7 

[1]. Further details can be found in [13, 25]. In the SSG mirrors the gratings are 

periodically chirped instead o f sampled where the period of the chirp determines the 

peak spacing.

/W W V \/V \A /V \/V V \/\A

o
■oo
O)

Oh

Figure 3.11 Modulated grating with linearly varying grating period within each 
super period

The advantage o f this approach is that the grating occupies the entire length o f the 

mirrors so that a much higher reflectivity can be achieved with a lower k  in the 

grating. The other main advantage is that the reflectivity o f the individual peaks can 

be tailored such that all o f the reflection peaks have the same magnitude as shown in 

Fig 3.12.
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Figure 3.12 Power reflectivity spectrum from a MG-Y Laser [26].

One of the main disadvantages with the SG-DBR is that light has to propagate 

through the front reflector to exit the laser. The output power will vary a lot more with 

tuning in these devices due to free carrier absorption in the front reflector. In the MG- 

Y laser this is overcome by placing the two comb reflectors on the same side o f the 

cavity when put in the Y-branch configuration, as illustrated in Fig. 3.13, this is the 

concept of the MG-Y laser [26].

Rigtil reflectorm «»«—
Front 
facet Pliase

Lett reflector
Figure 3.13 Top view schematic o f the MG-Y Laser [26].

In the MG-Y laser the different functions are separated into different sections (Fig 

3.13). The gain section amplifies the light, multi-mode interferometer (MMI) splits 

the light into 2 equal beams, bends increase the separation between the waveguides 

and the reflectors filter out certain frequencies. The additive Vernier effect is used to 

select one lasing wavelength. Both reflectors have slightly different peak spacing so
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the frequency where both peaks overlap will reach the laser threshold first. A higher 

side mode suppression ratio can be achieved compared with the multiplicative Vernier 

effect (used with the SG-DBR), because the neighbouring peaks add partly out of 

phase.

3.6 Characteristics of tuneable lasers for gas sensing.
There are a number of standard characterisation techniques that may be applied to 

semiconductor lasers. These include measurements of the output power and 

wavelength as functions of input current and temperature and indicate the quality of 

the devices and hence the suitability of these lasers in gas sensing applications.

3.6.1 Tuning Range
The wavelength tuning range is naturally the first characteristic by which a tuneable 

laser is evaluated. When tuning ranges of different lasers are compared, care has to be 

taken that comparisons are made on the same basis. Three different types of tuning 

have been identified [1]: continuous, discontinuous and quasi-continuous tuning as 

illustrated in Fig 3.14.

Continuous tuning.

The ideal tuning scheme for gas sensing applications is continuous tuning. In this 

tuning scheme the laser wavelength is tuned smoothly in arbitrarily small steps 

without mode change. Thereby a stable single-mode operation may be achieved 

throughout the entire tuning range. Owing to the stringent requirements that the same 

cavity mode has to remain the lasing mode across the entire tuning range, this tuning 

range is the smallest and is normally around 5nm.

Discontinuous tuning

Larger tuning ranges may be achieved by allowing for longitudinal mode hops during 

tuning. In this discontinuous tuning range, tuning ranges up to about lOOnm have 

been obtained [27]. Unfortunately it is impossible with this tuning scheme to access
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Figure 3.14 (a) Continuous wavelength tuning as a function o f gain section current o f 
a sampled grating DBR currents, (b) Discontinuous wavelength tuning as a function 
o f front and back sampled grating currents, gaps indicate longitudinal mode hops, (c) 
Emission wavelength as a function o f front, back and phase currents resulting in 
quasi-continuous tuning.
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all wavelengths within the tuning range therefore if a gas absorption line lies in the 

region where a mode hop occurs it cannot be detected.

Quasi-Continuous tuning

Quasi-continuous tuning is achieved by joining overlapping continuous regions in 

order to get full wavelength coverage over a wider range. This is achieved by tuning a 

cavity mode and the loss minimum synchronous over a range equal to the longitudinal 

mode spacing, then resetting the cavity modes to their original settings and 

subsequently tuning the next cavity mode simultaneously with the loss minimum. In 

this quasi-continuous tuning range, ranges up to about 40nm have been obtained [28]. 

In the case of quasi-continuous tuning, the control o f the tuneable laser diode can be 

quite complicated, because three parameters have to be adjusted at the same time to 

tune the wavelength. The principle is demonstrated in Fig. 3.14(c) for the SG-DBR by 

adjusting the front, back and phase section currents.

3.6.2 Spectrum and Side Mode suppression ratio.

The side mode suppression ratio (SMSR) is a term used to describe the spectral purity 

o f the single mode output o f the lasers. It is the ratio o f power in the main mode to the 

power in the side-mode. The SMSR is usually expressed in decibels, for gas sensing 

applications a SMSR of at least 30dB, preferably, 40dB is required to minimise mode 

partition noise [29], and to prevent absorption signals from other modes interfering 

with the desired signal from the spectral feature of interest. The SMSR value for the 

SG-DBR and MG-Y laser is dependent on the operating point of the laser. The bias 

conditions determine whether the device output is single or multimode.

SIVISR Measurements
The laser spectrum was measured using an optical spectrum analyser (OSA) and the 

measurement data transferred to a PC via a GPIB interface bus. The spectrum gives 

an immediate indication o f the modal behaviour o f the device. The SMSR is extracted 

by a peak search algorithm [30]. The SMSR is then the ratio in dB between the 

highest and second highest peak.
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Figure 3.15 SMSR spectrum o f a SG-DBR Laser indicating how SMSR is measured.

When measured below threshold, the amplified spontaneous emission spectrum 

(ASE) is useful in confirming the grating design used in tuneable devices. The ASE 

spectrum of the SG-DBR is shown in Fig. 3.16(a), the reflection comb of the back 

grating has a prominent effect on the ASE spectrum leaving the peaks of the back 

reflection comb as features. The opposite is true for the front reflection comb as the 

light is coupled out of this facet. At the reflection peaks, light is coupled back into the 

device rather than into the fibre. Therefore the front reflection peaks are seen as sharp 

dips in the spectrum. For comparison the ASE spectrum of the MG-Y laser is shown 

in Fig. 3.16(b), as the gratings are on the same side the left and right reflector have 

prominent effects on the ASE spectrum.
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Figure 3.16 (a) ASE spectrum for a SG-DBR Laser just below threshold (b) ASE 
spectrum for MG-Y Laser.

3.6.3 High FM/AM ratio
Modulating the laser drive current not only modulates the laser frequency but also the 

intensity and this effect is known as R.A.M. This RAM appears as a large offset in the 

7/harmonic absorption spectrum. Due to the decoupling of the power and wavelength 

control in widely tuneable laser, the objective is to minimise the intensity modulation 

by modulating the grating sections. Therefore a high FM/AM ratio can be achieved.
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3.6.4 Spectral Linewidth
In any spectroscopic based gas detection application a knowledge o f the system 

resolution is important. For tuneable laser diode absorption spectroscopy, in 

particular, it is desirable that the laser emission linewidth remains a factor o f ten less 

than the gas absorption linewidth for all operating conditions o f the laser. Typical 

gases o f interest for laser absorption spectroscopy in the 1.5|j,m wavelength region 

have Doppler broadened linewidths of around 400MHz at room temperature. Since 

the laser output has a non-zero linewidth, a broadening o f the measured absorption 

line will inevitably be present, especially in the low-pressure regime. The spectral 

width o f the laser line arises due to fluctuations in the phase o f the optical field [31, 

32], Fluctuations arise from two basic sources, a) spontaneous emission which alters 

the phase and intensity o f the lasing field and b) carrier density fluctuations (unique to 

semiconductors).

In the active section the carrier density is clamped at threshold therefore carrier 

density fluctuations are suppressed but have more prominent effects on passive 

sections [22]. In multiple passive section lasers that use the quasi-continuous tuning 

schemes, the linewidth can vary strongly. The linewidth is relatively low as long as 

the lasing mode and the loss minimum are more or less aligned, but singularities in 

the linewidth arise at the mode boundaries, where frequency jumps occur. However 

when carrier-induced tuning is used, considerable linewidth broadening is observed 

[22, 33]. This excess broadening is attributed to injection-recombination shot noise in 

the tuning sections. The shot noise o f the carrier injection and recombination 

processes causes carrier density fluctuations, which lead to refractive index and loss 

variations. These in turn produce fluctuations o f the instantaneous laser fi^equency that 

finally lead to a broadened spectral linewidth.

Linewidth IMeasurements
In this section two methods for linewidth characterisation are discussed and some 

results presented. Linewidth is often defined in terms of the full-width half-maximum 

(FWHM) of the optical field power spectrum. Grating-based optical spectrum 

analysers (OSAs) do not offer the measurement resolution required for laser linewidth 

measurement, so alternative characterisation methods must be used. The alternative 

methods used in the course of this work include the delayed self-homodyne method 

and the optical heterodyne. Theory of the heterodyne / delayed self-homodyne
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techniques have been reported elsewhere [30, 34] and will be briefly described here. 

The principle relies on the interference between two optical fields. In both cases the 

interference between waves causes intensity variations that are detectable using a 

photodiode.

Delayed Self-Homodyne
Theoretically it can be proven that the linewidth has a Lorentzian distribution when 

written as a function o f the optical frequency. The delayed self-homodyne technique 

shown in Fig 3.17, offers a very simple means to measure the linewidth of the laser.

Mach-Zehnder interferometer

S(9-DBR Isolator

Polarisation
adjustm ent

Rf Spectrum Fast
Analyser Photodiode

5.2 Km fibre

• I i + j coupler Delay At = 25p,sA t  >  A tc  signals  u n corre la ted  “  '

Figure 3.17 Delayed long-arm self-homodyne experimental set-up.

Incident light is split into two paths by the interferometer, one part goes through a 

delay line, the other part is sent through a polarisation state controller to maximise the 

interference between the two mixing signals by ensuring that their polarisation states 

are closely matched. If the delay Tq of one path exceeds the coherence time Tc of the 

source, the two combining beams interfere as if  they originated from two independent 

lasers. This process is equivalent to mixing two separate laser signals both having the 

same linewidth and centre frequency. The mixing of these two signals is 

accomplished as a result of the square-law nature o f the photodiode with respect to the 

electric field. The displayed spectrum is the autocorrelafion function o f the laser
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lineshape; its spectral linewidth is twice that o f the laser linewidth. Some examples 

from the initial set of measurements are shown in Fig 3.18.
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F re q u e n c y  (M H z)

Figure 3.18 Long-arm self-homodyne lineshapes fo r  a SG-DBR Laser as a function o f  
front reflector current, Gain section current 150mA, phase section, right section 
current=OmA at 25°C.

The results shown in Fig. 3.18 clearly show the lineshape broadening that occurs with 

the addition o f any amount of front section current into the SG-DBR laser. Since the 

delayed self-homodyne method centres the mixing spectrum at OHz, only half o f the 

symmetrical spectrum is viewed, thus the laser FWHM linewidth corresponds to the 

measured -3dB point. None o f the measurements extend down to the OHz point, this 

was due to the type o f RF analyser used. While the spectrum close to OHz contains 

useful information for a curve fitting procedure, it is not absolutely necessary. In fact, 

in such long arm systems, the lineshape tends to become Gaussian at lower 

frequencies due to the presence of 1/f frequency noise [35]. The resulting lineshape is 

a mixture o f Gaussian and Lorentzian waveforms. To curve-fit to this type of 

lineshape, a portion o f the data must be selected which is purely Lorentzian. As 

shown in Fig. 3.18, it proved difficult to select an operating point for the laser once 

current was injected into the passive sections, that yielded a Lorentzian lineshape and 

therefore produce a confident value o f the linewidth. At first it was assumed that the 

1/f noise cloaked the true lineshape and therefore it was a problem with the 

measurement system.
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A short-arm homodyne technique was next implemented to counteract the 

inconsistency in the measurements and reduce the 1/f noise [36], The 5.2 km fibre 

was replaced with 39.8 m length of fibre. This technique works on the principle that a 

short fibre delay introduces a mixture interface and homodyne effects. By curve 

fitting the resulting spectrum the linewidth may be extracted. As this fitting no longer 

depends on a pure Lorentzian lineshape, it should be possible to overcome the 

broadening effects o f 1/f noise on the system. The spectrum was fitted to the 

following expression [37],

c^f
r+A /= ^ s i n ( 2 ; r / r )

/
(3.32)

where x is the delay time calculated using an optical time domain reflectometer at 

199.5ns. Fig. 3.19 shows an example of the lineshape obtained using this short-arm 

method.

-9 0 -U----- 1------ ,-----1— .----- 1----- -̂-----1------ -̂---- 1----- -̂-----r-
5 10 15 20 25 30

Frequency (M Hz)

Figure 3.19 Fitted and measured short-arm self-homodyne curves for a SG-DBR with 
a gain current o f 120mA.

The profiles shown have a Lorentzian shape with the interface pattern superimposed. 

The sharp troughs where interference was a maximum caused a lot o f difficulty 

during the fitting procedure.

The lack of consistent results prompted further investigations into the linewidth 

broadening. The conclusions reached by large number of researchers working
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together on this problem were taken as a starting point [38], The current source noise 

was identified as the main cause of this excess broadening [39]. The ILX-3220B 

current sources with a noise level of 8)j.A were subsequently replaced with low noise 

current sources ILX-3220 (<2|j.A) with significant effect. The cables connecting the 

current sources to the laser were fitted with ferrite beads to minimise antenna effects 

in the cables. Fig 3.20 shows examples of the lineshapes obtained using the long-arm 

homodyne method. This method was preferred to the short-arm technique, due to the 

ease of fitting the lineshapes. The expected Lorentzian profile is now very obvious 

and there is minimum broadening caused by current source noise.
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Figure 3.20 Long-arm self-homodyne lineshapes using low noise current sources on 
the left reflector section, Gain section current 150mA, phase section, right section 
current=OmA at 25°C.

The lineshape, which is measured in dBm, was then curve-fitted to a log-scale 

Lorentzian function given by

/> ( /)  = 101og,„ (3.33)

where Af is the 3dB FWHM linewidth. As mentioned earlier, 1/f noise in the long-arm 

measurement set-up and the type of radio fi’equency analyser used meant part o f the 

spectrum suitable for curve fitting was generally from 200MHz outwards.
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Figure 3.21 Example o f a curve fit  to a Lorentzian lineshape for a SG-DBR 
IcAiN—l^OMa. All other sections are unbiased.

An example o f the measured and fitted curve is shown in Fig 3.21 with the extracted 

value for the linewidth at 2.638MHz.

Optical heterodyne
To verify the results obtained with the long-arm homodyne technique a second 

independent approach for linewidth measurements, using the optical heterodyne 

technique was employed and a comparison with some of the results made. A 

Heterodyne technique configuration is shown in Fig 3.22, the key requirement for 

these measurements is a stable, narrow linewidth reference laser (lOOkHz). In this set­

up, both lasers are mixed into a fibered coupler, its first output is connected to an 

optical spectrum analyser, which allows us to match approximately the two 

wavelengths. The reference laser (LO) is tuned to a frequency just lower than the 

average frequency o f the laser under study. This creates a heterodyne beat tone 

between the LO and each of the frequency components in the signal spectrum as
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illustrated in Fig. 3.23. The LO laser frequency had to be tuned to within IGHz of the 

signal laser frequency to allow the mixing product to fall within the bandwidth of the 

detector.

photodiode

000
coupler
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Laser

OSA

ESA

polarisation 
controller

Figure 3.22 Schematic o f the high resolution heterodyne experimental set-up for  
measuring laser linewidth using an external cavity laser for a local oscillator.
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Figure 3.23 Schematic o f the heterodyne mixing o f the laser field with a narrow 
linewidth external cavity laser diode [30J.
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Figure 3.24 Optical heterodyne power spectrums o f  a SG-DBR IcAiN^l^OmA all 
other sections are unbiased. Also shown is the fitted Lorentzian lineshape used to 
extract the linewidth.

The resuUing optical heterodyne power spectrum is illustrated in Fig 3.24. The 

lineshape was fitted with a Lorentzian profile and a linewidth o f 2.88MHz was 

measured. This linewidth compares favourably with the linewidth o f 2.63MHz 

measured with the long-arm self-homodyne technique.

3.7 Conclusions
This chapter outlined the current state-of the-art o f monolithically integrated tuneable 

laser for gas sensing applications. The basic concepts o f tuneable lasers were 

described and the methods used to achieve single frequency output outlined. The 

distributed feedback and distributed Bragg reflector lasers were then introduced 

followed by more advanced laser structures for achieving a wide tuning range. Two 

such lasers were discussed, the sampled grating distributed Bragg reflector and the 

modulated grating Y-branch laser. A summary of the important standard
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characterisation techniques that may be apphed to semiconductor lasers was next 

outlined and some initial results presented. These measurements range from 

measurements o f the output power and wavelength as functions o f input current and 

temperature, which indicate the quality o f the devices and hence the suitability of 

these devices in gas sensing applications.
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Chapter 4

Absorption Line Shift with Temperature and Pressure. 
Impact on Laser-Diode-Based H2O Sensing at 1.393|im

4.1. Introduction
Gas sensing using laser diode based optical spectroscopy is becoming the standard for 

real time non-invasive measurements o f industrial gas emissions and the monitoring of 

gases used in manufacturing processes. In typical atmospheric open path trace gas 

measurements, there is little deviation in pressure and temperature from standard values 

(sslOOOmbar, 293K) and so accurate concentration measurements are relatively easily 

achieved by correcting for minor effects such as collisional line broadening. However, in 

various industrial contexts (e.g. gas emanating from a stack) large variations in operating 

conditions may result in, for example, a gas temperature in the range 300K-1100K, its 

value dependent on the industrial process. Hence, the use o f a reference cell to lock the 

emission wavelength o f the laser diode to a target absorption line may be impaired by a 

modification o f spectral characteristics of the sample gas as a function o f temperature and 

pressure. Therefore, a knowledge o f absorption line characteristics as a function of 

temperature and pressure is necessary for the application o f a spectroscopic based sensor 

in such industrial environments.

The effects o f temperature and pressure on the spectral position o f the water vapour
22rotational absorption line at 1.3928)o,m, which has a linestrength o f 2.52x10' 

cm.molecule’’ is investigated. Absorption line spectral shifts as a function o f pressure and 

temperature in the range Ombar - lOOOmbar and 293K -  HOOK respectively were 

investigated and are reported in this chapter. The linestrength dependence as a function of 

temperature was also measured. These are critical characteristics for laser diode based 

gas sensing where the temperature and pressure o f the sample gas may differ significantly 

from that o f the gas in a reference cell which is used to implement line locking.
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4.2 Experimental 

4.2.1 Gas Cell
The high temperature absorption gas cell, shown in Fig. 4.1, was designed and fabricated 

for the purpose o f absorption line shift measurements at elevated temperature. The cell 

consists o f a Im long, 25.4mm diameter stainless steel cylinder. Short sections o f thin 

walled (0.5mm) stainless steel tubing were welded to each end o f the main cylinder. 

Quartz windows cut at Brewster’s angle were set into the thin walled tubing with 

adhesive. The thin-walled tubing was used to reduce heat transfer from the main cell to 

the windows. Water-cooled copper jackets in thermal contact with the thin-walled tubing, 

were also used to minimise this heat transfer. The main cylinder was surrounded by 

ceramic heaters and enclosed by efficient high temperature insulation. A K-type 

thermocouple placed in contact with the cell wall provided feedback to a temperature 

controller. Starting from room temperature the entire cell could be stabilized at 1 lOOK in 

approximately two hours. The sample cell was connected to the gas handling system via 

quarter inch stainless steel tubing welded to the main cylinder. A liquid reservoir 

containing de-ionised water facilitated the introduction of water vapour into the gas cell. 

The cell and gas handling system are also shown in Fig. 4.1.

W ater vapour 

n  b u ffer  gasPressure gauge
P lb  controller

W ater in
to vacumn pump

thermocouple

w ater out

w ater ja ck et
B rew ster  window Ceramic h ea ters

Insulation

Figure 4.1. Schematic o f  high temperature gas absorption cell.
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4.2.2 Laser diode
The diode laser used in the experiment is a distributed feedback (DFB) InGaAsP device 

supplied by Aero-laser, with a room temperature emission wavelength o f 1.393|a,m. The 

DFB operated in a single mode in the temperature range 5 °C < T < 35°C shown in Fig. 

4.2. The device had a SMSR > 35dB across the temperature tuning range o f the device. 

Calibration o f the wavelength tuning with current was achieved by measuring the current 

dependence o f the single mode emission characteristics o f the device using a wave meter 

(O.Olnm resolution) and is also shown in Fig. 4.2. The emission wavelength tunes 

linearly with current at a rate AX/AI= 1.35x10'^ nm/mA over the small current range (70 to 

74mA) required to tune across the absorption line with a constant laser heat sink 

temperature o f 22 °C. The constant tuning rate with current, all be it over a small range, 

provides the relative wavelength tuning calibration required to accurately measure the 

small absorption line shifts. Fig. 4.3 shows the laser diode L-I curve measured at 22 °C 

with a 20cm path length between the device and the photo-detector. An absorption profile 

is clearly visible on the L-I curve resulting from spectral absorption by water vapour 

present in room air. The laser has a threshold current o f approximately 25mA at 22 °C. 

Also shown in Fig 4.3 is the voltage-current plot, which shows an operating voltage of 

the laser in the range 0.7-1.8V, which is typical and yields a differential resistance of 

6.6Q which indicates no parasitic resistances in the laser.

In this work, spectral resolution is an important issue since it effectively determines the 

smallest absorption line shift measurable. Resolution is essentially determined by the
•3

minimum laser drive current step o f the high precision ILX 3220 current source (4x10' 

mA equivalent to 5.40x10'^ nm) in convolution with the laser diode emission linewidth. 

Since a measurement instrument to determine laser linewidth was unavailable at the time, 

it was decided to estimate it using a spectral absorption technique. High-resolution 

absorption spectra o f the Doppler broadened water vapour line at 1.3928)j,m were taken 

by detecting the transmitted light attenuation through the gas as the laser diode emission 

wavelength was swept across the absorption feature o f interest by varying the current o f 

the laser diode. The absorption linewidth (FWHM) was plotted as a function o f pressure 

in the range 1- 40mbar and is shown in Fig. 4.4. The measured Doppler linewidth at 

Imbar is 3.7x10'^nm.
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Figure 4.2. Measured spectral tuning o f 1.39/jm DFB laser diode as a function o f 
temperature at a constant injection current o f 120mA and as a function o f  injection 
current at a laser heat sink temperature o f 22°C.
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Figure 4.3. Laser diode L-I curve at 22°C with HjO absorption profile visible. Also 
shown is the voltage-current plot and shows an operating voltage in the range 0.8-1.7V. 
The differential resistance is obtained from the first derivative o f  this o f curve.
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Calculations show that a laser diode emission profile (assuming a Lorentzian distribution) 

of width in the range 10MHz-30MHz (FWHM) may be convolved with the Doppler 

absorption profile of width 3.7xlO‘̂ nm without observing significant broadening o f the 

absorption line. Hence, we can infer that the laser linewidth is less than 30MHz, which is 

significantly smaller than the measured Doppler linewidth. This estimated upper limit of 

the laser linewidth is consistent with the typical value (lOMHz) specified by Aero-laser. 

As a consequence o f these measurements, collisional narrowing was observed as the 

pressure was increased from 1 to 5mbar (see Fig. 4.4). The linewidth o f the water vapour 

line decreases, as a result o f collisional narrowing (Dicke narrowing), [1,2] whereby with 

increasing pressure, the Doppler width is reduced by the effect o f velocity averaging of 

elastic collisions. The minimum collisional narrowed absorption linewidth (3.12xl0 ‘̂ nm) 

occurred at a pressure o f 5mbar. Hence, in subsequent lineshift spectral measurements 

when water vapour in a reference cell was used as a spectral marker the pressure in the 

cell was set to 5mbar.

^  3.9
I  3.8

O h

S  3.5
tLn
^  3.4 
^ 3.3
1 3.2
•S 3.1

0 5 10 15 20 25 30 35 40 45
Pressure (mbar)

Figure 4.4. Collisional narrowing o f the absorption feature in the pressure range 1- 
40mbar.

Doppler width
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Figure 4.5. Near-Infrared water vapour linestrengths [3].

4.3 Near-Infrared Spectra of H2O
W ater is the m ost important molecule for without it life on earth would not be possible. 

W ater vapour, for example makes the earth habitable through the greenhouse effect. 

Although highly variable in concentration, the infrared-active water m olecule is the third 

m ost abundant atmospheric species. In view o f  the general interest in the spectroscopy o f 

water vapour and the important applications in atmospheric science and astronomy, the 

m easurement o f  water vapour is also im portant in many industrial applications, for 

example, continuous emission m onitoring in combustion processes where the vapour 

concentration can be related to performance param eters such as efficiency o f  combustion 

and heat release [4-7]. As illustrated in Fig 4.5, H 2 O has three main absorption bands in 

the NIR. In this chapter, we investigated the effects o f  temperature and pressure on the 

spectral position o f  the water vapour rotational absorption line at 1.3928)j,m, which has a
99 1linestrength o f  2.52x10' cm.m olecule' [3, 8 ]. This line is in the water vapour 

vibrational combination band V1+V3 centred at 1.38)j,m, where vi denotes the symmetric 

OH stretch and V3 the asymmetric OH stretch.

Wavelength (|j.m)
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4.4 Direct-Detection Measurements
The absorption Hnes in the vibrational combination band (vi+ V3) o f  H2O are relatively 

strong («10'^° cm.molecule’’). Hence, a direct detection technique was adopted here for 

line shift measurements. A schematic view o f  the experimental arrangem ent is shown in 

Fig. 4.6. The output from the DFB laser diode is passed through a beam  splitter and on 

through the high temperature gas cell and focused down onto a InGaAs photodiode. The 

beam splitter placed in front o f  the high tem perature gas cell directs approxim ately 10% 

of the laser light, through a reference cell containing approxim ately 5mbar o f  water 

vapour m aintained at room temperature. The m onitored absorption line in the reference 

cell was used as a spectral marker against which the spectral characteristics o f  the gas in 

the sample cell as a function o f  temperature and pressure, sim ultaneously obtained, were 

compared. A 16-bit A/D card collected the direct absorption signals from the 

m easurem ent and reference paths photodiodes. Spectral line shift and line broadening 

m easurem ents were taken using 20m bar o f  pure water vapour in the gas sample cell, 

buffered from 20mbar to lOOOmbar with N 2, at tem peratures in the range from 300K  to 

HOOK. Line strength measurem ents o f  the targeted water vapour line at a pressure o f  

20mbar were also taken in the range 300K to HOOK.

High temperature cell
Photodiode

Reference cell

A/D Card

Photodiode 2

C ontrol
e lectro n ics

Figure 4.6. Schematic o f the experimental set-up fo r  measurement o f absorption lineshift.
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4.5 Direct-Detection Results
Absorption measurements of the isolated water vapour line at 1.3928)j.m were made by 

detecting the transmitted light attenuation through the gas as the laser diode emission 

wavelength was swept across the line by varying the laser bias current. A typical direct 

absorption spectrum of the isolated collisional broadened water vapour line at 1 OOOmbar 

and a temperature of 300K is shown in Fig. 4.7. A linear sloping baseline resulting from 

the linear dependence o f the output power on laser diode current can be seen. The 

absorption profile was normalised with respect to laser power and the sloping background 

removed, by fitting a linear response to the regions o f the transmitted laser signal away 

from the absorption line. The need for an additional reference beam to achieve 

normalisation can be avoided with this approach.

-7 .0  

-7 .5  

- 8.0 
P  -8 .5  

^  -9 .0

I  -9 .5

I - 10.0
c

^  -1 0 .5  

- 11.0

69 70 71 72 73 74  75 76 77 78 

Current (m A)

Figure 4.7. Measured absorption profile with linear fi t  o f the laser power used for  
normalisation.

Fig. 4.8 (a) shows a typical water vapour absorption line-shape at a pressure o f 5mbar, 

when the sloping background is removed, overlaid with the best-fit Galatry profile [9]. 

Fig 4.8(b) shows the same absorption line overlaid with a best-fit Voigt profile [10]. 

Similarly, a high-pressure (1 OOOmbar) line-shape overlaid with a best-fit Lorentzian 

profile is shown in Fig. 4.8(c). The residuals (difference between data and fit) are also 

shown in Fig. 4.8.
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Figure 4.8. Absorbance profile at a pressure o f (a) 5mbar overlaid with best f i t  Galatry 
profile (b) 5mbar overlaid with best f i t  Voigt profile and (c) lOOOmbar overlaid with 
best f i t  Lorentzian profile. Residual plots show the differences between data and the fitted  
spectral profiles.
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The residual o f  the Galatry fit is similar to that o f  the V oigt. However, it is clear that the 

error associated with the Galatry fit is notably less, since it takes account o f  velocity  

changing collisions, which produce a linewidth narrowing effect observable at low  

pressures. The measured spectra in the pressure range 20-1000m bar were m odelled with 

V oigt and Lorentzian profiles in the appropriate pressure regime to extract line centre 

positions and the broadening coefficients. The shift is measured as the difference between  

the wavelength Xp o f  the absorption line centre o f  the sample gas at a given pressure P 

and the wavelength o f  the corresponding reference peak. Shift (A ,p -A ,r ) ,  is positive for 

all values o f  P >  R. The shift coefficient 6, was determined fi'om the slope o f  the linear fit 

to the measured shifts at various pressures, as shown in Fig. 4.9. The shift coefficient was 

measured as a function o f  temperature in the range 300K -1100K  and is shown in Fig.

4.10. The maximum measured spectral shift coefficient with pressure is 2.29x10'^ 

nm/mbar (0.35M Hz/mbar) and occurs at room temperature. A  pressure increase o f  

lOOmbar, leads to a shift o f  35M H z or approximately 1% o f  a pressure broadened 

linewidth. At a constant pressure o f  lOOOmbar, the spectral line shift for an 800K  change 

in temperature is approximately 1.13x10'^ nm (173M H z) or approximately 5.8% o f  a 

typical collision  broadened linewidth. In the case o f  monitoring the H 2 O concentration, 

using a direct detection system  and a reference cell at constant temperature (296K ) for 

line-locking, the above wavelength shift would result in an inaccuracy o f  approximately 

2%.

It is important to monitor how the transition lineshape varies with pressure. In the 

collisional broadening region, neighbouring absorption lines in close proximity can 

overlap. The absorption linewidth was measured as a function o f  pressure and the results 

shown in Fig. 4.11. The broadening coefficient 2y  was determined from the slope o f  Fig.

4.11, which is a plot o f  measured Lorenztian widths in the pressure range 20 < P < 

lOOOmbar. The measured N 2 broadening coefficient at 296K  is 1.54x10'^ nm/mbar 

(2.38M Hz/mbar) compared with 2.68M Hz/mbar at 300K  reported by D elaye et al [11]. 

N 2 broadening was determined for temperatures up to HOOK. The temperature exponent 

(N ) was determined fi-om equation 2.15, using a suitable log plot as shown in Fig. 4.12. 

The slope o f  the line gives a value for the temperature exponent, N =0.348 , which is in 

good agreement with the theoretical predictions, N =0.35 o f  D elaye et al. [11]
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Figure 4.9. Measured spectral line shift versus pressure at 296K. The linear best-fit is 
shown where the shift coefficient is calculated from slope.
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Figure 4.10. Plot o f measured shift coefficient as a function o f  temperature
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Figure. 4.11. Collisional broadened linewidth versus pressure at 296K.
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Any variation in line strength with temperature is another important issue with respect to 

absorption spectroscopy based gas sensing. Hence this parameter was also measured over 

a range o f temperatures 296-HOOK. Absorption profiles similar to that shown in Fig. 

4.8(a), were determined for gas pressures in the range 0-20mbar. The area (A) under each 

absorbance profile was calculated and shown to increase linearly with pressure as 

depicted in Fig. 4.13. The line strength was determined by applying a linear fit to Fig 

4.13, and using the slope to calculate the linestrength from the relationship.

The line strength was determined for a range o f temperatures and is shown in Fig. 4.14, 

together with values obtained fi'om Hitran2000 database.[3] The line strength o f the 

absorption profile at 1.3928um at 296K is summarised in table 4.1, and agrees well with 

values determined elsewhere [3, 12-14].

It can be seen fi'om the graph (Fig. 4.14) that the maximum line strength value (0.019cm'
2 -1atm" ) occurs at 673K and is four times that at 296K. This has obvious implications for 

accurate measurements o f  sample gas concentrations at elevated temperatures. The effect 

o f spectral line strength variations with temperature can be quantified and depending on 

concentration accuracy required, a predetermined temperature dependent correction 

factor can be applied.

Hitran [3] Toth [12]

S Tcm'  ̂atm'M 

Partridge [13] Parvitte [14] measured

0.00590 0.00562 0.005454 0.00580 0.00550

Table 4.1. Summary o f  Line strength values fo r  the absorption profile at 1.3928um 
(296K).
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Figure 4.13, Integrated absorbance o f the best-fit Voigt fiinction at a range ofpressures. 
The temperature was 296K and the path length 110cm. Note that the line strength is 
calculated from the slope.
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Figure 4.14. Measured values o f the linestrength as a function o f temperature in the 
range 300K - HOOK. Also shown are the values obtained from HitranlOOO.
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4.6 WMS 2/measurements

W hile direct absorption measurements are ideal for displaying strong absorption line 

profiles, the use o f  direct detection was found to be a poor method o f  measuring very 

small absorptions. Accordingly, w e have investigated the capability o f  high sensitivity  

wavelength modulation spectroscopy techniques for quantative shift measurements by  

analysing the accuracy with which line parameters can be retrieved by least squares 

fitting procedures. In this w ay the high sensitivity o f  W MS m ay also be useful for line 

parameters measurements in situations for which sufficient sensitivity is not achievable 

for direct detection.

WMS is a w ell-know n technique for high sensitivity optical absorption measurements by  

use o f  diode lasers. Its advantage over direct direction is that it shifts the detection to 

higher frequencies where the 1 /f laser excess noise is reduced [15, 16]. It also removes 

much o f  the base line slope seen in the direct detection measurements. The 2 f  

components were used in the detection measurement o f  H 2O since the 2 f  profile has a 

maximum amplitude, at the gas absorption line centre. The experimental arrangement is 

shown in Fig 4.15, and is similar to the direct detection set-up, but with the inclusion o f  a 

signal generator and two lock-in amplifiers. A  20kH z sine w ave generated by the signal 

generator w as added to the injection current to provide the wavelength modulation. The 

two lock-in amplifiers collected the 2 f  signals and sent them to a PC. A  Lab VIEW ™  

program for generating W MS absorption profiles has been developed specifically for the 

purpose, to extract the typical line-shape and position parameters for the H2 O absorption 

line. The 2 f  spectra were fitted using a non-linear Levenberg-Marquardt sub-routine 

(LabVIEW ™ ) [17], which m inim ises the chi-squared parameter by adjusting the fitting 

parameters. The absorption line used in the direct detection measurements was also 

selected for the W MS measurements.
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Figure 4.15. Schematic o f  the WMS experimental set-up fo r  measurement o f  absorption 
lineshift.

4.7 WMS 2/Results
Voigt, Galatry and Rautian profiles were used to model the measured 2 f  spectra in the 

D icke narrowing pressure region as shown in Fig 4.16. Fig. 4.16, also show s the residuals 

o f  the three profile fits to the measured H2 O lineshape recorded with 5mBar o f  H2 O in the 

cell. It is clear from the residuals in Fig 4 .16 that Galatry and Rautian profiles more 

accurately fit the measured data compared with a V oigt profile, which does not account 

for the narrowing effect [18].

Typically a laser diode based open path sensing system w ill have a reference cell, filled  

with the target gas, in the transmitter to provide the means for locking the em ission  

wavelength o f  the laser to the peak o f  the sample gas absorption line. Fig 4.17 shows the 

2 f  absorption signal fi'om the low  pressure reference cell and the 2 f  absorption signal for 

varying temperature and pressure, from the high temperature cell. The shift is clearly 

apparent, which w ill com promise the accuracy o f  concentration measurement. For a 

pressure difference o f  995mBar at 22*^C as shown in Fig 4.17 (b) the inaccuracy in a 

concentration measurement is approximately 20% compared to an inaccuracy o f  2% at 

800^C shown in Fig 4.17 (d). In a gas sensing system  using W M S, where the em ission  

wavelength o f  the laser is locked using a reference cell the effect o f
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Figure 4.16. 2 f profile at a pressure o f  Smbar (a) overlaid with best-fit Rautian profile 
(b) overlaid with best-fit Galatry profile and (c) overlaid with best-fit Voigt profile. 
Residual plots show the differences between data and the fitted spectral profiles.
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the pressure induced spectral line shift on the targeted feature in the sample gas has a 

larger effect on concentration accuracy (compared with a direct detection system). The 

effect o f this offset may be somewhat reduced by suitable choice o f the reference cell 

pressure. For example with the measurement described above the optimum reference cell 

gas pressure to reduce the effects o f spectral shift is 400mbar.

Shift 4.56 X 10 nm
 5mB

4 200mB

0

Shift 2.291 X 10‘^nm
22"C 22°C5mB

2 0 %  e r r o r  in“  
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Figure 4.17 Measured 2 f  N 2 -pressure induced shifts o f  the H 2 O rotational absorption 
line at (a) 200mBar, 22^C (b) lOOOmBar, 22^C (c) 200mBar, 80 (fC  (d) lOOOmBar, 
800°C



4.8 Conclusion
The effects o f  spectral line shift, line strength and N 2 broadening on the water vapour line 

at 1.3928|j,m for temperatures between 300K -1100K , and their impact on the accuracy o f  

optical absorption based gas sensing has been investigated. Significant spectral 

parameters (S, 2y, N , 6) for this absorption line were measured and were in good  

agreement with values obtained in literature. The high temperature gas cell performed 

w ell and is a simple and inexpensive apparatus enabling spectral characteristic 

measurements at elevated temperatures.

The dual-path direct absorption spectroscopy technique demonstrated above has enabled 

sensitive investigations into spectral changes with temperature and pressure. It has been  

also shown that in a gas sensing system  using W M S, where the em ission wavelength o f  

the laser is locked using a reference cell the effect o f  the pressure induced spectral line 

shift on the targeted feature in the sample gas has a larger effect on concentration  

accuracy (compared with a direct detection system )

The effects o f  these spectral changes were quantified with respect to their impact on the 

accuracy o f  a laser diode based spectroscopic sensing system  em ploying a line locking 

technique. The resultant strategic know ledge gained can be used to facilitate H 2O sensing  

in a non-standard temperature and pressure environment.
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Chapter 5

Simultaneous Multi-Gas Sensing using a Strongly 

Gain Coupled DFB laser diode

5.1 Introduction

Recent progress in the development and deploym ent o f  wavelength division m ultiplexing 

technologies for comm unications systems has lead to a high demand for widely tuneable 

single wavelength lasers, that exhibit a single mode performance com parable with stand 

alone DFB lasers. W idely tuneable laser diodes are also very attractive for m olecular 

spectroscopy because their tuning ability allows scanning o f  a large spectral interval, 

which makes it possible to detect several species o f  a gas mixture simultaneously. 

Recently, a new scheme was proposed by Hong and co-workers, in which a m ulti­

wavelength laser is realised by placing a num ber o f  DFB laser diodes with different 

wavelengths in series (referred to as a laser cascade) [1-3]. This gives an expanded range 

o f  accessible wavelengths and a sim ilar perform ance specification to a typical DFB laser 

diode.

In this chapter the use o f a single strongly gain coupled (SGC) three-sectioned DFB laser 

cascade, configured for stable simultaneous operation at two wavelengths, for the 

detection o f  two gases Hydrogen Sulphide (H 2 S) and Carbon Dioxide (CO 2 ) using 

wavelength modulation spectroscopy (W M S) [4, 5] was investigated. Also observed and 

investigated was thermal cross-talk between the lasing sections (section one and section 

two) when the laser is operated in a dual wavelength emission mode, a configuration in 

which the laser would not be operated for telecom m unication applications. Stabilisation 

techniques to m inimise the effect o f  this cross-talk have been investigated.
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5.2 SGC-DFB Device

The laser is a m ulti-section InGaAsP/InP DFB structure. The unique feature o f  this 

device is that the laser cavity is divided into three cascaded sections (Si, S2 and S3 ) as 

shown in Fig. 5.1.

Si S:
i

S3

\l\j\l\IV j \ j y y / I

Xi < X: < A.3

Figure 5.1. Schematic diagram o f three-section SGC cascaded DFB laser.

Each section has a uniform grating with a different grating pitch. The Bragg wavelength 

o f the front section is the shortest with the Bragg wavelength o f  each section shifted by 

approxim ately 5 nm relative to the adjacent section [6 ]. This allows light to pass 

transparently through the next section in the cascade without being reflected by  the 

corresponding grating reflection band. The sections are separated by isolation trenches, 

which are several micrometers wide, so that each section can be biased independently. 

The laser cascade is m ounted on a heat sink allowing operation in the range -5 °C < T <

50 °C. The SGC is herm etically sealed in a 26-pin butterfly package that contains a 

thermoelectric cooler, therm istor and an optical amplifier. Laser light exits the package 

through a single mode optical fibre.

In normal operation, the SGC laser device is continuously tuned to different wavelengths 

by varying the tem perature between -5°C  < T < 50 °C and biasing one laser section at a 

time with the other two sections biased ju st below threshold to induce transparency. A 

wide tuning range o f  15 nm has been demonstrated [1]. In the experiment described here

51 and S2 were biased simultaneously, in contrast to normal operation, providing a dual
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wavelength emission, with S3 left unbiased. Dual wavelength operation is obtained by 

biasing Si and S2 above threshold, which is approximately 12 mA for each section.

The temperature dependence o f the single mode emission characteristics o f the device 

was measured using an optical spectrum analyser. The 5 nm tuning range for each section 

is shown in Fig. 5.2.

15 9 0 -

15 8 8 -

15 8 6 -

15 8 4 -e
S 15 8 2 -

5 8 0 -

5 7 8 -

5 7 6 -

10 0 10 20 30 40 50

T em p era tu re  (°C)

Figure 5.2, Measured SGC DFB emission wavelength dependence on temperature fo r  the 
three sections at a constant current o f  80 mA for each section, in the temperature range — 
5 ° C<T<50°C.

The wavelength emission tunes approximately linearly with temperature at a rate AA./AT 

= 9.50x10'^ nm/ °C for each section with bias currents o f approximately 80 mA. In Fig. 

5.3 the triple emission spectrum is shown when all three sections are biased 

simultaneously at approximately 50 mA at a laser heatsink temperature o f 3.6 ^C.

Each section lases in a single mode with an average SMSR of 30 dB, the SMSR varied 

between 50-20dB across the temperature tuning range o f the device as shown in Fig 5.4. 

Fine control o f the laser emission wavelength was achieved by adjustment o f the 

injection current to the relevant section. Each section tuned approximately linearly with 

current at a rate AA./AI = 1.43x10' nm/mA. A knowledge o f the spectral performance 

over the temperature and current operational range is another important characteristic in 

assessing the suitability o f these novel devices for sensing applications, as the linewidth
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Figure. 5.3. Triple emission spectrum when all three laser sections are biased 

simultaneously at approximately 50 mA at a temperature o f 3.6 ^C.
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Figure 5.4 SMSR variation with temperature tuning fo r S/ at a bias o f 80mA.
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is a measure o f  the system  resolution. This was determined by the delayed self- 

Homodyne method as described in chapter 3. The em ission linewidth (S i) o f  the SGC- 

DFB laser diode was measured to be consistently < lOMHz with a constant injection  

current o f  80m A in the temperature range 0“C < T < 40*^C.

5.3 Near-Infrared Spectra of Target gases.
5.3.1 Hydrogen Sulphide (H2 S)

H2S is a highly toxic and flammable gas and is present in many processes in the oil and 

waste treatment industries, where concentrations levels above lOppm are considered  

hazardous [7], and thus is a valuable target species to monitor. The near-infrared 

spectrum o f  H2S has been the subject o f  many high-resolution studies [8-10]. This band is 

actually com posed o f  three overlapping combination and overtone bands nam ely the 

V1+V2+V3, 2 vi+V2 and V2+ 2 V3 bands centred at 1.58 p.m, the first one being the most 

intense which is shown in Fig. 5.5 (a). In this work w e targeted the H2S combination  

band V1+V2+V3 in the 1.58 |j,m spectral region with the single frequency em ission from Si.

5.3.2 Carbon dioxide (CO2)

CO2 is an important atmospheric constituent that exists at an average concentration o f  

approximately 356ppm [11] and is an important greenhouse gas. A s a major product o f  

hydrocarbon combustion, CO2 em issions are an indicator o f  com bustion efficiency and 

have contributed to a global increase in atmospheric CO2 concentrations to their current 

levels. These high levels play an important role in the global energy balance, and as a 

result anthropogenic CO2 em issions might be regulated in the future in the form o f  carbon 

taxes. A  FTIR plot o f  CO2 near infrared spectra is shown in Fig 5.5 (b). A s the band 

labels on the plot reveal, the NIR is populated by weak overtone and com bination bands. 

In this thesis w e targeted the overtone-combination band 2 v i+ 2 v 2+ v 3 in the 1.58 |j,m 

spectral region [ 1 2 ] with the single frequency em ission from S2 .
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Figure 5.5 (a) Absorption features from  H2S database [8] in the spectral region o f  the 

SGC-DFB (b) CO2 's FTIR spectra with absorption bands labelled.



5.4 Experimental Details

The vibrational overtone/combination absorption line-strengths o f gases in the near- 

infrared region of the spectrum are significantly less than the fundamental line-strengths 

in the mid-infrared. Hence high sensitivity WMS techniques were used for the 

simultaneous detection o f HjS and CO2 described here. WMS is a well known technique 

for high sensitivity optical absorption measurements by use o f diode lasers. Its advantage 

over direct direction is that it shifts the detection to higher frequencies where the 1/f laser 

excess noise is reduced. It also removes much of the base-line slope seen in direct 

detection. The 2 f components were used in the detection measurement o f H2 S and CO2 

since the 2f profile has a maximum amplitude at the gas absorption line centre. The SGC 

laser was used in the WMS experimental set-up shown in Fig. 5.6.

LIA 2

LIA 1
cu rre n t

1.7kHz 300Hz

CO2 HsS photodiode
Control
electronics

Figure 5.6. Schematic diagram o f dual modulation WMS experimental set-up.

Simultaneous detection o f H2 S and CO2 using WMS is achieved by independently 

modulating the front and middle sections at different frequencies (Si at 300 Hz and S2 at
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1.7 kHz) with a current modulation o f 3.5 mA (Si), and 2.5mA (S2 ) (equivalent to a 

modulation depth 2.2 times the halfwidth o f the absorption line). A pair o f lock-in 

amplifiers operating at 2 f was used to process the WMS signals. These frequencies were 

deliberately chosen so that multiple relationships are avoided, reducing the potential 

cross-talk between the WMS detection systems. Little information regarding the optical 

amplifier was available from the manufacturer o f the laser cascade and its full 

characterisation was not undertaken as part o f the work described here. However, its 

noise characteristics as a function of bias current, in respect o f its effect on laser emission 

was investigated. A bias current at 20 mA was found to give optimum noise performance 

and this value was used throughout the experiment. Under these conditions the typical 

optical output power o f the laser with a section bias current of 60mA was 0.2mW for 

each section.

The experimental set-up involved directing the output o f the device through two stainless 

steel sample cells with antireflection coated quartz windows placed in series containing 

500 mbar o f H2 S and CO2 and on to an InGaAs detector. For ease o f measurement the 

magnitude o f the signal levels from the H2 S and CO2 were arranged to be comparable by 

using a path length o f 1 m for CO2 and a path length o f 0.17 m for H2 S.

5.5 Simultaneous detection of H2 S and CO2

The dual independently modulated laser emission lines from Si and S2 were 

simultaneously scanned (non-repetitively) across the H2 S and CO2 rotational absorption 

lines. The bias current of Si and S2 were individually adjusted such that the wavelength of 

the two laser emission lines correspond with two rotational H2 S and CO2 absorption lines 

respectively, when the laser temperature was at 3.6 ^C. The measured second harmonic 

absorption signals are shown in Fig. 5.7. The wavelength o f the H2 S and CO2 absorption 

lines detected by the emission from Si and S2 were 1576.1 nm and 1581.0 nm 

respectively, as shown in Fig. 5.8. The identification o f the target gas lines was confirmed 

by correlating its spectral position with H2 S and CO2 absorption lines fi'om the HITRAN 

database [12]. Targeting these lines the detection limits o f the gases were measured by 

buffering the cells with Nitrogen (N2 ) to a total pressure o f 1000 mbar. N 2 is transparent
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Figure 5.7 Measured simultaneous 2 f  absorption spectra o f H2S with the emission from  
Si and CO2 with the emission from S2, obtained by temperature tuning in the range 0°C  < 
T < 20 °C while the drive currents o f  S/ and S2 were held constant at 80mA and 54mA 
respectively.
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Figure 5.8 Measured WMS absorption spectrum o f H2S and CO2 in the 1576 nm < X < 
1581 nm region.
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at this wavelength so its only contribution is to simulate atmospheric pressure 

measurement conditions. High-resolution spectra o f these absorption lines were taken by 

current-tuning the emission wavelength from Si and S2 , while holding the laser

30 ms was set on the lock-in amplifier with a roll-off factor o f 6dB/octave. This 

corresponds to an equivalent-noise detection bandwidth o f 8.33Hz. The low detection 

limits were not directly measured but extrapolated from the signal to noise ratio (SNR) o f 

the absorption signals. The SNR o f the H2 S and CO2 absorption lines in Fig. 5.9 were 

calculated by measuring both the magnitude o f the absorption and the high frequency 

noise over an integration time 30ms set by the lock-in amplifier. The SNR was calculated 

using equation (5.1).

where Sg is the signal level at the gas absorption line centre. Sp is the signal level with no 

gas present. The measured value ASn is the peak-to-peak spot noise. This value is 

obtained by assuming that the data is within a confidence interval ±2.5 times the standard 

deviation, a„. SNR’s o f 1750 and 4498 were estimated, corresponding to minimum

detection levels are somewhat better than those achieved using widely tuneable multi­

section DBR devices recently reported [13]. O f course, to achieve these detection limits 

in real-world applications, low frequency noise contributions from, for example, laser 

distortion and optical interference fringes which are not included here would need to be 

minimised. Also, the determination o f sensitivity limits is best achieved using low- 

concentration samples. However, for simplicity, relatively large gas concentrations were 

used, since in the case o f H2 S accurate calibration o f low concentration levels is difficult

temperature constant at 3.6 ^C, and are shown in Fig. 5.9. An integration time constant of

______
N ~  AS.

(5.1)
n

5 n (5.2)

1 / 9  1 / 9detection limits o f 7 ppm.m.Hz' and 66 ppm.m.Hz' for H2 S and CO2 respectively.
5 1/2This is equivalent to an absorption detectivity for the system o f 1.51x10' Hz' . These
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Figure 5.9 Second harmonic WMS profile o f  the H 2S absorption line (a) observed while 
tuning the emission wavelength o f  Sj by current at a laser temperature o f  3.6 , mod-
depth o f 3.5mA and (b) Second harmonic WMS profile  o f  the CO2 absorption line 
detected with the emission wavelength o f S2 at a laser temperature o f 3.6 ^C, mod-depth 
o f 2.5mA.
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given its great affinity for water vapour and its propensity for adsorption onto the w alls o f  

the sample cell [14],

5.6 Feedback control and stabilisation

One characteristic o f  the SGC laser when operating in a dual wavelength em ission mode 

is thermal cross-talk [2] between the lasing sections which com plicates somewhat the 

setting o f  em ission wavelength o f  Si and S2 . Fig. 5.10 shows the effect o f  tuning the 

em ission wavelength o f  Si by current across the H2 S absorption line, as a function o f  the 

bias current in S2 at a constant laser temperature o f  3.6 ^C. The current-induced thermal 

interaction results in the temperature and hence the em ission wavelength o f  Si increasing 

with S2 bias current. A  reduction in the Si bias current o f  4.5 mA is required to maintain 

the em ission wavelength constant when the bias current in S2 is increased from 0 to 60 

mA as shown in Fig. 5.10.
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Figure 5.10 Second harmonic WMS profile o f the H2S absorption line at 1576.Inm 
observed while tuning the emission wavelength o f  Sj by current as a function o f S2 bias 
current.
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The current reduction corresponds to a temperature increase in S| o f  1.4 The decrease 

in amplitude o f  the Si WMS signal as the bias current in S2 is increased is a result o f  the 

output power o f  Si decreasing due to the emission from S2 being amplified by Si. 

Normalising the 2 f  signal to the power can compensate for the power decrease. As the 

power at the detector associated with Si and S2 cannot be distinguished, the I f  

components can be used for normalisation [15]. The current modulation on S2 also affects 

the emission wavelength o f  Si. The influence o f  the thermal cross talk on the setting o f  

the emission wavelength o f  Si bias current, necessary to maintain constant emission 

wavelength, is depicted as a function o f  S2 bias current in Fig. 5.11.
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Figure 5.11 Influence o f  thermal cross-talk between the lasing sections. The adjustment 
in Si bias current necessary to maintain constant emission wavelength, is depicted as a 
function o f  S2 bias current.

For example when the bias current o f  S2 is modulated with a modulation depth o f  2.5mA  

this corresponds to a wavelength shift in the Si equivalent to a bias current change o f  

0.18mA (2.57x10'^ nm). This may be derived from the slope o f  the fitted line in Fig. 5.11. 

This modulation results in a broadening o f  the measured 2 f  line shape by approximately

slope = -0.072

0 10 20 30 40 50 60

S Bias current (mA)
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8%. W e have observed that the transfer function (slope Fig. 5.11) does not change 

appreciately from the D.C value, over the frequency range used.

For continuous long term monitoring o f  a gas, the laser wavelength o f  Si must be fixed at 

the gas line centre, where the peak height o f  the 2 f  signal is related to the concentration. 

In the absence o f  active control o f  the laser wavelength, the wavelength set by Si will 

vary due to changes in the S 2 bias current. The use o f  an optical absorbance for 

wavelength stabilisation is generally known as line-locking [16, 17]. To overcom e the 

effect o f  thermal cross-talk a line-locking technique for active control o f  the Si em ission  

wavelength is introduced. The experimental set-up for the line-locking stabilisation  

technique is illustrated in Fig. 5.12.

error signal 3f LIA

c u r r e n t

2f LIA
Sample gas cell

Wavemeter

Figure 5.12 Schematic diagram o f line locking set-up.

Demodulation o f  the detector photocurrent at 3 f  by a lock-in amplifier provides the 

wavelength stabilisation signal. The 3 f  signal is preferred over the much stronger I f  

signal because I f  signals are characterised by baseline offsets that occur as a result o f  

laser power changes with current (wavelength). The 3 f  signal o f  the H2 S line (as shown in 

Fig. 5.12) from the lock-in amplifier is zero at the line centre w hile deviations from the 

line centre cause the output to vary approximately linearly with the wavelength error.
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This error signal is fed back to the current source o f  Si to lock the em ission wavelength  

o f  Si to the absorption line o f  interest.

The result o f  this line-locking stabilisation technique can be seen in Fig. 5.13. With the 

line-locking off, the em ission wavelength o f  Si can be seen increasing as S2 bias current 

is increased from 0 to 60 mA. This is a result o f  the increase in temperature, which shifts 

the em ission o f  Si to longer wavelengths. With the line-locking operating, the em ission  

wavelength from Si is held at the gas absorption line centre as S2 bias current is 

increased. The bias current in Si is being reduced by the 3 f  wavelength error signal to 

compensate for this increase in temperature as shown in Fig. 5.13. The combination o f  

line-locking and wavelength modulation spectroscopy suggests a method for continuous 

monitoring o f  a selected gas in which line-locking maintains the laser wavelength  

coincident with the centre o f  the absorption line o f  the target gas, w hile the concentration 

o f  a sample can be determined using demodulation at 2f.

The line-locking technique may also be used to lock the em ission w avelength o f  S 2 to the 

CO 2 absorption line, enabling independent operation o f  each section.
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Figure 5.13 Emission wavelength o f  Si as a function ofS: bias current with line locking 
off and on. The Si bias current is also depicted showing the effect o f the feedback.
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5.7 Conclusion

The first application o f a SGC DFB laser cascade to simultaneous multigas sensing by

operating the device in a dual wavelength emission regime is reported. Using a dual
1/2WMS technique, detection sensitivities of 7 and 66 ppm.m.Hz' for H2S and CO2 

respectively were obtained. The operation to select the desired dual wavelength is simple 

and straightforward. However a characteristic o f operating the SGC laser in a dual 

wavelength emission mode is the introduction o f thermal cross talk between the lasing 

sections, which complicates somewhat the setting o f the emission wavelength o f Si and 

S2. The effect o f the thermal cross talk, in particular its influence on lineshape profiles, is 

an area of ongoing study.

A line-locking technique to stabilise the emission wavelength o f Si has been 

demonstrated. The line-locking technique can also be configured so as to simultaneously 

lock the wavelength o f S2 to the CO2 absorption line. The combination of the two 

suggests a method for simultaneous monitoring o f two selected gases.

Initial measurements described here confirm that SGC lasers developed for 

telecommunications industry are feasible light sources for sensitive absorption based 

simultaneous gas detection.
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Chapter 6

Multi-Species Gas Sensing using a SG-DBR 
and MG-Y laser Sensing and Absorption Line 
Identification

6.1 Introduction

Widely tuneable single frequency lasers, such as sampled grating distributed Bragg 

reflector and modulated grating Y-branch laser diodes recently developed for optical 

communications, present exciting opportunities for applications in absorption based 

multi-gas sensing regimes. Such wide wavelength tuning is not possible with 

conventional single frequency DFB and DBR lasers, and hence their use is limited to the 

detection o f one gas. Widely tuneable laser diodes are more complex than standard DFB 

lasers used for single-species gas sensing and have undesirable artefacts in their operating 

characteristic. The tuning ranges o f the widely tuneable lasers have been characterised 

and look-up tables, which yield high wavelength accuracy and high SMSR across the 

tuning range.

The use of widely tuneable laser diodes as sources in a multi-gas analysing system using 

wavelength modulation spectroscopy and second harmonic detection o f acetylene 

hydrogen cyanide and ammonia have been investigated. The critical issues relevant to the 

application o f such widely tuneable diode lasers to spectroscopic based high selectivity 

multi-gas sensing are outlined. The general emphasis o f the work described in this 

chapter is not on detection limits but to selectively detect three gases with overlapping 

absorption bands.
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Tuneable lasers are important components for next generation dense wavelength division 

m ultiplexing fibre optic networks. The wide tuning range and ability for fast wavelength 

switching m ake widely tuneable lasers especially attractive for m ulti-channel DWDM 

networks. To manage the channel wavelength o f  DW DM systems, wavelength- 

m onitoring techniques are required. The use o f multiple gas absorption lines for 

wavelength monitoring potentially offers a high degree o f accuracy. The gas absorption 

lines have a typical FW HM  o f  a few hundred M Hz at low pressure and their wavelength 

dependence on temperature is such that active tem perature control and stabilisation, 

which is necessary for other methods, is not required. The use o f multiple gases to 

provide unique wavelength identifiers to provide monitoring o f  the lasing wavelength 

have been investigated.

6.2 Advanced static characterisation.
M ulti-species gas sensing using widely tuneable lasers poses unique challenges compared 

with telecommunications applications o f  these devices and also compared with state-of- 

the art single-species gas sensing. By now, it should be clear that the control o f  integrated 

tuneable laser diodes introduced in chapter three is rather complex. W avelength control 

in a widely tuneable laser requires the alignment o f reflection peaks from two grating 

mirrors with a cavity mode at the desired wavelength. This entails control o f four 

separate currents to achieve complete wavelength coverage over the entire tuning range. 

Characterisation o f these devices and selection o f  the optimum bias current operating 

points is important to demonstrate suitability for multi-gas sensing. These operating 

points will be selected on the basis o f  device linearity and distortion, output power and 

the ease o f  tuning to the relevant gas absorption lines.

The two control currents, which offer the m ost information with respect to characterising 

the laser devices, are the two coarse reflector-tuning currents. In the case o f  the SG-DBR 

these currents are the front and back grating currents { Ip ,  I b ) ,  and for the M G-Y laser the 

left and right grating currents (II, I r) .  The extended tuning ranges o f  the devices were 

m easured using the experimental set-up illustrated in Fig 6.1.
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Figure 6.1 Experimental arrangement fo r  measuring characteristics.

The current sources biasing the laser, the optical wavelength meter, optical spectrum 

analyser, RF analyser and power meter are controlled by a computer using a GPIB card. 

With this arrangement the coarse tuning currents are set autonomously and the power and 

wavelength are measured at each point. Fig 6.2 (a) is an example o f a wavelength-plane 

for the SG-DBR as a function o f the coarse tuning currents. The active section was biased 

at 120mA ( I g ) ,  no current was applied to the phase section and the heatsink temperature 

was fixed at 20°C. As illustrated in Fig 6.2 (b), on the wavelength surface, several 

plateaus are apparent, each corresponding to the coincidence o f a pair of reflectivity 

peaks o f the two SG-DBR mirrors and termed a super-mode. Along the super-mode, 

smaller wavelengths hops can be observed, corresponding to cavity mode jumps. Fig 6.3 

is a plot o f the wavelength plane for the MG-Y laser with the active section biased at 

150mA, phase section left unbiased and a heatsink temperature o f 25°C. The contour 

plots in Fig 6.2 and 6.3 clearly identify eight super-modes per device with a wavelength
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tuning range between 1520-1570nm, which is equal to the repeat mode spacing o f 50nm. 

The repeat mode wavelength spacing occurs when the overlap o f the reflection spectra of 

both grating reflections repeat.

The SMSR was measured as a function o f the two coarse tuning currents for the SG-DBR 

and MG-Y laser as shown in Fig 6.4. The optical spectrum was measured for each 

operating point in the plane, and the SMSR value extracted as described in chapter 3. The 

plots clearly show a well-defined region in the SMSR value as the laser undergoes a 

super-mode change. In between these mode boundaries, there is a large, almost flat 

region, in which any chosen operating point can be guaranteed to have a SMSR of 35- 

40dB for the SG-DBR and 40-45dB for the MG-Y laser. The higher value for the MG-Y 

laser can be attributed to the additive Vernier effect. However the SMSR falls off 

gradually toward the super-mode boundaries in the MG-Y laser, resulting in large areas 

o f poor SMSR compared with the SG-DBR.

Fig 6.5 are examples o f power-planes for each o f the device type as a function of their 

coarse tuning currents. The phase and gain currents are kept constant. Effectively they 

represent a build-up o f Ll-curves. The sudden jumps in power can be attributed to mode- 

hops. A larger power variation with tuning is observed in the SG-DBR compared with the 

MG-Y laser, resulting from free carrier absorption in the front grating as light exits the 

laser though this mirror. In the MG-Y case light can exit the cavity without absorption 

enabling higher and more uniform power variation across the tuning range.

The contour plots shown in the previous figures contain all the relevant information for 

setting the emission from the laser to a specific wavelength, output power and SMSR. 

Any point on these contour plots can be selected with the correct front and back grating 

current combination. From a practical point o f view it should be possible to set the laser 

wavelength to a certain wavelength using simple digital commands. A computer should 

then translate these into the appropriate values o f the lasers control currents. For this, a 

look-up table o f operation points is needed.
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Figure 6.2 (a) Emission wavelength o f  the SG-DBR laser as a function o f  the fron t and 
back tuning currents, I f  and I b , at fixed  phase current Ip =  0mA and active section 
current Ig =120mA. (b) 3-dplot o f  figure 6.2(a) repeat mode spacing clearly visible.
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Figure 6.3 (a) Emission wavelength o f  the M G-Y laser as a function o f  the left and right 
tuning currents, I I  and I r, at fixed  phase current Ip  =  0mA and active section current I c  
=150mA. (b) 3-dplot o f  figure 6.3(a), eight super-modes clearly seen.
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Figure 6.4 (a) Measured map o f  SMSR fo r  the M G-Y laser as a function o f  the left and 
right tuning currents, I i and Ir, at fixed  phase current Ip =  0mA and active section 
current Ic =150mA. (b) Measured map o f  SMSR fo r  the SG-DBR laser as a function o f  
the fron t and back tuning currents. Ip and Ib, at fixed  phase current Ip = 0mA and active 
section current Ig =120mA.
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0mA and active section current Ic =120mA.



6.2.1 Characterisation methods to generate a frequency look-up tables
In order to tune the widely tuneable laser to a particular wavelength with a certain output 

power, four control currents have to be adjusted. To make matters worse, any change in a 

single control current will affect both the wavelength and the power. From a gas sensing 

point of view it should be possible to tune the laser continuously across a number o f gas 

absorption lines using simple digital commands. For this, a look-up table o f operating 

points is used. The generated look-up tables should naturally yield high wavelength 

accuracy, high SMSR and preferably a high degree of power uniformity across the tuning 

range. The aim o f this section is to find the correct values of current to inject into each 

section to tune the emission wavelength quasi-continuously across the extended 

wavelength tuning range of the devices.

To accomplish this a best-fit line to achieve optimum laser performance is chosen on the 

basis that the distance to both super-mode jumps is maximised so that mode stability is 

optimised, as illustrated in Fig. 6.6.

Figure. 6.6 Measured contour map o f the emission wavelength o f SG-DBR laser as a 
function o f  front and back reflector currents. The dashed lines indicate the (If, Isj-pairs 
that represents the best-fit line chosen on the basis that the distance to both super-mode 
jumps is maximised.
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The dashed lines shown in Fig 6.6 clearly follow tracks along the wavelength contour 

that are situated approximately half-way between the super-modes jumps, indicating that 

a pair of reflectivity peaks remains reasonably well aligned. Fig 6.7 plots the wavelength 

as a function o f {If, /sj-pairs along the trace indicated by the arrow in Fig 6.6.

1544-
M ode H opssc

^  1542-
C
<u

>
03

^  1540-

Front, Back Current

Figure 6.7 Measured wavelength as a function o f  I f ,  I b along the trace indicated by the 
arrow in Fig 6.6.

When the wavelength o f minimal round trip loss is tuned without adjusting the roundtrip 

phase, the emission wavelength jumps to an adjacent longitudinal mode i.e. when the 

adjacent mode experiences a lower loss (discontinuous tuning). Fig. 6.8 plots the 

wavelength as a function o f Ip, Ig for two different values of the phase current to illustrate 

how to access the wavelengths between the mode hop in Fig. 6.7, by adjustment o f the 

phase section current. Therefore, in order to get mode-hop-free tuning across the super­

mode, the front and back grating currents have to be characterized as a function o f phase 

current. The results o f which are shown in Fig 6.9, which shows the wavelength as a 

function o f the phase current and linked front and back grating current for one super­

mode o f the SG-DBR.

Again a number of plateaux are obtained, which now however correspond to individual 

longitudinal modes. The tuning traces are again located roughly halfway between two
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longitudinal mode hops, so these operation points yield a high SMSR. In order to 

calculate a look-up table covering the full tuning range o f the laser, this has to be 

repeated for each o f the I b, If  tracks in Fig 6.6.

1538-
Phase current = 0mA 
Phase current = 10mA1537-

s
1537-

00
C 1536- 
W

>  1536- 
cd

^  1535-

1535
Front + Back Grating current

Figure 6.8 Measured emission wavelength as a function o f  Ip, h  as a function o f  phase 
section current.

-6
X 10 

1.536 s

Figure 6.9 Measured emission wavelength as a function o f If, h  os a function o f  phase 
section current. The dashed line illustrates the (h, Inj-pairs the represent the best-fit line 
chosen on the basis that the distance to both longitudinal mode jumps is maximised.
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In summary the procedure used to generate the wavelength look-up tables for the SG- 

DBR consists o f the following steps:

❖ Measure the wavelength on a two-dimensional grid o f front and rear reflector 

currents. Phase and active section currents are kept at a constant value.

❖ Calculate (Ip, lB)-pairs for the best-fit line chosen on the basis that the distance to 

both super-mode jumps is maximised. This is repeated for each super-mode.

❖ Generate a table o f front and back reflector currents versus wavelength, which 

covers the desired tuning range. This table defines a number of tracks in the (Ip, 

Ia)-plane.

❖ The tracks in the (Ip, lB)-plane for each super-mode are scanned as a function of 

the phase section current.

❖ Calculate (Ip, Ib v  Ip)-pairs for the best-fit line chosen on the basis that the 

distance to both longitudinal-mode jumps is maximised. This is repeated for each 

super-mode.

❖ Finally a table o f front, back and phase section currents versus wavelength, which 

covers the desired tuning range is generated.

The same procedure for generating the look-up table is applied to the MG-Y laser.

The look-up tables generated for the SG-DBR and MG-Y laser were then used to scan the 

emission wavelength across the extended tuning range o f the lasers as a function of 

wavelength and SMSR as illustrated in Fig 6.10. For both lasers a SMSR between 35- 

45dB is obtained. Irregularities in the wavelength tuning are observed at certain regions. 

These observations indicate that mode hops occur and it is therefore difficult to tune the 

laser to these particular modes. On closer inspection o f Fig. 6.10 it becomes apparent that 

in between these mode hops the laser tunes continuously and performs similarly to a 

single-section DFB.
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Figure 6.10 (a) Measured SMSR and emission wavelength for the look-up table 
generated fo r  the MG-Y laser, (b) Measured SMSR and emission wavelength fo r the look­
up table generated fo r the SG-DBR laser.
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6.3 Application to gas sensing
The aim o f  this section is to detail the detection o f  multiple gases using widely tuneable 

laser diodes (SG-DBR, MG-Y) in a WMS detection scheme. Many gas species have 

overtone and combination bands in the near infrared region o f  the spectrum. Some o f  

these gases with overtone/combination bands in the near infrared are CH4 , HF [1], HCN 

[2], NH 3 [3], H2 S [4] , CO2 [5], C2 H2 [6 ], are shown in Fig. 6.11. All o f  these gases have 

been detected using single frequency telecom lasers, using WMS or FMS with harmonic 

detection. These high sensitivity detection techniques are particularly required in gas 

sensing applications at near infrared wavelengths since absorption band strengths are 

significantly less than in the fundamental absorption band regime. However, since the 

DFB laser diode has a narrow wavelength tuning range, only one gas can be targeted per 

device except where absorption features overlap [7]. This multiple device system quickly 

becomes complex and costly which is undesirable for implementation in a sensor for 

industrial applications as the number o f  gases to be detected increases [8 ]. Replacing all 

o f these DFB lasers with a single widely tuneable laser device will reduce the complexity 

o f the detection system. The chosen targeted gases, C2 H2 , HCN and NH 3 all have 

overtone and combination bands in the 1.55)^m region o f  the spectrum.
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Figure 6.11 Absorption lines o f  some environmentally important gases in relation to the 
tuning ranges o f  widely tuneable lasers
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6.3.1 Experimental
A schematic o f the experimental set-up for multi-gas detection is shown in Fig 6.12. The 

set-up includes a system for WMS with second harmonic detection and an etalon for 

spectral analysis of the widely tuneable laser output. The fibre-coupled output from the 

laser was split into five paths (referred to as first, second, third, fourth and fifth paths), 

using two 1x2 and one 1x3 fibre splitter. The first three paths were sent through the 

individual gas cells and onto InGaAs photodiodes. The gas cells with fibre input and 

output are 16.5cm in length and contain SOmbar HCN, 50mbar NH 3 and a combination 

cell containing 5mbar C2 H2 and 5mbar HCN, this calibrated gas mixture is thus 

convenient for demonstrating simultaneous detection o f both HCN and C2 H2 . It was not 

possible to include NH 3 in this gas cell due to its polar nature, which makes it a very 

“sticky” molecule that adsorbs to most surfaces [3]. The fourth path was directed onto a 

detector to record the reference intensity. The fifth beam was collimated and sent through 

an etalon with a FSR of 18.61 pm and onto a InGaAs detector to monitor the laser-tuning 

rate. To reduce back reflections o f the laser light from the fibre-to-air interface in the 

connectors, angle polished connectors (APC) that have a return loss o f 60dB were used. 

Furthermore to reduce Fabry-Perot effects in the fibre-lens-gas cell interface, the cell was 

equipped with wedged (0.5 degree) glass windows. Also the cell windows are coated 

with a broadband anti-reflection coating.
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Figure 6.12 Experimental arrangement

photodiode 5

126



6.3.2 Results

6.3.2.1 Grating Modulation
Modulation o f the emission wavelength of widely tuneable lasers is normally achieved by 

modulating the current to the gain section but this is also accompanied by an unwanted 

residual amplitude modulation (RAM) in the laser output power. Since the harmonic 

signals are derivative-like in shape the RAM appears as an offset in the 7/baseline and to 

a lesser extent in the 2 f  baseline. One possibility for improving existing system 

configurations is to take advantage o f the unique features o f widely tuneable devices. For 

example, with the SG-DBR, modulating the passive front and back grating or the phase 

sections reduces the large amplitude modulation associated with modulating the gain 

section.

The three modulation schemes, gain, grating and phase modulation, were applied in turn 

to the SG-DBR and its emission wavelength was scanned across a HCN absorption line at 

1529.5 nm. The three modulation techniques are compared and the results shown in Fig 

6.13. As expected, a significant DC offset in the 7 / trace is observed for when gain 

modulation is used, the magnitude o f this offset is proportional to the laser power 

incident on the detector. Hence detection at 7 / is sensitive to fluctuations in the laser 

power. In contrast, detection at 2 f  produces negligible DC offset and further reduces the 

effect of laser power fluctuations, however an asymmetry in the 2/lineshape is observed 

when gain modulation is used. It is clear from Fig 6.13 (b, c), that the offset due to the 

RAM is significantly reduced in I f  harmonic detection, when grating and phase 

modulation is used, indicating the possibility for improved detection sensitivity. Table 6.1 

summarises the results.
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Figure 6.13 Measured If, 2 f absorption signal o f  HCN line at 1529.5 nm while 
modulating the (a) gain (b) phase (c) grating section o f a SG-DBR.
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Modulation Gain-section Grating-section Phase-section

I f  baseline offset 0.215 0.017 0.007

2f  baseline offset 0.00095 0.00054 0.00002

Spot noise 0.007 0.0003 0.00026

Table 6.1 Passive section modulation results fo r  the SG-DBR.

W hen the passive sections are modulated, frequencies o f  about 200M Hz [9] can be 

reached compared to at least one order o f  magnitude greater for the gain section. The 

reduction in the m odulation frequency limit is caused by the longer recom bination time in 

passive sections, compared with the gain section where the stim ulated recombination 

reduces the recom bination time. This lower modulation frequency restricts the grating 

m odulation scheme to use in W MS systems, where modulation frequencies much lower 

than the absorption halfwidth o f  absorption lines are used. Further work is required to 

optimise the grating m odulation technique hence m odulation o f the gain section was 

employed in this work.

6.3.2.2 Multiple-species gas sensing
The target gases HCN C2H2 and N H 3 all have overlapping absorption bands within the 

tuning range o f  the lasers. The ability to selectively detect three gases with overlapping 

absorption bands by accurately tuning the emission wavelength o f  the SG-DBR and MG- 

Y laser to a position where individual absorption lines do not coincide is now 

demonstrated. To the best o f  our knowledge this is the first application o f  a M G-Y laser 

in a gas sensing application. The emission wavelength o f  the SG-DBR and M G-Y laser 

was tuned across the absorption bands o f  the three gases from 1529 to 1560nm using the 

look-up table generated in the previous section and the 2 f  outputs from the lockin 

amplifier and displayed in Fig 6.14 for the SG-DBR and Fig. 6.15 for the M G-Y laser 

respectively. The spectra shown in Fig 6.14 and Fig. 6.15 was not optimised for 

sensitivity but for selectivity (m < 2 .2 ) so as to resolve all the absorption lines as 

effectively as possible.
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Figure 6.14 M easured 2 f  absorption spectra o f  (a) H CN (b) NH3 (c) C2H 2  and HCN  
when the emission wavelength o f  the SGDBR was swept from  1529 -1 5 4 5nm.
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Figure 6.15 Measured 2 f  absorption spectra o f  (a) H CN (b) NH 3  (c) C2H 2  and HCN  
when the emission wavelength o f  the M G-Y laser was swept from  1529 -1559nm.
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Over limited tuning regions between mode-hops across the scan, the laser tunes 

continuously and performs similarly to single-section DFB laser diodes, so we expect 

detection limits to be similar to those reported in the previous chapter for the SGC-DFB. 

Fig 6.16 and Fig. 6.17 display regions where overlapping absorption lines do not coincide 

thus enabling multi-gas sensing. Once the regions where the spectra o f the individual gas 

absorption lines do not coincide are identified, the emission wavelength o f the laser can 

be switched to any number o f lines where the peak height can determine the 

concentration. This is a powerful demonstration o f high specificity gas sensing 

achievable using widely tuneable lasers by probing specific rotational features in the 

optical absorption spectrum of the target species. As can be seen in Fig 6.14, the three 

gases contain approximately 50 absorption lines each within the tuning range of the 

widely tuneable lasers. The choice o f which line to use for each gas is an optimisation 

problem with compounding complexity as the number o f target gases increases. Relevant 

parameters are absorption linestrengths, required sensitivity and laser tuning and 

modulation characteristics. Also a favourable line may be overlapping with a weaker 

absorption line o f another gas. The approach to this problem was to develop an algorithm 

to identify gas lines and the particular tuning currents to tune the emission wavelength to 

each line so the laser can be switched easily and accurately to values that coincide with 

the unique absorption feature o f several gases in a multi-gas environment. The gas 

absorption lines are identified and are absolute wavelength references that can be applied 

to applications in DWDM for monitoring the emission wavelength o f the laser. A line 

identification technique and results are outlined in the next section.

6.4 Line Identification 

6.4.1 Introduction
Tuneable lasers are important components for next generation dense wavelength division 

multiplexing (DWDM) fibre optic networks [10, 11]. The wide tuning range and ability 

for fast wavelength switching make the SG-DBR laser especially attractive for multi­

channel WDM networks. The fi'equencies to be used in wavelength division multiplexing 

(WDM) systems have recently been standardised by the International
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Telecom munications Union. A regularly spaced frequency grid, anchored at 193.1 THz 

(1555.52 nm ), with a channel spacing o f  50 GHz (0.4nm) or 100 GHz (0.8 nm), was 

specified . To keep up with capacity demands the num ber o f channels will probably have 

to be increased even further, by reducing the channel spacing down to 25 GHz (0.2nm). 

To m anage the channel wavelength o f  DW DM  systems, wavelength-m onitoring 

techniques such as the use o f  arrayed-waveguide grating [12], fiber grating [13], active- 

layer junction voltage detection [14], and etalons [15] have been reported. In addition to 

these techniques with their characteristic advantages and disadvantages, the use o f 

m ultiple gas absorption lines for wavelength m onitoring offers the highest degree o f 

accuracy. The gas absorption lines have a typical FW HM  o f  a few hundred M Hz at low 

pressure, and their wavelength dependence on tem perature is such that, active 

temperature control and stabilisadon, which is necessary for other methods, is not 

required.

The use o f  reference gases to provide unique wavelength identifiers to characterise the 

device and provide m onitoring o f  the lasing wavelength have been investigated. We have 

shown that the tuning behaviour o f  the SG-DBR can be characterised using a 

combination o f reference gases (acetylene, hydrogen cyanide, amm onia) in a cost 

effective manner.

6.4.2 Identification of Gas Lines
The recorded spectroscopic data files that include the 2 f  absorption scans from the three 

gas cells, reference intensity, and etalon traces were autom atically processed with a 

LabVIEW  program m ed algorithm  to identify the gas lines. This procedure is capable o f  

recognising the m ode hop fi'ee regions and identifies the gas absorption lines located in 

these continuous tuning regions. Etalon transm ission peaks are used to get accurate 

wavelength differences AX  between gas absorption lines. These wavelength differences 

are then com pared w ith a database o f  absorption lines [16, 17], to identify the absorption 

lines and give an absolute wavelength measurement. This is work in progress but the 

general principle o f  operation is outlined with some prom ising initial results.
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The line-identification program works by spHtting the wavelength scans into segments o f 

continuous tuning regions. This is achieved by monitoring the reference intensity and 

mode-hops are identified by jumps in the power as illustrated in Fig 6.18.

C urrent  t u n i n g

Figure 6.18 Reference power used to identify mode hops

To calibrate the tuning rate within the segment and measure the separations between the 

gas absorption lines an etalon with a FSR o f 18.61 pm was used. To extract this 

parameter the number and temporal positions o f the maxima on the etalon transmission 

signal are determined. This is done with a LabVIEW program, which counts the maxima 

by detecting the peaks as illustrated in Fig 6.19. The dynamic tuning curve of the laser 

can be depicted by plotting the time at each zero crossing versus fringe mode number 

multiplied by the FSR o f the etalon. Finally a fourth order polynomial was fitted to the 

tuning curve.

Segm ent

Figure 6.19 (a) Etalon transmission signal, red dots indicate positions o f the maxima on 
the etalon
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relative wavelength tuning (b) Etalon fringe spacing multiplied by FSR gives relative 
tuning curve

The segments o f continuous tuning are then sent through the line-identification algorithm 

which cross-correlates the 2 f scans with a 2 f profile to identify the gas line. A peak 

search algorithm is then used to find the positions and heights o f the gas lines. An 

example o f this is illustrated in Fig 6.21 for one segment. The three traces represent the 2f 

absorption signals fi-om the three different gas cells and the red dot indicates that a gas 

absorption line has been successfully identified. The separation from the start o f the 

segment to the gas lines, which was calculated from the etalon is displayed in the table.
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To obtain an absolute wavelength reference for the starting point in each segment the 

separations calculated above are correlated with the separations from the gas database as 

follows,

The segment with measured separations for one o f the gas cells is sent into the 

algorithm and the start o f the segment is referenced to the first gas line in the 

database.

The separations between the measured gas lines are then compared to the 

separations in the database from this first line. A correlation value is obtained for 

this line depending on the accuracy o f the match.

This procedure is repeated for every gas line in the database building a correlation 

spectrum.

The same procedure is applied to the line separations associated with the other gas 

cells. The correlation spectra from the individual gas cells are multiplied together 

to give an overall correlation spectrum for the possible start wavelength o f the 

segment.
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Figure 6.22 Correlation spectrum fo r individual gas cells and overall correlation peak.
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Possible
Matches

1 2

Probability 6.67E-17 8.29E-19

Computed
Wavelength
(nm)

1531.561 1529.178

2" place match probability 
reasonable

Segment 1 Measured starting X 1529.2 nm

Possible
Matches

1 2

Probability 4.09E-4 2.73E-4

Computed
Wavelength
(nm)

1530.227 1530.222

1®‘ place match good correlation 
probability_______________________

Segment 2 Measured starting X 1530.5 nm

Possible
Matches

1 2

Probability 1.81E-2 1.08E-2

Computed
Wavelength
(nm)

1531.264 1531.254

1®' place match good correlation 
probability_______________________

Segment 3 Measured starting X 1531.58 nm

Possible
Matches

1 2

Probability 9.30E-60 O.OOE+0

Computed
Wavelength
(nm)

1528.769 1561.749
No match due to mode-hop 
Very low coefficient ____

Segment 4 Measured starting X 1532.47 nm

Possible
Matches

1 2

Probability 3.45E-24 1.97E-26

Computed
wavelength
(nm)

1534.451 1534.401

1®* place match reasonable 
probability

Segment 5 Measured starting A. 1534.25 nm
Table 6.2 Results from line identification program. Correlation probabilities not 
normalised to 1.
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The results which demonstrate how the algorithm performs on five segments are 

presented. The SG-DBR emission wavelength for the start o f each segment was measured 

with a wavelength meter (resolution 0.01 nm), for comparison with results from the line 

identification program. The results for five segments are displayed in table 6.2. Starting 

wavelength for segment one was measured to be 1529.2 nm and the results from the 

program indicate that the highest probability o f a match is at 1531.56 nm, the second 

highest probability of 1529.178 nm which is the correct value. The results for segments 

two, three and five agree well with the measured starting wavelengths, the positions o f 

the lines in these segments were confirmed by manually going through the database 

comparing relative wavelengths and amplitudes o f the measured lines to identify the gas 

absorption lines. Segment four gives an incorrect value o f 1528.769 nm for the starting 

wavelength compared to 1532.47 nm measured value but this is also confirmed by the 

low probability 9.30E-60 of this line being a match.

A simple and straightforward method using multiple reference gases for wavelength 

characterisation and monitoring of a SG-DBR has been outlined. This method requires 

measurements of the gas absorption lines, an etalon trace and comparing the wavelength 

separations between gas absorption lines and the corresponding wavelength separations 

from a database to determine the emission wavelength o f the SG-DBR. This procedure 

was not optimised but the general principle o f operation is outlined with some initial 

results. A topic for future research is development of the algorithm to include the relative 

amplitude variations to increase the accuracy in finding the starting segment wavelengths. 

This method has the potential of offering a cost effective technique for characterising the 

spectral emission o f the SG-DBR without the need for expensive and time-consuming 

wavelength meter.
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6.5 Conclusion

The optical characteristics o f the MG-Y and SG-DBR have been investigated, tuning 

ranges o f 50 nm have been achieved and look-up tables which yield high wavelength 

accuracy and high SMSR across the tuning range have been generated. For both lasers a 

SMSR between 35-45dB is obtained. Irregularities in the wavelength tuning are observed 

at certain regions. These observations indicate that mode hops occur and it is therefore 

difficult to tune the laser to these particular modes. In between these mode hops the laser 

tunes continuously and performs similar to single-section DFB. Simultaneous multi­

species gas sensing o f hydrogen cyanide, acetylene and ammonia with a SG-DBR and 

MG-Y laser to selectively detect three gases with overlapping absorption bands. This 

measurement is among the first demonstration o f simultaneous detection o f multiple 

species using a multi-section, injection current tuned MG-Y laser and is a promising 

demonstration o f the possible usefulness o f these lasers. This was the first batch o f MG-Y 

lasers manufactured within the EU-funded project NEWTON, and it can be expected that 

their operational characteristics will improve with time as manufacturing techniques 

mature.

A simple and straightforward method using multiple reference gases for wavelength 

characterisation and monitoring of a SG-DBR has been demonstrated. This method 

requires measurements o f the gas absorption lines and an etalon trace and comparison of 

the separations between gas absorption lines and the corresponding separations from a 

database (HITRAN) to determine the emission wavelength o f the SG-DBR. Further work 

is required to optimise the line identification algorithm by including the relative 

amplitude separations, as linestrength information was unavailable for the acetylene 

molecule in the 1.5)j,m region. This extra information will greatly improve the segment 

identification.
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Chapter 7

Conclusions

7.1 Overview

Research on tuneable diode laser absorption spectroscopy (TDLAS) already has a 

fairly long history (more than 30 years) [1], However until recently w idely tuneable 

laser diodes were considered unsuitable for applications in TDLAS. They were 

deemed too complex to control and their output characteristics would never live up to 

the stringent requirements posed for industry applications. About three to four years 

ago, telecommunication applications began to drive significant investment into the 

area o f  w idely tuneable lasers, to support the need for dynamic networks and 

wavelength reconfigurability in WDM systems [2]. Nowadays tuneable laser diodes 

are considered to be essential components in WDM for the next generation o f  optical 

communication systems. TDLAS applications have benefited enormously fi*om the 

extensive R&D performed in the area o f  tuneable laser diode development. Recent 

research results, among which the results reported in this thesis have shown tuneable 

lasers to have reached specification parity with DFBs, and hence, becom ing attractive 

components in TDLAS applications. The primary aim o f  this project was to advance 

the strategic capability required to allow development o f  TDLAS m ulti-species gas 

detection systems using w idely tuneable laser diodes. Such a detection system s will 

enable the real time simultaneous monitoring o f  multi-gas species, a considerable 

advantage over the existing arrangement where monitoring is limited to a single gas.

In chapter 4, the effects o f  spectral line shift, line strength and N 2 broadening on the 

water vapour line at 1.3928)o,m for temperatures between BOOK-HOOK, and their 

impact on the accuracy o f  optical absorption based gas sensing has been investigated. 

Significant spectral parameters (S, 2y, N , 6) for this absorption line were measured
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and were in good agreement with values obtained in the literature. The high 

temperature gas cell performed well and is a simple and inexpensive apparatus 

enabling spectral characteristic measurements at elevated temperatures.

Chapter 5 details the first application o f a SGC DFB laser cascade to simultaneous 

multigas sensing by operating the device in a dual wavelength emission regime. The 

operation to select the desired dual wavelength is simple and straightforward. 

However a characteristic o f  operating the SGC laser in a dual wavelength emission 

mode is the introduction o f thermal cross talk between the lasing sections, which 

complicates somewhat the setting o f the emission wavelength o f  Si and S2.

Initial measurements described here confirm that SGC lasers developed for 

telecommunications industry are feasible light sources for sensitive absorption based 

simultaneous gas detection.

Chapter 6 outlines application o f  a sampled grating DBR and recently developed MG- 

Y laser to multi-species gas sensing. The optical characteristics o f the MG-Y and SG- 

DBR have been investigated, tuning ranges o f 50 nm have been achieved and look-up 

tables, which yield high wavelength accuracy and high SMSR across the tuning range, 

have been generated. For both lasers a SMSR between 35-45dB is obtained. 

Irregularities in the wavelength tuning are observed at certain regions. These 

observations indicate that mode hops occur and it is therefore difficult to tune the 

laser to these particular modes. In between these mode hops the laser tunes 

continuously and performs similarly to single-section DFB. Simultaneous m ulti­

species gas sensing o f  hydrogen cyanide, acetylene and ammonia with a SG-DBR and 

MG-Y laser to selectively detect three gases with overlapping absorption bands. This 

measurement is among the first demonstration o f  simultaneous detection o f multiple 

species using a multi-section, injection current tuned MG-Y laser and is a promising 

demonstration o f the eventual power o f  these lasers. As this MG-Y laser was one o f 

the first batch o f  MG-Y lasers recently manufactured, it can be expected that their 

operational characteristics will improve with time as manufacturing techniques 

mature.

A technique using multiple reference gases for wavelength characterisation and 

monitoring o f a SG-DBR has been demonstrated. This method requires measurements 

o f  the gas absorption lines, an etalon trace and comparing the separations between gas 

absorption lines and the separations from a database (HITRAN) to determine the 

emission wavelength o f the SGDBR. Further work is required to optimise the line
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identification algorithm by including the relative amplitude separations; linestrength 

information was unavailable for the acetylene molecule in the 1.5|j,m region. This 

extra information will improve the segment identification greatly.

7.2 Suggestions for Further Work
The areas o f potential future work fall into the following categories,

1. It will be interesting to see the effect o f optimising the line identification 

algorithm by including the relative amplitude separations. This extra 

information will significantly improve the accuracy o f the program in 

identifying gas absorption lines and thus providing wavelength identifiers to 

monitor the emission wavelength of the laser.

2. Investigations into the use o f a gas absorption line to act as a FM 

discriminator. The purpose of an optical FM discriminator is to convert 

optical fluctuations into intensity variations that can then be measured 

directly. The laser emission is directed through the gas cell and the laser 

frequency is set to the side of the gas line, FM variations are converted to 

amplitude variations in absorption/transmitted signal. A conversion is 

performed to relate the intensity modulation back to FM. The interpretation of 

the data will be more difficult and a knowledge of the precise spectroscopic 

parameters for the individual line will be required.

3. The linestrength of an absorption transition is a key parameter for designing 

absorption based gas sensors. Though published linestrengths are available 

for many molecules in the 1.5)o,m region [3, 4], there are still a considerable 

number o f molecules where no linestrength information is available or are 

often based on calculations or low-resolution measurements. Thus, high- 

resolution tuneable laser diodes can be used to improve linestrength estimates. 

Measuring the linestrength for the acetylene absorption lines in the 1.5|j,m 

region, will be valuable for extending the line identification program by 

allowing inclusion o f the relative amplitude variations.

It is clear that gas sensors using laser diodes have indeed a bright future. For species, 

requiring high sensitivity, mid-infrared lasers will continue to provide a highly 

specific device to meet the requirements of current and future measurement
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challenges. Rapid progress has been reported recently at a TDLAS conference on the 

applications of quantum cascade lasers in gas sensing applications. Quantum cascade 

lasers offer the prospect of wide tuning, narrow linewidth, higher cw-power, and 

room temperature operation. QC-DFB lasers have been reported for various 

wavelengths between 5.2 and 16 um and have already been used to study gases [5]. 

Optical sensors will continue to benefit from success in this area as the available QC- 

DFB wavelength range expands to cover an increasing number o f trace gases.
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