NIVERSITY OF
TRATHCLYDE

Design and Application of Fibre Laser Systems
for Gas Spectroscopy

NORHANA ARSAD

Department of Electrical and Electronic Engineering

Centre for Microsystems and Photonics

A thesis submitted to the Department of Electronic and Electrical Engineering
at the University of Strathclyde for the degree of Doctor of Philosophy

February 2010



Abstract

A growing number of applications for trace gas sensing and measurement have emerged
in a wide variety of fields. All-fibre systems with spectroscopic measurements are capa-
ble of providing accurate gas measurement both remotely and in multiple locations. Low
power (10mW) fibre lasers can be easily constructed using an erbium-doped fibre amplifier
(EDFA) connected in a fibre loop configuration and can be designed to operate over a broad
wavelength range of 1480-1620nm. These fibre lasers provide a possible source for multi-gas
spectroscopy to detect the near-infrared (near-IR) absorption lines of gases such as CO, COs,
CsoHs, HsS, ete., in safety, pollution and industrial monitoring. This thesis investigates the
feasibility of four types of erbium fibre laser systems using different spectroscopic methods
for measurement of gas parameters.

The first system consists of an erbium doped fibre laser (EDFL) in a ring cavity using
a saturable absorber (SA) to produce a stable output. The system uses a wavelength scan
and pump current modulation to obtain intensity modulation of the laser output, with phase
sensitive detection for gas measurements. Results show that the system is feasible but it was
difficult to accurately measure gas concentration due to the high background signal level and
other noise sources.

The second method involves inserting a micro-optic gas cell into the fibre laser cavity, a
technique known as intra cavity laser absorption spectroscopy (ICLAS), and uses the broad-

band amplified spontaneous emission (ASE) within the cavity at threshold conditions. This
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has shown excellent results, with around two orders of magnitude sensitivity enhancement
over direct absorption, and is capable of detecting several gas lines with low line strength
under room temperature and atmospheric pressure conditions. Results matched well with
theoretical data, the system is simple and inexpensive (apart from the OSA) and potentially
can be used for multi-gas sensing.

A distributed feedback fibre laser (DFB-FL) was studied as the third system in this thesis.
The DFB-FL is more stable and has a narrower linewidth compared to the ring cavity EDFL
which tends to suffer from mode hopping problems. The feasibility of using the distributed
feedback fibre laser for spectroscopy was investigated, involving a significant cost in setting
up the experiments. However due to the DFB-FL being fragile and the lack of proper control
in tuning the wavelength it was difficult to implement a working system, and it was deemed
to be unsuitable at this stage until improvement and maturity of the current technology
has been attained. Furthermore, similar to diode lasers, the DFB-FL operates at a single
wavelength only and therefore does not have the capacity for multi-gas sensing with a single
source.

The fourth and final method investigated made use of the same EDFL system as in the
first technique but with photo-acoustic spectroscopy (PAS). PAS overcomes the key problem
of the high background signal level under no-gas conditions and the output gas signal can
be recovered in a straightforward manner giving absorption line shapes without extensive
signal processing. Good experimental results were obtained under room temperature and

atmospheric pressure conditions which agreed well with theoretical data.
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Chapter 1

INTRODUCTION

1.1 Background of Spectroscopy

Spectroscopy is the study of matter and the use of absorption, emission, or scattering of elec-
tromagnetic radiation by matter to qualitatively or quantitatively study physical processes.
These bonds can vibrate with stretching motions or bending motions and the interaction
of radiation with matter can cause redirection of the radiation and transitions between the
atomic or molecular energy levels.

The history of spectroscopy was started when British scientist William Wollaston dis-
covered the existence of dark lines in the solar spectrum in 1802. Thirteen years later,
Joseph von Fraunhofer hypothesized that the dark lines were caused by an absence of cer-
tain wavelengths of light. In 1859, a German physicist Gustav Kirchhoff showed that each
pure substance produces a unique light spectrum which gave rise to the field of analytical
spectroscopy|1].

The end of the nineteenth and beginning of the twentieth centuries was marked by signif-
icant efforts to quantify and explain the origin of spectral phenomena. Johann Balmer and

Johannes Rydberg first developed equations to explain the atom’s frequency spectrum and



then Niels Bohr published his famous model in 1913. However, Bohr’s model only applied to
element that had one electron. In 1925 Werner Heisenberg and Erwin Schrodinger developed
quantum mechanics to explain the spectra of most elements. These discoveries marked the
beginning of modern spectroscopy][1].

Three commonly used spectroscopic techniques are absorption, emission, and scattering
spectroscopy. Absorption spectroscopy, such as Infrared (IR) and Ultraviolet spectroscopy
(UV), measures the wavelengths of light that a substance absorbs to give information about
its structure whereas emission spectroscopy, including fluorescence and laser emission, quan-
tifies the amount of light that a substance emits at a certain wavelength. Lastly, scattering
spectroscopy, such as Raman spectroscopy, is similar to emission spectroscopy but detects

and analyzes all of the wavelengths that a substance emits upon excitation [1].

1.2 Motivation of the Study

There is now a growing interest in the application of fibre optic systems for environmental
and safety monitoring. Although the near-IR lines of gases are much weaker than the funda-
mental absorption lines, the availability of standard optical fibres and components is a key
stimulus for development of sensors in this spectral region. Fibre optic components are cheap
and readily available due to their use in the telecommunications industry, so are ideal for
developing systems for the detection of gases.

The benefits in utilizing a fibre optic system include immunity from electromagnetic in-
terference, safety in hazardous environments and fibre lasers can be tuned over a broad
spectrum. To compensate for the weak line strengths, high sensitivity spectroscopic tech-
niques such as wavelength modulation spectroscopy, intra-cavity and ring down spectroscopy
are among those that have been investigated for these systems.

Even though semiconductor lasers are generally favoured for use in gas detection due



to their stability and compactness, they are wavelength limited to specific gas absorption
lines and hence costly to produce. Thus, fibre laser systems are attractive due to their wide
spectral range and can be cost effectively used in multiple gas sensing or gas multiplexing
[2,3,4,5,6, 7]

The main purpose of this research is to investigate the feasibility of various types of fibre
laser systems for gas spectroscopy using wavelength modulation spectroscopy (WMS), intra
cavity laser absorption spectroscopy (ICLAS) and photo-acoustic spectroscopy (PAS) for
gas analysis. 1% of acetylene(CyHs) gas has been chosen as our first sample gas due to its
relatively high line strength at 107° ¢m?/(molecule cm) level which is easy to detect using
the EDFL system, followed by lower line strength gases such as carbon dioxide (CO,) and
methane (CHy ) to determine the maximum sensitivity that can be achieved. Absorption lines
between 1520 nm and 1570 nm are chosen which are within the bandwidth of erbium doped

fibre amplifiers and lasers [8] are thus compatible with the developed fibre laser systems.

1.3 Objective of the Thesis

The work described in this thesis is concerned with the potential of, and the prospects
for fibre laser systems in gas spectroscopy, with several techniques being applied during
the learning process. Fibre laser systems with spectroscopy techniques such as wavelength
modulation spectroscopy (WMS), photoacoustic spectroscopy (PAS) and intra-cavity PAS
will be explained in subsequent chapters. The erbium doped fibre laser (EDFL) in a ring
cavity was selected as the preferred fibre laser source after a comparison study was made
with distributed feedback fibre lasers (DFB-FL) at the preliminary stage of the research. The
motivation for choosing these types of fibre lasers is that several absorption lines of different
gases fall within the gain region of the erbium doped fibre amplifier (EDFA). Although the

general area of research in this study is not entirely new, it was anticipated that the work



would lead to exploration of new techniques and designs which could be adapted to the
development of gas spectroscopy systems.

The objectives of the thesis can briefly be summarized as follows:

a. To study the characteristics of the four types of fibre laser systems

b. To determine the suitability and compability of fibre lasers for spectroscopy

c. To explore different spectroscopic techniques for fibre lasers

d. To design and develop a fibre laser system for multi-gas spectroscopy

e. To test and analyse the performance of the developed system

1.4 Scope of Work

As already noted, the aims of the proposed work is to explore the potential of, and the
prospects for fibre laser systems in spectroscopy applications and compatibility with var-
ious spectroscopy techniques. The study pays significant attention to first developing an
understanding of the characteristics of the fibre laser systems, for example, the use of a sat-
urable absorber to get stable operation. Then only would an exploration be carried out using
different techniques of spectroscopy to detect the presence of gas.

Simultaneously a preliminary study of photo-acoustic spectroscopy (PAS) using diode
lasers was carried out in the initial phase in order to become familiar with the method.
Through a significant number of experiments using this method, the compatibility of fibre
laser systems was eventually understood for the intended spectroscopy purposes. Figure 1.1
depicts the scope of work covered and describes the study model that will be consistently
referred to throughout this thesis with the bold boxes indicating the research path, while the
dotted lines are the related topics in the field. The performance of the fibre laser systems
was evaluated based on certain design and performance parameters.

The research of this thesis was focussed on trace gas sensing, although spectroscopic tech-



niques can also be used in other forms such as solid and liquid materials. Two categories
of detection are studied, namely optical and acoustic detection. Optical detection such as
direct detection, intra-cavity laser absorption spectroscopy (ICLAS), wavelength modulation
spectroscopy (WMS), and frequency modulation spectroscopy (FMS) are among the meth-
ods commonly used whereas acoustic detection involves photo-acoustic spectroscopy (PAS).
These techniques will be discussed more in-depth in the following chapters which present
theoretical and experimental results obtained for each technique with different types of lasers
such as diode lasers, erbium doped fibre lasers and distributed feedback fibre lasers. How-
ever, the optimal setup of a fibre laser systems was determined after characterisation, such

as steady state and dynamic response, of fibre lasers had been performed.

1.5 Main Contribution of the Research

This thesis makes an original contribution to the research field in the following two aspects:
1) use of intensity (AM) modulation (through pump modulation) with wavelength scan-
ning in an EDFL system incorporating a saturable absorber for both standard and photo-
acoustic spectroscopy.
2) demonstration of ~ 2 orders of magnitude sensitivity enhancement and multi-gas
sensing in an EDFL using the methods of intra-cavity laser absorption spectroscopy (ICLAS)

and the ASE in the cavity.

1.6 Thesis Outline

This thesis is divided into seven main sections which comprise of introduction, chapters
explaining the EDFL characteristics and the DFB-FL performance, investigation of ICLAS
with an EDFLs, results for photoacoustic spectroscopy (PAS) with fibre laser systems and

finally future work and overall conclusions for the whole thesis.
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Chapter 2 provides a literature review of gas spectroscopy with a detailed explanation
of techniques and methods used throughout the subject area. This is where the technical
rationale behind Figure 1.1 is explained. This chapter describes parameters, devices, instru-
mentation and set-ups associated in achieving the stated objectives.

Chapter 3 investigates the EDFL as a source for spectroscopy using different techniques
for detecting the optical signal and focusing intensity modulation (AM).

Chapter 4 introduces intra-cavity laser absorption spectroscopy (ICLAS) with EDFLs
and explains the use of ASE for this purpose. After optimization and characterisation, the
system was employed for trace gas sensing using various gases with different concentrations
for evaluating system sensitivity.

Chapter 5 introduces the DFB-FL as a laser source which uses a FBG in a special fibre to
form a laser. One of the advantages of the DFB-FL is its freedom from mode hopping; hence
its potential to form a stable laser. The system was studied to determine the feasibility for gas
spectroscopy. All the actual experiment setups, applications, optimisations, characteristics,
findings and observations are discussed extensively.

Chapter 6 describes an acoustic detection technique, namely photo-acoustic spectroscopy
(PAS) for detecting gas. For the preliminary stage, a diode laser was used with the technique
to become familiar with the working principles of the system. The experimental setup is
similar to conventional spectroscopy except for the gas cell which uses a microphone to
detect the acoustic wave. The aim was to give an idea how to implement the system with a
fibre laser using PAS to enhance the sensitivity.

Finally Chapter 7 concludes this thesis with a summary and future work.

1.7 Publications by the author

Publications through the study of this research are as follows:



1. George Stewart, Walter Johnstone, Norhana Arsad and Kevin Duffin, “Tunable diode
and fibre laser spectroscopy in the near-IR for measurement of gas parameters’, (Invited
paper) SPIE Photonics Europe, Italy, April 2008.

2. N. Arsad and G Stewart, “Stable, tunable and single-mode operation of an erbium-
doped fibre laser system using a saturable absorber for gas spectroscopy applications”, SPIE
Photonics West, USA, Jan 2009.

3. N Arsad and G Stewart, “ Intra-cavity spectroscopy using amplified spontaneous
emission in erbium fibre lasers”, OFS20, UK, Oct 2009.

4. N Arsad and G Stewart, “Intra-cavity spectroscopy using amplified spontaneous emis-
sion in erbium fibre lasers”, In preparation for Journal of Measurement Science Technology.

5. N Arsad and G Stewart, “Gas detection using erbium doped fibre lasers with photo

acoustic spectroscopy”, To be submitted: Journal.



Chapter 2

REVIEW OF GAS SPECTROSCOPY

2.1 Introduction

Gas sensing is very important for environmental, safety and industrial monitoring. Optical
fibre gas sensors operating in the near-IR region (1-2um wavelength) have several advantages,
including the availability of low cost components, remote access to hazardous environments
and networking capabilities. Fibre laser sources offer interesting possibilities for gas sensors
since they can operate over an extended wavelength range and micro-optic gas cells may be
readily connected either external to, or within, the fibre laser cavity. Erbium fibre lasers
can operate over the wavelength range of the C band but a major problem is that the
overtone absorption lines of gases in the near-IR are typically two or three orders of magnitude
weaker than their fundamental lines in the mid-infrared [6]. Thus, sensitivity enhancement
of spectroscopy is desired in order to detect trace concentration of these gases.

Molecular spectroscopy involves the study of the interaction of radiation between the
energy levels of the atoms or molecules of the gas sample. A transition from a lower level to
a higher level with transfer of energy from the radiation field to the atom or molecule is called

absorption. When a broad band light source is passed through the gas sample, only the light



whose energy is associated with the allowed energy level transitions within the molecule will
be absorbed whereas all other light will pass through un-attenuated as depicted in the Figure
2.1.

This chapter describes different techniques of optical detection with a review for each
of them, including components used and theoretical methods applied in the study. Finally,
types of lasers are also discussed for highlighting their relative advantages and disadvantages

as part of this study.

Transmission

&

* Frequency

Votan 4 vm’ﬁ'

Figure 2.1: Absorption of laser intensity at frequency, v

2.2 Spectroscopy Techniques

The principle behind spectroscopic sensing is rather simple. Every chemical substance ex-
hibits a distinctive light absorption pattern. This pattern is produced as incident light of a
specific wavelength is absorbed in a cell of length (1) containing a chemical species that has
an absorption line. Optical attenuation characterises the transmission of light through a gas

cell. This attenuation is given by Beer-Lambert-Bouger’s Law or the Beer-Lambert Law (or
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simply Beer’s Law):

P,.t = Ppexp[—o(v)NI| (2.1)

where P, is the incident intensity of light, o(v) is the absorption cross-section per
molecule, v is the wave number, N is the concentration of gas molecules per unit volume and
[ is the length of the gas cell.

From the equation above, it is clear that the intensity of the light decreases with absorption
by the gas. However, gas concentrations are often expressed as fractions of the pure gas at
atmospheric pressure, e.g. parts-per-million (ppm) and thus equation 2.1 can be expressed

in the following form for convenience:

Pt = Pexp[—a(v)Cl] (2.2)

where P, is the incident intensity of light, C' is the concentration of measured gas at
normal fraction of (0 < C < 1), a the absorption coefficient and [ is the length of the gas
cell.

The concentration of measured gas C' can be written as:

C=— (2.3)

where N is the number of molecules of gas per unit volume at standard temperature and
pressure (STP), T=273.15 K, P=10° Pa and N is the actual molecular number of measured
gas molecules per unit volume at the same condition, i.e. STP.

According to the ideal gas equation, the molecular number of gas molecules per unit

volume can be described as:
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PV

Ny = —
O~ RT

NA/V (2.4)

where P and T are standard pressure and temperature described above respectively, V' is
the volume of gas, R is the universal gas constant 3.814472 Jmol 'K™!, and N, is Avogadro’s
constant 6.02214x10% mol .

The molecular number of gas molecules per unit volume for the case of different pressure
and /or temperature also can be calculated by referring to Equation 2.4. Therefore, the actual
molecular number per unit volume of measured gas should be modified to meet this particular
specific experiment condition (P = 1 atm. = 1x10° Pa, T = 273.15 K + room temperature)
as they do not correspond to STP conditions.

Referring to Equation 2.2, the absorbance of the measured gas is defined as (for aCl < 1)

P out

A:aClzl—(P

) (2.5)

The absorbance is linearly proportional to absorption coefficient, length of cell and con-
centration; hence the gas concentration can be obtained if the length of the cell and the
absorption coefficient are known.

The absorption coefficient «(v) of gas absorption line can be written as:

a(v) = Nyo(v) (2.6)

This relationship is given by Equation 2.7 and typical line strengths experimentally can

be found between 5 x 1072! and 2 x 107! ¢m/molecule for gases at room temperature.

o)

S:/a@m (2.7)

—0o0

The line strength in ¢cm?/molecule.cm multiplied with the number Ny gives conversion
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from c¢m/molecule to cm™2/atm.
The gas absorption lineshape in the experiment can be considered as a Lorentzian line-
shape since it is collision broadened at atmospheric pressure. Pressure broadened lines are

described by the following Lorentzian distribution:

NoZnp
(v —10)* +17

a(v) = (2.8)

where S is the line strength of gas absorption line in units of cm? /molecule cm, 7y, is the
pressure broadened half-linewidth (in units of cm™!) which associated with the absorption
co-efficient are between typically 0.05 and 0.15cm™! for gases at atmospheric pressure.

There are different types of spectroscopic techniques used in different applications, de-
pending on the conditions and requirements of the system. Two categories of detection are
studied here which are divided into optical detection and acoustic detection. Optical detec-
tion such as direct detection, intra-cavity laser absorption spectroscopy (ICLAS), wavelength
modulation spectroscopy (WMS), and frequency modulation spectroscopy (FMS) are among
the methods commonly used whereas acoustic detection will focus only on photo-acoustic
spectroscopy (PAS). The subsequent section explains each type of technique as used in gas

detection systems.

2.2.1 Optical Detection

This topic and the topic to follow are reviews of the major techniques of detection in gas

spectroscopy. Figure 1.1 is referred to in order to help describe the techniques.

2.2.1.1 Wavelength Modulation Spectroscopy (WMS)

Wavelength modulation spectroscopy (WMS), also known as a noise-reducing technique [9],

is a well-known and commonly used technique in gas spectroscopy. This technique started
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when Arndt presented his first models in 1965 [10] and later J Reid et al. performed WMS by
use of lead-salt laser diodes in the mid-IR region in 1978 [11]. Improvement in the sensitivity
from Reid’s experiment marks a significant step forward in gas monitoring of atmospheric
pollutants. Ten years later, WMS was applied to optical communication lasers in the near-IR
region [12| and recently to novel quantum-cascade lasers [13] and visible laser diodes [14] in
1998 and 2000 respectively.

The importance of the technique is the ability of shifting the detection to higher fre-
quencies, hence reducing 1/f noise. WM is performed by modulating at frequencies that
are substantially less than the absorption linewidth. This type of technique is based on
sinusoidal modulation of the wavelength of the light while it is slowly tuned through an ab-
sorption feature of the species to be detected. The interaction of the modulated light with
the absorption feature leads to the generation of signals at the different harmonics of the
modulation frequency, which can be detected by using a lock-in amplifier (LIA) [15].

Three requirements in order to perform WMS are (a) narrow linewidth-single longitudinal
mode operation, (b) ability to scan across an absorption linewidth and (c¢) tunability to
individual absorption lines of various gases [16]. This can be seen as shown in Figure 2.2
[17]. Acetylene gas has been chosen as a target gas due to its absorption lines being within
the EDFA gain; furthermore it has the strongest absorption compared with other gases in

this region such as H,S, NH3,CO,COs.
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Figure 2.2: Wavelength modulation spectroscopy|17]

As mentioned earlier, a lock-in amplifier (LIA) is usually employed in the system when
WM is applied. The LIA detects and measures a very small AC signal by using a technique
known as phase-sensitive detection (PSD) to single out the component of the signal at a
specific reference frequency and phase. Noise signals at frequencies other than the reference
frequency are rejected and do not affect the measurement [18].

Display on Channel 1 and Channel 2 of the LIA are based on the selection of X, Y, R
and 6 which output display is different from an oscilloscope. Higher harmonic signals can
be exploited to obtain more sensitive measurements of spectroscopic parameters, such as

lineshape profile, absorption cross-section, temperature, and concentration [19].

2.2.1.2 Frequency Modulation Spectroscopy (FMS)

It has been over two decades since frequency modulation (FM) opened up new applications
for spectroscopy with spectrally modulated laser light. FMS and WMS are closely related

measurement techniques; they simply operate at different values of modulation index and
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frequency. FMS is characterised by a modulation frequency that is much higher that the
half-width of absorption profile, usually several GHz, and a small FM amplitude. A further
description of FMS and WMS in theory is reported in [20, 21|. A low modulation frequency

of 2k Hz is employed in our experiments, therefore FMS is not used in this study.

2.2.1.3 Intra-Cavity Laser Absorption Spectroscopy (ICLAS)

In 1992, intra-cavity spectroscopy was employed successfully by V.M. Baev et al |22] using
diode lasers as the light source in gas detection [23]. Four years later, a dye laser with
intra-cavity absorption spectroscopy was demonstrated which could achieve an absorption
length enhancement to 70000km. Then in 1999, a gas sensor based on fibre laser intra-cavity
spectroscopy was published by Cordero and Morse [24]. According to the papers reported,
intra-cavity laser absorption spectroscopy (ICLAS) is a technique for high sensitivity absorp-
tion measurement where photons circulate many times within a laser cavity enhancing the
path length of a gas cell in the laser cavity. With a large number of circulations through the
cell, it will transform from a short absorption cell into a highly efficient multi-pass system,
hence improving the sensitivity of detection.

Furthermore, there is no external modulator needed to create a pulse in this technique
compared to ring down spectroscopy [25|. Figure 2.3 depicts an example of ICLAS applied
in a fibre laser system for gas spectroscopy as demonstrated in [25] and a theoretical analysis
of the dynamics of erbium fibre laser systems is given in [26]. Practical realization of ICLAS
with fibre lasers is difficult for several reasons such as the spectrum must be captured during
the period of relaxation oscillations and detector arrays for the 1-2 ym region are less capable
and more expensive than the silicon CCD arrays used for ICLAS at <1pm wavelengths. For
example, Stark [27] used a rapid scan Fourier Transform (FT) spectrometer to capture the

spectrum at each peak of the relaxation oscillations for a thulium-doped fibre laser.
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Figure 2.3: Experimental system for intra-cavity analysis|25]

2.2.2 Acoustic Detection
2.2.2.1 Photo-Acoustic Spectroscopy (PAS)

Among spectroscopic techniques, photo-acoustic spectroscopy (PAS) is the oldest type of
spectroscopy used for gas analysis. In 1880, Bell discovered the photo-acoustic (PA) effect
in solids, which consists of the generation of a sound wave in a medium irradiated by a
modulated light beam. This technique was then actively exploited after the microphone and
laser were invented [28].

It is well known that PAS is a sensitive gas sensing technique and has been used in many
applications including the monitoring of environmental pollution, industrial process control
of industry |29, 30, 31] and diagnosis in medicine and biology [32, 33|. It measures directly
the amount of modulated laser radiation absorbed in the sample and converted into pressure
energy via non-radiative relaxation processes. This constitutes an acoustic wave or sound

wave which is later detected by a microphone. A flowchart of how conversion of optical into
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electrical form is shown in Figure 2.4 for the acoustic detection.

Optical absorption by gas molecules

L 4

Heating up volume of the cell

L J

Thermal Expansion

L J

Pressure waves

L 4

Acoustic detection

Figure 2.4: Generation of photo-acoustic signal

In the early 1970’s, Kreuzer [34] demonstrated the detection of low concentration of
methane in nitrogen on the 1078 level by using a 15 mW He-Ne laser operating at 3.39
microns wavelength. Two years later, Dewey and co-workers [35] made a significance im-
provement by modulating the optical beam at the resonant frequency of the gas cell. Almost
at the same time, Goldan and Goto [36] achieved a better result in that the quality factor
Q exceeded 750 using the lowest-order radial mode and a multi-pass gas cell. They investi-
gated the microphone coupling characteristics and noise limitations by setting up an electrical
equivalent lumped parameter circuit for the condenser microphone. Kamm [37] analyzed the
loss mechanism of a resonant cell and presented an optimization method for a photo-acoustic
system based on principles derived from experiments and previously published work.

In Chapter 6, detailed experimental work is presented first of all using diode lasers, then
an erbium doped fibre laser system is examined with PAS to obtain performance comparison

for both lasers. The erbium doped system for PAS is one that has not yet been published.
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2.3 Spectroscopy Cell

Here two types of gas cell are discussed, namely, micro-optic gas cell and PA cell as they
were used in the experiments. Both have a different layout and are explained in detail in the

following section.

2.3.1 Micro-Optic Gas Cell

A micro-optic gas cell consists of two graded index (GRIN) lenses connected to fibre pigtailes
positioned at either end of a ceramic V-groove. When a laser beam is launched into the
micro-cell, input light is collimated by the GRIN lens at one end and passes through the
sensing region and is subsequently collected by the second GRIN lens at the other end. The
layout of the module of the micro-optic gas cell employed in our experimental system is
depicted in Figure 2.5 (OptoSci Micro Optic Gas Cell) with a 5.9cm path length and an

insertion loss of ~1dB while in Figure 2.6 is the illustration of the micro-optic cell.

&)
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Figure 2.5: Micro-optic gas cell module
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Figure 2.6: Micro-optic gas cell

2.3.2 Photo-Acoustic (PA) Cell

The photo-acoustic (PA) cell layout is shown in Figure 2.7 which is different from the micro-
optic gas cell. A crucial part of PA gas detection is the cell in which the PA signal is generated
or detected. It includes a resonator, windows, gas inlets and outlets and a microphone.

Energy from the laser beam launched into the gas cell is absorbed by the gas molecules.
Ideally, when light power is launched into a gas cell, some or all of the power is absorbed by the
gas molecules in the cell and converted into heat. This heat warms up the gas and therefore
the gas expands. Variation of the expansion gives variation of pressure and generates a sound
wave.

The light is modulated with a frequency depending on the types of signal applied hence
the partial pressure will be changed according to this frequency. The strength of the sound
wave will be detected by a microphone which is placed in the gas cell. The microphone
functions as a transducer which converts one form of energy into other form of energy, for

example in this case, the acoustic energy (sound wave) into electric energy (kinetic energy) in
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units of voltage (V). This form of energy is easier to calculate, and directly feeds into digital
data that can be recognised by measurement equipment such as an oscilloscope or computer.

The amplitude (S, ) of the acoustic wave produced is directly proportional to the sam-
ple heating, incident optical power (P, ) and the absorption coefficient («), which can be

represented by the following equation:

Sout = Ccellaf)in (29)

where C,.; is a cell constant, describing the conversion from optical to acoustic energy.
This conversion depends not only on the gas, but also external parameters such as frequency.
The theory of the generation of the PA signal has been described in detail by several authors

(see for example [38, 39]).

Gas
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Open/Close
switch
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Figure 2.7: Photo-acoustic gas cell
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2.4 Absorption Profile Modelling

The HITRAN database is a collection of spectroscopic parameters employed by a computer
simulation program developed by Rothman and co-workers at Harvard University to predict
the transmission when light is transmitted through gases in the atmosphere. The latest
version was released in 2008 [40, 41]. The database contains gas absorption line strengths
which are used to compare with experimental results to verify the accuracy and sensitivity
enhancement.

There are three computer programs available in the Centre for Microsystem and Photonics
(CMP). One is freely accessible on website which uses JavaHAWKS program to plot the line
strength values from the HITRAN. The other is a modelling program devised by Dr Moodie
from OptoSci. Ltd and a commercial available GATS Spectral Calculator (GATS) [42] to
model the absorption profile using the HITRAN 2008 database.

The GATS program was used for all modelling of absorption profiles in this study to
compare with experimental results. This is due to the availability and more functions offered

by GATS.

2.5 Laser Sources for Spectroscopy

From the definition of [43], lasers are devices that generate or amplify light whose output
form depends on the material, atomic system and kinds of pumping or excitation technique.
Lasers use a gain medium that is solid, liquid or gas.

The first laser demonstrated by Theodore Maiman in 1960 [44] was a solid state ruby
laser; the ruby crystal was pumped by a flash lamp. However, due to their low efficiency,
they are only used for some applications. Today, some of the most important industrial solid
state lasers are based around rare earth elements such as Neodymium, Chromium, Erbium, or

Ytterbium. They are being used in a wide range of applications in medicine, communications,
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defence, measurement, and as a precise light source in many scientific investigations.

In the work described in this thesis, the main focus of the research was to select an
appropriate laser source as mentioned earlier for constructing a more sensitive or versatile
form of gas spectroscopy. Fibre lasers with erbium doped fibre are chosen as our main study.
Preliminary experimental work was conducted using diode lasers which are the favoured
source for current systems. Distributed feedback fibre lasers (DFB-FL) were also studied as
a potential laser source in the future. Their advantages and performance are discussed in the

following chapters.

2.5.1 Semiconductor Lasers

Semiconductor lasers are the most basic of all laser types. They are often the preferred
light source due to fact that light modulation can be performed simply by modulation of
the injection current. Their advantages include their small size, broad range of available
wavelengths, stability and compactness.

The advantages of spectroscopy in the near-IR include ready availability of fibres and com-
ponents from the communications industry, making sensor networks for large area surveillance
at an acceptable cost [6]. Tunable diode lasers are used in spectroscopy systems due to their
high output power and compatibility with single mode fibre to enable remote sensing to be
achieved. However, direct intensity modulation of the laser results in residual amplitude
modulation (RAM) thus limiting the sensitivity of tunable diode laser spectroscopy (TDLS)
when using 1f detection [11|. Recently, two new calibration-free methods, namely the RAM
method [45], and the Phasor Decomposition (PD) method [46], have been reported for the
recovery of absolute absorption line shapes from the 1st harmonic signals, but the high RAM
background limits the sensitivity of these techniques. Elimination of the RAM to improve
the sensitivity of these methods is reported in [47].

There are several other disadvantages of using semiconductor lasers in gas sensing: they
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are gas specific and generally quite expensive [17]. However, optical systems operating in
the near-IR are still the best option for remote and multi-point sensing and were the driving

force in carrying out this research.

2.5.2 Fibre Lasers

Fibre lasers were first introduced by Snitzer in 1961 [48], who demonstrated the use of
dielectric waveguides in the form of small fibres as the mode selector in optical masers. The
fibre consisted of a core of index of refraction n; containing the maser material, surrounded
by a cladding of lower index ns.

The next two decades resulted in development of fibre lasers from Nd-doped fibre lasers,
which initially worked in the spatial multimode regime, to the development of continuous
wave fibre lasers made of short sections of Nd:YAG single crystal fibres in the 1980s [49].
This improved the coupling efficiency between the fibre laser and a single mode silica optical
fibre.

In the 1990s, development of fibre lasers based on an erbium doped fibre in a ring cavity
configuration was made after an all-fibre Nd-doped ring cavity laser had been developed by
Mears et al. [50]. Much research has been carried out worldwide into the development and
applications of rare earth doped fibre in amplifiers and lasers which operate around 1550nm
and coincides with the commercially important telecommunications window wavelengths.
After many years of research effort, the development of reliable components and equipment
for the sake of the technology advancement was possible. For example, the erbium doped fibre
amplifier (EDFA) is less complex and more reliable than the earlier optoelectronic repeater
technology. Since then, research has been carried out and reported for various applications
such as telecommunication, medicine, spectroscopy due to the potential advantages. For
a multi-point sensing system, a large number of interrogation points are required which

involves considerable distances between a control room and the point at which the presence
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of the gas should be monitored. These remote interrogation systems require no electrical
power supplies and relatively low optical power densities. In addition the signal can be
transmitted from the detection point to the receiver without incurring any penalty due to
electromagnetic interference. Several examples of using erbium doped fibre laser (EDFL)
for applications in spectroscopy have also been reported [2, 6, 7], for instance the reports
demonstrate that fibre lasers are desirable as a laser source with different techniques such
as ring down cavity and intra-cavity laser absorption spectroscopy (ICLAS). There are still,
however not many applications to spectroscopic sensors due to lack of control and rapid
tuning methods [51, 52, 53|. Hence, this study has focused on tackling these problems as

detailed throughout the thesis.

2.5.2.1 Erbium Doped Fibre Laser Systems (EDFLs)

As mentioned earlier, lasers use a gain medium to determine type of the device. Similarly,
an EDFL cavity consists of a gain medium with regenerative feedback. The gain medium
consists of erbium doped fibre with a certain level of population inversion. The population
inversion can be achieved through a pump source to excite photons into higher energy level
produce a laser. Two types of pump wavelength are prefered, 980nm and 1480nm; an exper-
imental study for these pump wavelengths is reported in [54]. Our work, an EDFA unit is
used, manufactured by OptoSci. Ltd. containing a 980nm pump. The EDFA is combined
with couplers and isolators to form a ring cavity design. The isolator is used to ensure uni-
directional lasing in the cavity. The ring cavity, also known as a travelling-wave cavity is
preferred over a linear configuration to avoid spatial hole burning caused by standing waves
in the cavity [43].

So far several papers have been reported using the EDFL in sensing applications. Cousin
et al. [55] developed a near infrared spectrometer based on a ¢w continuously tunable EDFL.

The author adjusted the temperature of the tunable filter for fine tuning across the bandwidth
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and temperature tuning the diode pump was used to tune over the mode hopping gap in order
to demonstrate fully continuous frequency tuning [55].

Ryu et al. [51] demostrated a tunable erbium doped fibre ring laser which can be tuned
over 102nm by insertion of a fiber Fabry-Perot tunable filter (FFP-TF) in the ring cavity for
applied spectroscopy of the absorption lines of acetylene (CoHsy) and hydrogen cyanide (HCN)
[51]. The setup was divided into three parts namely laser amplification, wavelength selection
and absorption spectroscopy which results in increased complexity and cost in implementing
the system. Both examples were performed under Imbar of pressure hence with narrower
linewidth of absorption line so that wavelength scanning only a few nanometres is enough
with.

Based on the reports above, it is shown that the EDFL is a possible alternative as a light
source for spectroscopy with several advantages over semiconductor lasers as it can provide a
single tunable source over the gain bandwidth of a erbium doped fibre amplifier (EDFA) from
1520-1580nm as well as narrow linewidth. However as mentioned earlier, long cavity fibre
lasers have stability problems, i.e. mode hopping occurs frequently, this requires complicated
control systems to make them stable and single mode. Hence, measures have been taken
to stabilise the system and investigation regarding these fibre laser systems are discussed in

Chapter 3.

2.5.2.2 Distributed Feedback Fibre Laser Systems (DFB-FLs)

It is nearly over a decade since Ball [56] proposed the first in-fibre laser formed by arranging
two fibre Bragg gratings (FBG) on either side of a short section of erbium doped fibre [57].
The evolution of distributed feedback fibre lasers (DFB-FL) was started and a single mode
and stable fibre laser was created by introducing the DFB-FL for stabilizing mode hopping
in the system.

Recently, researchers have been progressively demonstrating and enhancing the perfor-
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mance of the DFB-FL by use of co-doped fibre |58, 59| and other improvements |60, 61] to
provide a robust and efficient single mode optical output. The concept of a DFB laser is
commonly used for achieving single frequency operation. The resonator of the laser consists
of a periodic structure which acts as a reflector in the wavelength range of laser action and
contains a gain medium. The periodic structure contains a phase shift in its middle and this
structure is basically the direct concatenation of two Bragg grating with internal optical gain.
It has multiple axial modes, but there is only one mode which is favored in terms of losses.
Therefore, single frequency operation is often easily achieved despite spatial hole burning
(SHB) due to the standing wave pattern in the gain medium. Due to the free spectral range
of the laser being large, mode hope-free tuning of the wavelength is possible [62].

DFEB fibre lasers possess unique properties that make them more attractive compared
to other laser sources. First of all they are an in-fibre laser and therefore are inherently
fibre compatible and their output can be connected to transmission fibre using a standard
splice. Similarly, the pump power can be delivered to the DFB-FL using standard low-loss
transmission fibres. In addition, very simple passive thermal stabilisation is sufficient to
ensure the stability of a DFB-FL. A number of active dopants, such as erbium, ytterbium,
neodymium and thulium, can be used in order to cover different windows of the optical
spectrum and offer extended wavelength coverage [60].

With the benefits described above, the DFB-FL represents an interesting alternative to
the semiconductor laser for gas spectroscopy applications. So far, much research work has
been based solely on improving the design and fabrication of DFB-FL [63, 64, 65, 66, 67| and

not so much on application.
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2.6 Conclusion

In this chapter, various types of spectroscopic techniques in both optical detection mode and
acoustic detection mode, such as wavelength modulation spectroscopy (WMS), frequency
modulation spectroscopy (FMS), intra-cavity absorption spectroscopy and photo-acoustic
spectroscopy (PAS) have been presented. The basic parameters and components with defini-
tions that are relevent to gas spectroscopy have also been briefly reviewed to give a general
idea of how measurements are carried out before going on to describe laser sources suitable

for the study.
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Chapter 3

INVESTIGATION OF ERBIUM
DOPED FIBRE LASERS SYSTEM
(EDFLs) FOR SPECTROSCOPY

3.1 Introduction

Fibre laser systems are potential sources for spectroscopy due to their wavelength tunability
and wide bandwidth. A basic erbium fibre laser system consists of an erbium doped amplifier
(EDFA) whose gain bandwidth is within the C-band region, corresponding to several gas
absorption lines. Furthermore, optical components are readily available due to the boom of
optical communications which has also improved technology in other fields such as medicine
and spectroscopy. Thus the maturity of the components will enhance the performance and
the sensitivity of the system which can be fully exploited in future. Even though diode lasers
are the favoured source in most applications, current modulation of the diode laser results
in both amplitude and frequency modulation of the output (AM and FM respectively). The

residual amplitude modulation (RAM) background creates problems for line-shape recovery
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in tunable diode laser spectroscopy (TDLS) and the harmonic signals arising from TDLS
have been extensively studied for improved solutions [68, 45, 46]. Recently [47] has reported a
method of eliminating the RAM in TDLS by use of an optical fibre delay line. These problems
have stimulated the investigation of other laser sources for spectroscopy applications.

This chapter first discusses the basic characteristics of EDFLs, namely, steady-state and
dynamic responses. This is followed by an investigation of tuning mechanisms for wavelength
scanning and centre wavelength selection by using a fibre Bragg grating (FBG) or a Sagnac
loop filter (SLF). The system was further employed to investigate its feasibility for detecting
acetylene gas. Since gas absorption lines in the near-IR spectral region are relatively weak,
the EDFL was used with intensity modulation (IM) to allow use of a lock-in amplifier in gas

detection.

3.2 Principles of EDFLs

The basic setup of an EDFL is shown in Figure 3.1. From this diagram the lasing output

characteristics can be determined and are outlined as follows.
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Figure 3.1: Basic ring fibre laser system

The input signal, P, is amplified over a length of EDF, from point 1 to point 2. Thus the

output of the laser from the coupler is:

Py = RPye™2 (3.1)

where P; and P, are the power levels at points 1 and 2 (the input and output of the
EDFA respectively) in the loop, g is the length-averaged gain of the EDF, and aaj is the loss
coefficient for section 2—3; Lossa3(dB) = 4.34ce3. R represents the output fraction coupled

from the loop by the output coupler.

g=(a+7)N2—a (3.2)

where is a absorption coefficient, v is emission coefficient of the erbium doped fibre (EDF)
and N, is the upper energy level. When the EDF gain is equal to the loss in the loop cavity,
gl = a. for the lasing mode, the power of this mode settles to a steady state, where a. is the

total loss of the loop (external to the amplifier) and [ is the length of the EDF. Hence:
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gl ={(a+ )Nz —a}l = a. (3.3)

and, the steady-state value of N is:

- a. + al
ss — 3.4
e (3.4)
The atomic rate equation for the EDFA is [17, 69:
_ _ SIN.
P,(1— P!y = Py(efl — 1) + 222 (3.5)
To

where P, is pump power, S is the cross-sectional area of the EDI" core, p is erbium ion
density, 7o denotes the lifetime at Ny(upper level).

Substituting equation 3.4 into equation 3.5 we obtain an expression for P; as:

P,(1— ey — P
P = b ) sat (9 + ) (3.6)
(e —1)
where
S
P, = P (3.7)
To(a + )

with further algebraic simplication [17|, the output power from the output coupler is:

Pout = n(Pp — Pth) (38)

where the threshold pump power, Py, is in photons/sec and 7 is the slope efficiency.
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3.3 Experimental EDFL System

Figure 3.2 illustrates the basic experimental setup of the ring cavity EDFL. In a ring con-
figuration, the direction of the laser light is made to propagate in a uni-directional manner
by inserting an optical isolator inside the ring cavity. The unidirectional propagation was
important in this configuration because without an isolator, the ring cavity laser tends to be
unstable i.e. it lases in one direction then the other. The setup contained an EDFA (Erbium
Doped Fibre Amplifier) unit from OptoSci, two couplers with ratio of 80/20 and 90/10, and
a tuneable filter (Santec). Single mode fibre pigtails attached with FC/APC connectors were

used to reduce back reflection.
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Figure 3.2: Preliminary experimental setup of EDFL in ring cavity

The EDFA unit was formed by a 980nm pump source, two 980/1550nm wavelength divi-
sion multiplexer (WDM) couplers and two isolators. The front panel of the unit has a pump
power controller to vary the input pump signal to measure power characteristics. At C1,
10% of the cavity power of the EDFL is tapped off and an OPTOSCI low noise photore-

ceiver (PD) was used to receive the signal and provide variable gain through its multiplier
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knob. Voltage measurement at the output of the PD was obtained by a Tektronix digital
oscilloscope (TDS784D). C2 was used to measure cavity parameters, which will be explained

later.

3.4 Power Characteristics of the EDFLs

For the first experiment, three tests were conducted to obtain performance parameters such
as laser output power and threshold pump power. Two wavelengths (1530nm and 1560nm)
were selected by the tunable filter. For the first test, the pump power was varied from 1mW
to 7omW to get the output power for both wavelengths without C2. For the second test; the
first test was repeated with C2 included. Lastly, the second test was repeated without C2
to compare the tunable filter position, C1 before the tunable filter and C1 after the tunable

filter. The experimental results are shown in Figure 3.3 and Figure 3.4.
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Figure 3.3: Laser power characteristics for different positions of the tunable filter (TF) in
the ring cavity EDFL without C2 at 1530nm
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Figure 3.4: Laser power characteristics for different positions of the tunable filter (TF) in
the ring cavity EDFL without C2 at 1560nm

From the figures, it can be observed that higher output power is obtained with the tunable
filter placed after the coupler compared to the tunable filter placed before the coupler. Thus,
the configuration of the system is important in determining the optimum design for the laser
system.

Figure 3.5 and Figure 3.6 show the effect of including, or excluding, coupler C2 in the
cavity for both wavelengths of 1530nm and 1560nm. Adding the component gives extra losses

in the cavity and this reduces the output power of the system.
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Figure 3.5: Effect on lasing power of EDFL with/without C2 at 1530nm
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Figure 3.6: Effect on lasing power of EDFL with/without C2 at 1560nm

36



3.5 Dynamic Response Measurements

For the second experiment, the setup in the first experiment was reused with the addition of
a function generator at the back of EDFA unit as shown in Figure 3.7. A square wave with
200mHz frequency and with a range of amplitudes from 0V to 5V peak-to-peak was used to
apply step changes to the pump power in order to observe the transient response.

Two tests were conducted to obtain the transient response. The first test was the mea-
surement of the build-up time which is the time delay between the launch of the pump power
(t,) and the start of laser spiking (¢,) with five sets of pump power values; 13.5, 20.2, 33.7,

47.3 and 60.2 mW corresponding to pulse voltages of 1.5, 2, 3, 4 and 5 Volts respectively.

Cl
a0s10

C2
20420

C1&2: Couplers
O FC/APC
@ BHNC

Figure 3.7: Setup for the measurement of the transient response

Secondly, the decay constant and the frequency of relaxation oscillations were measured
by fitting a typical under-damped waveform to the measured data. This happened after the
build-up time and before the steady-state, where 1560nm was chosen as the wavelength in
the experiment.

Results were obtained through a personal computer where LabView was used to record
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the signal output. A virtual instrument file “Read Waveform to Voltage Array.vi” was used
for storing the complete frame length for one or two scope channels. This data was stored in

* txt format and analyzed using Matlab.

Figure 3.8: LabView 2 Channel DSO

Figure 3.8 shows the interface of the LabView program which was used to obtain and
display the data from the oscilloscope. There are two windows: a) experimental results b)
signal from the function generator (as reference). These results are shown in detail in Figure

3.9 and used to calculate the build-up time of the EDFL system.
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Figure 3.9: Time Delay between the launch of pump power (¢y) and the start of laser spiking
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Build-up time refers to the time it takes after application of the pump power for the
inversion level to rise above threshold and laser spiking to commence. Figure 3.9 shows the
laser build up times as a function of the pump power step. From the experiment, it was
found that the build-up time was reduced with increase of the pump power and was shorter

with the cavity without C2 (lower loss cavity) as shown in Figure 3.10.
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Figure 3.10: Build-up times of EDFL at 1560nm

The decay constant and frequency of relaxation oscillations were also measured. The time
it takes for the output power level to stabilize can be observed using the LabView program.
The step in pump power for Figure 3.9 was 5V which corresponded to 60.2 mW. As shown
in Figure 3.11 for 1530nm, the response deviated significantly from the expected pattern;
therefore the decay constant and the relaxation oscillation frequency were not measured at
1530nm wavelength.

However as can be seen in Figure 3.12 at 1560nm wavelength, the laser output power

follows a standard decaying oscillatory pattern before stabilizing at its steady-state value.
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Figure 3.12: Transient Characteristics of EDFL (with C2) at 1560nm
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3.6 Cayvity Parameters of the EDFLs

A number of experiments were conducted to measure the external cavity loss (between points
3 and 6, with/without C2 — see Figure 3.13) and the cavity length from the self beating

spectrum of the longitudinal modes on a radio frequency (RF) spectrum analyser.

TTnit | Ezxternal cavity

|
|
|
I
| © Photodetector 3
|
|
|
|
|

C1&2: Couplers
o FC/fAPC
e BIC

Figure 3.13: Setup for measurement of cavity loss

For the measurement of the external cavity loss, the EDFL was separated into the EDFA
unit and the external cavity as shown in Figure 3.13. Light was launched from an external
DFB laser at 1532.83 nm into port 3 and the output measured at port 6. Measurements
were repeated for every component added into the external cavity. Cavity loss in dB was
calculated by using the formula:

(3.9)

Loss(dB) = 10log (M)

Fin(mW)
The results for both configurations (with or without C2) are tabulated as shown in Table

3.1.
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Cavity Loss (dB) hetween points 3 and 6
Wavelength (nmy: Without C2 With C2
1532.83 4.83 6.05

Table 3.1: Cavity Loss with tunable filter included

Spectrum self-beating can be used to calculate cavity length by using the following for-
mula:
c

Af = (3.10)

ne LCQ’U

For the above formula, ¢ denotes the speed of light while n, is the effective refractive index
of the mode of the fibre. The cavity length, L., is measured by calculating the frequency
spacing between two adjacent modes of the cavity, as depicted in Figure 3.14, where the
spectrum was obtained from an Agilent PSA Series spectrum analyzer (E4443A). Table 3.2

summarizes the data obtained from the experimental results.

Mkrl 22.82 MHz

Eaet —Z0 dBEm #Htten @ dB —53.95 dEm
Ef;‘k Marker

1@ 28.03008000 MH=

dBE —59.95 dBm AC Coupled: unspeacified below 260 MH=z

N

Start 5.0 MH= Stop S@0.88 MHz
Res BW 428 kH=z VEH 438 kH= Sweep 1 ms (BA1 pts)

Figure 3.14: EDFL Spectrum at pump power of 40mW at 1560nm
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spectrum self-beating | Af{MHz) Cavity Length(m)
Wavelength (nm): Without C2 | With CZ Without C2 | With C2
1560 9.80 943 2111 2184

Table 3.2: Cavity Length using self-beating spectrum

3.7 Mode Suppression

In an absence of a filter and with a fixed cavity loss, the cavity mode with maximum gain
would start lasing and adjacent modes, with nearly similar gain, compete with the lasing
mode. As a result, the lasing wavelength can hop from one mode to another mode (mode
hopping) if the cavity parameters are perturbed, this also includes environmental factors such
as temperature changes (length of the cavity is susceptible to thermal drift) and vibration.
A long cavity length laser results in closely spaced longitudinal modes and can severely limit
their applications due to multimode oscillation and mode hopping. Hence, several methods
have been investigated to solve the mode hopping problem such as use of a Fabry Perot
filter (FPF), but the FPF is not easy to fabricate thus of high cost [52]. The Pound-Drever
approach [16, 70| uses a PZT modulator to modulate the cavity and a servo-loop to control
the position of the main cavity mode within a broader sub cavity mode. However, it is very
difficult to operate the system as all cavities need to be controlled simultaneously resulting in
complex electronic controls adding noise to the system and causing instability. Therefore a
simpler and more effective method for suppressing mode hopping was chosen to stabilise our
laser system, using a saturable absorber (SA) with polarization maintaining (PM) compo-
nents. A comparison/optimization of the setup was performed by employing either a simple
mirror, fibre loop mirror or FBG as the reflector with the SA. For gas spectroscopy applica-

tions, the performance of the system using a Sagnac loop filter (SLF) or a piezo-transducer
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(PZT) as the wavelength tuning mechanism was studied, using the loop mirror and the FBG

as the reflector for the SLF and the PZT respectively.

3.7.1 Saturable Absorber (SA) for Mode Suppression

A saturable absorber (SA) acts in the laser cavity as a narrow bandwidth filter by incorporat-
ing a segment of un-pumped erbium doped fibre in the ring cavity to suppress mode hopping
through the establishment of a transient Bragg grating by standing-wave saturation effects in
the length of un-pumped fibre. PM-EDF is used to ensure the formation of a stable standing-
wave since, with PM fibre, the two counter-propagating waves interfere with each other with
their state-of polarizations optimized which enhances single frequency operation. This has
improved the performance of the fibre laser and a linearly polarised output is obtained with
little mode hopping [52].

Figure 3.15 shows a schematic diagram of the experimental setup of the erbium doped
fibre ring laser with the SA. The objective of this experiment is to get stable and narrow
linewidth, single mode operation of the fibre laser system. A standard EDFA unit (OptoSci
Erbium Doped Fibre Amplifier, ED AMP supplied by Opti-Sci. Ltd) which included a 980nm
pump laser, two WDMs, an active gain medium (erbium-doped fibre) and two isolators was
used for this setup. The output of the EDFA was connected to a 2 meter length of polarization
controller to adjust the polarisation state of the EDFA output. The polarizer controller is
connected to a 50/50 polarization maintaining (PM) coupler and 50% of the output of this
coupler is connected to a PM circulator (which also ensures unidirectional lasing operation),
whereas the other 50% of the coupler (laser output) was connected to a PM isolator to avoid
back reflection and eliminate unwanted noise. Port 2 of the PM circulator is connected to
the saturable absorber section which comprises of a polarizer with panda fibre (0.8 meters),
a PM EDF with bow tie fibre (2 meters length) and various reflectors (simple mirror, fibre

loop mirror or FBG) at the end. All of these PM components have a centre wavelength of

45



1550nm. Finally port 3 of the PM circulator is connected into the EDFA, which made the
total cavity length of the system approximately 20 meters, giving a 10 MHz mode spacing.
An optimum design was investigated by comparing the performance of different reflectors
used in the SA section, namely a fibre Bragg grating (FBG), fibre loop mirror (LM) and
mirror (M). A 50/50 PM coupler was used to form the fibre LM in which two output ports
were connected together to get 100% reflection back to input port of coupler. A 15mm length
FBG with 1550nm centre wavelength and a mirror formed by coating a thin aluminium film

on the end of fibre were used as the other reflectors for comparison.

EM EDFE c.

Un-pumped Satarable

Absorber (SA)

PId Isolajor

Controller (P ;

Figure 3.15: Schematic diagram of erbium doped fibre laser (EDFL) ring cavity with a
saturable absorber (SA)

3.7.1.1 Power Characteristics of the EDFL with a SA

Figure 3.16 shows the output power characteristics of the EDFL with the FBG, loop mirror
and mirror. The loop mirror gave the highest output power with a threshold power of 14.2mW

for both the loop mirror and the FBG and 19.9mW for the mirror.
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Figure 3.16: Output power of the EDFL (with FBG, loop mirror or mirror) versus input
pump power at 980nm

3.7.1.2 Mode Stability

A Fabry Perot Spectrometer (FPS) with 300MHz bandwidth was used to observe the laser
stability. The output from the FPS was connected to an oscilloscope (Agilent Infiniium
Oscilloscope 1.5GHz, 8GSa/s, model 54845AR) as shown in Figure 3.17. The performance
of the EDFL system is shown in Figures 3.18, 3.19 and 3.20 for the FBG, LM and M,
respectively, which show the laser output as the FPS is wavelength scanned by a ramp
voltage on its PZT. Tt was found that all three reflectors gave stable laser operation and

hence worthy of further investigation.
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Figure 3.17: Observation of laser modes by FPS configuration
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Figure 3.18: Single mode operation with FBG (PZT drive voltage also shown)

48



7 ELEE | @ SE =

¥

Figure 3.19: Single mode operation with loop mirror (PZT drive voltage also shown)
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Figure 3.20: Single mode operation with mirror (PZT drive voltage also shown)
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3.7.1.3 Dynamic Response of EDFL with SA

Figure 3.21 shows the setup for measuring the transient response using a function generator
connected to the rear of the EDFA unit. Five different amplitudes of step or square waveform
were applied for the pump power with a modulation frequency of 100Hz and with a positive
dc offset to maintain the peak to peak value between 0 to 5V. Amplitudes of 1V, 2V, 3V, 4V
and 5V were used, corresponding to pump powers of 10.4mW, 23.8mW, 36.8mW, 49.6mW
and 61.4mW respectively, as indicated on the front panel of the EDFA unit. A low noise
photoreceiver (OptoSci LNP-2A, 100 Hz-2.24 MHz) was used to detect the output signal and

was connected to the oscilloscope to see the response.

EDFREL + Teltron TDS T84

Function a4 Oscilloscope
Generator

Photo recerver

absother

Figure 3.21: Setup for measurement of transient response of EDFL with SA

As previously discussed, the laser build-up time was measured as the time delay between
the launch of the pump power and the start of laser spiking. From observation, when 5V
was applied from the function generator, the build-up time with the mirror was the fastest
response, followed by the FBG and then the loop mirror, 2.84ms, 3ms and 4.8ms respectively.
Referring to Figure 3.22, it was observed that the build up time reduces with increase of pump

power.
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Figure 3.22: Build-up time versus voltage step applied to pump power control

3.7.1.4 Relative Intensity Noise (RIN)

The noise at a given frequency can be described in terms of relative intensity noise (RIN)

which increases as pump power decreases [71]. RIN is the defined as

Sp(w)

RIN =
Py

(3.11)

where S,(w) is the photon noise spectral density (noise per unit frequency interval), and
Pr is the total photon number, Pr = PV,. V, is the volume of the active laser region |71].
The noise is large at the relaxation oscillation frequency which is proportional to the
square root of the pump power, P, according to the equation |26]:
9 1 Pp

=l 1 (3.12)

where w is the relaxation oscillation (angular) frequency, Pp is the DC pump power level,

Py, is the threshold pump power, 7y is the upper state lifetime and t. is the cavity lifetime.
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Figure 3.23 shows the measured RIN of the EDFL with SA using the RF spectrum
analyser with a laser output power of -6.31dBm on the photoreceiver. With reference to
Figure 3.23, a conversion is needed when the value of the resolution bandwidth (RBW) of
the instrument is more than 1, which also depends on the frequency. The following equation

was used to calculate the RIN:

RIN = 10logyodata — 10logig RBW (3.13)

The data obtained was already in dBm and hence it was only needed to convert RBW
into log form and subtract to get the actual RIN value.
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Figure 3.23: RIN of the EDFL with SA with pump power of 70mW

From Figure 3.23 it can be seen that the EDFL has a low RIN except at the relaxation

oscillation frequency of 159 kHz where the RIN is maximum at -119 dB/Hz.
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3.7.1.5 Tuning Range with a Tunable Filter and a Sagnac Loop Filter (SLF)

An important feature of a laser system for gas spectroscopy is the ability to scan across an
absorption line. In the EDF ring cavity laser, the wavelength can be selected within the
erbium gain-bandwidth and can be tuned by use of a commercial tunable filter (TF), by use
of an all-fibre Sagnac loop filter (SLF) or by thermally stretching a FBG. All these methods

have been used and investigated in this study.

Tunable filter (TF) For the EDFL with SA, a tunable filter (Santec, OTF-300) with
a wavelength range of 1530-1570nm and Inm loss at -3dB bandwidth was inserted into
the cavity for wavelength selection. A 40nm tuning range, as depicted in Figure 3.24, was
achieved with either the loop mirror or the mirror in the SA section. Hence both mirrors are

compatible with this form of tuning and give similar performance.
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Figure 3.24: Spectra of laser output using a commercial filter to tune the centre wavelength
of the EDFL system with a SA and (a) loop mirror (b) mirror

Sagnac Loop Filter (SLF) The SLF functions as a periodic filter and may be used
for step tuning the frequency. The setup shown in Figure 3.25 was used to measure the

wavelength characteristics of the SLF. Two EDFA units (to give a higher input power) were
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used as a broadband ASE source at maximum pump power (70mW, 75mW). This provided
the input for the SLF which consisted of a SM 50:50 coupler connected to a polarisation
controller (PC), polarization maintaining fibre (PMF) and a small birefringence loop (SBL).
The output of the SLF was monitored on a optical spectrum analyzer (OSA). Three different
lengths of PMF were used in the SLF. Each length gives a different channel spacing according

to the relation:

)\2

"~ BL

(3.14)

where s is channel spacing, B is the birefringence, L is the length of PM fibre, A is the
wavelength of the input light wave.
The channel spacing for the three different lengths of PMF used were 0.8nm, 0.3nm and

0.16nm.

ASE

05A

Figure 3.25: Measurement of SLF characteristics

Figure 3.26 shows the SLF output for channel spacings of 0.8nm and 0.16nm. Higher

finesse is achieved for the SLF of 0.16nm wavelength spacing. Fine tuning can be performed
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using the SBL for selecting the centre wavelength of laser. Figure 3.27 displays the SLF output
over the full ASE spectral range of 1520nm to 1580nm (highest peak power at 1532nm due

to the characteristics of the EDFA gain).
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Figure 3.26: (a) EDFA gain profile (b) SLF with 0.8nm wavelength spacing and (c¢) SLF with
0.16nm channel spacing
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Figure 3.27: SLF output over full spectral range of ASE
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Comparing the SLF with the commercial tunable filter (TF), the SLF is a periodic filter
with step tuning whereas the TF is a single-wavelength bandpass filter with continuous
wavelength tuning. The unique property of the SLF is that the channel spacing can be
altered by changing the length of the PMF which is easier and more cost effective than the
TF. Therefore depending on the requirements or applications, wavelength tuning will be

carried out using either the TF or the SLF in the experimental systems.

3.8 Modulation of the Fibre Laser Output and Applica-
tion for Spectroscopy

In the following sections we will investigate the application of the various fibre laser systems
discussed above for gas detection. As an initial step attenuation measurements will be used
to simulate gas absorption. For simplicity and with the eventual goal of accurate line-shape
recovery, we will use intensity modulation of the laser output (at a few kHz frequency) which
can simply be obtained through pump current modulation. This allows the use of a lock-
in amplifier in the detection system. Low frequency (few Hz) wavelength scanning will be
applied separately. As discussed earlier, this avoids the problems associated with combined
AM and FM modulation which makes recovery of exact line-shapes more difficult (as occurs
in DFB diode lasers using conventional wavelength modulation spectroscopy [15]).

Note that in order to get an optimum output intensity modulation from pump power
modulation, the amplitude of pump modulation signal, V4 and the DC level or offset voltage,

Vpe must be set correctly as illustrated in Figure 3.28.
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Figure 3.28: Output intensity modulation from pump modulation

3.8.1 System Operation with a Fibre Bragg Grating (FBG) and

Piezoelectric Transducer (PZT)

Figure 3.29 shows the first experimental fibre laser system investigated for application to gas
spectroscopy. The saturable absorber section uses a FBG as the reflector and a PZT is used
to stretch the FBG for wavelength scanning/tuning at 1Hz frequency. A function generator is
used to modulate the pump current /power and hence produce intensity modulation at 2kHz
on the laser output.

The fibre laser is as described earlier and consists of an Erbium Doped Fibre Amplifier unit
(EDFA as supplied by OptoSci. Ltd) which included a 980nm pump laser, two wavelength
division multiplexers (WDM), an active gain medium (erbium-doped fibre, ~11m) and two
isolators all contained within the EDFA unit. The output from the EDFA is connected to a
polarization controller (PC, 2m fibre length) to align the polarization state with the axis of a

50/50 PM coupler. One output of the PM coupler is connected to a PM circulator consisting
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of three ports in total; the second port of the circulator is connected to the saturable absorber
section while the third port is connected to the EDFA input to close the cavity. The total
cavity length is approximately 20m (~10 MHz mode spacing). The SA section comprises of
a polarizer (PANDA fibre, 0.8m length) spliced to PM erbium-doped “bow-tie” fibre to form
the SA (2 meter length) and a FBG. The fibre laser output is collected from the other port of
the 50/50 PM coupler followed by a PM isolator which ensures that no power was reflected
back into the system.

The output of the complete fibre laser system was connected to a variable attenuator
to simulate gas absorption and detected by a photo-receiver followed by a lock-in amplifier
(LIA) for signal processing. The performance of the system was measured by an optical

spectrum analyzer (OSA) and an oscilloscope.
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Figure 3.29: Experimental erbium doped fibre laser system with FBG as wavelength selector
and reflector for the saturable absorber section

The centre wavelength of the FBG was 1550nm with a high reflectivity of 99% to produce
a stable standing wave in the SA section. As discussed earlier, mode stability is an important

consideration in this study. To preserve the stability of the laser polarization against envi-
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ronmental disturbances, polarization maintaining (PM) components were used in the setup
(except for the EDFA). We verified single-mode operation by using a scanning Fabry-Perot
interferometer (FPI) with a 300 MHz free spectral range. Figure 3.30 shows the laser output
from the FPI while Figure 3.31 was the laser spectrum obtained from the optical spectrum

analyzer (OSA).
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Figure 3.30: Measurement of single mode operation using a Fabry-Perot interferometer (FSR
of 300 MHz)
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Figure 3.31: Laser output displayed on the Optical Spectrum Analyser (OSA)

As shown in Figure 3.32, the centre wavelength was tuned so that the laser could be
scanned across a typical gas absorption line through a slow ramp of the 1Hz frequency with
300V supplied by a voltage amplifier (Xantrex unit, XFR 300-9, 0-300V, 0-9A) to the PZT
on the FBG. Figure 3.33 is similar to Figure 3.32 but with the addition of a sinusoidal signal
of 800mV peak-to-peak (Vpp) at a frequency of 2kHz applied to the pump input to give

intensity modulation on the laser output.
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Figure 3.32: Mkrl (A) shows the laser output before stretching the FBG and Mkr2 (B)
shows the output after stretching, with Mkr (2-1) indicating 0.1nm of tuning range obtained
by stretching
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Figure 3.33: Laser output while the FBG is stretched by the PZT (as in Fig 3.32) and simul-
taneously intensity-modulated by sinusoidal modulation of the pump power at a frequency
of 2kHz

An optimum modulation voltage from the function generator is a key requirement so
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that a large intensity modulation can be obtained on the laser output. From the laser’s DC
output characteristics, the amplitude and the offset voltage were determined for modulation
optimization. Based on Figure 3.34, which shows the laser output as function of DC voltage
applied to the pump, there was a linear increase between at Vpo at 1.7V to 2.8V whereas the
output abruptly increased after 2.9V. Therefore, Vpe set at 2.2V and V4o at 800mVpp with
a frequency of 2kHz. This is a simpler modulation scheme compared with using a waveguide
phase modulator [72] or a tunable filter by varying its temperature [55] which is costly and
complex. As already mentioned, use of a high modulation index can enhance the sensitivity

of the system for detecting small attenuation from gas absorption lines.

Output system (mW)

1 12 () 16 13 22 2.4 2.6 2.8 3

Vpe (V)

Figure 3.34: Laser output as function of DC voltage applied to pump power

To test the system operation with the intensity modulation applied, a Perkin Elmer
Instrument, 7280 DSP Lock-In Amplifier (LIA) with sensitivity of 50mV, time constant of
lms, phase of 25 ° and first harmonic was used to detect the output signal. An attenuator of
5dB was used at the photo-receiver input to avoid power saturation. Figures 3.35 and 3.36

show the change of output signal amplitude when the variable attenuator shown in Figure
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3.29 is adjusted. A linear decrease in output signal was observed when the value of the
variable attenuator was increased and, according to the Figure 3.35, the smallest attenuation
detected by the LIA is 0.005dB. There was no perturbation on the output with and without

stretching of the FBG by the PZT as shown in Figure 3.37.
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Figure 3.35: Laser AM signal output versus small changes in attenuation applied
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Figure 3.36: Laser AM signal output versus large changes in attenuation applied
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Figure 3.37: Comparison between laser AM signal output as function of attenuation with
and without stretching of FBG
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3.8.2 System Operation with a Sagnac loop filter (SLF) and Loop

Mirror (LM)

The disadvantage of using the previous arrangement is that the range of wavelength operation
is limited and defined by the FBG characteristics. An alternative scheme is to use a Sagnac
Loop Filter (SLF) and a Loop Mirror (LM) to replace the FBG and PZT as shown in Figure
3.38. Further details on the SLF can be found in [73]. The SLF is inserted in the cavity and
the LM in the saturable absorber arm. The SLF requires manual tuning in order to scan
across a gas absorption line which is inconvenient as compared to the PZT. However, this
setup has a higher laser output power since the voltage offset required is larger — compare
Figure 3.39 for this setup with Figure 3.34 for the previous case. Figure 3.40 depicts the laser
output on the OSA. Referring to Figure 3.41; the system was capable of tuning over 0.1nm
(by adjustment of the small birefringence loop, SBL, in the SLF) which is sufficient to scan

through a typical pressure-broadened gas absorption line.
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Figure 3.38: Experimental erbium doped fibre laser system with SLF for wavelength tuning
and loop mirror as reflector on the saturable absorber
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Tuning range can be improved by using a flat-gain erbium doped fibre, employing a gain-
flattening filter or cascading erbium doped fibre amplifiers to reduce the length-averaged
inversion level [73]. Moreover, finer tuning can be achieved by cascading two or more SLFs
and Figure 3.42 illustrated the tuning achieved on the laser output from cascading two SLFs.
Figure 3.43 shows the attenuation change that was detected by the system over the range of
0.005dB to 5dB with Figure 3.44 zooming into a smaller scale of attenuation. This system
can also detect a 0.005dB change of attenuation which was smallest available value from the

variable attenuator used in the experiments.
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Figure 3.39: Laser output as function of DC voltage applied to pump power
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Figure 3.40: Laser output displayed on the Optical Spectrum Analyser (OSA)
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Figure 3.41: Mkrl(A) shows laser wavelength in initial position and Mkr2 (B) shows position
after adjusting the SLF with Mkr(2-1) indicating a tuning range of 0.1nm (SLF channel
spacing of 0.16nm)
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Figure 3.42: Fine tuning of laser centre wavelength by use of two cascaded SLFs
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Figure 3.43: Laser AM signal output versus small changes in attenuation applied
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Figure 3.44: Laser AM signal output versus large changes in attenuation applied

Hence both this system and the previous one are feasible for spectroscopy applications
with 0.005dB of attenuation detectable with both setups, though scanning methods are dif-
ferent. It should be noted that the performance of the overall system can be improved by
splicing all the components together as the results given here are for a connectorized system
where cavity losses are higher. As noted, the objective of the research is to develop a sim-
ple method of wavelength scanning, with separate amplitude modulation for phase sensitive
detection, so that absorption line-shape recovery may be performed without the distorting
effects experienced with diode lasers, where injection current modulation produces both AM
and FM modulation simultaneously. Further careful investigation is required to ascertain if
the pump modulation on the fibre laser as described here produces any modulation of the

wavelength.
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3.9 Application to Gas Spectroscopy

The previous section used a variable attenuator to simulate gas absorption but in this sec-
tion, the EDFL system was employed with a fibre-coupled micro-optic cell using intensity

modulation spectroscopy to demonstrate the feasibility of the system for trace gas sensing.

3.9.1 Gas Detection with the EDFLs using Intensity Modulation for

Spectroscopy
3.9.1.1 Experimental Setup

The experimental system used is shown in Figure 3.45 which is the same as Figure 3.29 except
that the variable attenuator has been replaced with a micro-optic cell. The micro-optic gas
cell consisted of two graded index (GRIN) lenses positioned at either end of a ceramic V-
groove. Input light was collimated by the GRIN lens at one end and passes through the

sensing region and subsequently collected by the second GRIN lens at the other end.
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Figure 3.45: Experimental system for gas detection
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3.9.1.2 System Characterisation and Calibration

Before attempting to perform gas measurements with the system, it was first necessary to
check the system operation and its tuning characteristics to ensure that it was properly set
up for gas detection.

The FBG characteristics were first measured and Figure 3.46 shows the Bragg wave-
length as a function of the applied voltage which is relatively linear. A wavelength shift of
0.1nm is attained when 100V DC is applied to the PZT, thus yielding a tuning sensitivity
of 0.001lnm/V. Theoretically, the tuning range of this device was limited only by the break-
ing strength of the fibre; however due to the limits imposed by the high voltage amplifier
(maximum output of 200V) only a 0.2nm shift was achievable; thus a proper selection of the
centre wavelength of the FBG to match a particular gas absorption line is crucial for this

experiment.
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1535.42 v = 0.001x% + 15353

)

1535.4 4
1535.38

153536

Wavelength (nm

153534

1835.32 1

1535.3

0 10 20 30 40 50 60 70 80 90 100
Input voltage, Voo (V)

Figure 3.46: Tuning range of the FBG with sensitivity of 0.001nm/V

After verifying the tunability of the FBG, it was necessary to validate the stability of the

laser output characteristics. Figure 3.47 shows the output spectra of the laser measured using
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an OSA with 0.06nm of resolution while the pump power was varied from 45mW to 75mW
with maximum laser output of 3mW. Referring to the figure, the side mode suppression ratio
(SMSR) and output power of the laser are rising when the pump power was increased, but
the centre wavelength of the laser remains fixed proving the system is stable where the centre

wavelength is determined by the FBG used in the SA.
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Figure 3.47: Laser output spectra as function of pump power

It was also necessary to verify that the laser wavelength as determined by the FBG could
be operated within the wavelength region of a typical gas absorption line. Acetylene was
chosen as the target gas. In order to get a clear comparison between the wavelength of the
laser and suitable absorption lines of acetylene gas, the (broad-band) amplified spontaneous
emission (ASE) was observed on the OSA along with the laser output after passage through
the micro-optic cell containing acetylene. Figure 3.48 displays the output from the OSA with
(a) indicating the ASE with several (noisy) gas absorption lines, (b) indicating the laser centre
wavelength before (or without) stretching and (c) indicating the laser centre wavelength after

a considerable amount of mechanical stretch on the FBG. The figure indicates that the laser
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wavelength can be swept through the acetylene absorption line at a wavelength of 1535.39nm

by the PZT.
351
__________ REF:=2S8SsdBMO_ | . 0
z.1a
0.7 (a
—0.45
177 b Lo
|
i
= 0o
= 534 390 15055 Ha0 1536 390
0.06 nm —41.70 dBm 4522 dBm
3.0 kHz 753 ms oOff

Figure 3.48: Laser tunability sweeping across gas line by using a PZT

3.9.1.3 Measurements on Acetylene Absorption Line

First of all, Figure 3.49 shows the output from the oscilloscope when only the ramp signal
is applied to the PZT (no modulation on the pump) with 75mW DC pump power. The gas
absorption line can be observed between the spikes (which are likely caused by sudden power

recovery of the laser after the rapid change of the ramp signal at the end of each ramp cycle).
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Figure 3.49: Output signal observe on scope as laser wavelength is ramped across the acety-
lene absorption line

Sinusoidal modulation was now applied to the pump so that a lock-in amplifier (LIA)
(phase-sensitive detection) may be employed to measure the amplitude of the output intensity
modulation as the laser wavelength is swept through the absorption line. 1% of acetylene
gas was filled into the cell and the output is shown in Figure 3.50. The peak to peak
amplitude of the signal from the LIA was 130mV at the first harmonic (1f) and almost zero
(0.023mV) as expected at the second harmonic (2f) which was due to the small deviation
of the intensity modulation from purely sinusoidal. The 1f signal obtained approximately
followed the absorption line. The absolute line shape is obtained by normalising to the
background (off-line) signal. Based on the result, a comparison between the theoretical
absorption line for 1% acetylene was made and depicted in Figure 3.51. There is clearly a
problem with the depth of the gas line not matching the theoretical line — this is possibly due
to high background signal occured even no gas presents in the cell. Other possible includes
laser output power variation and normalisation issues, in conjunction with the cooling system

used in setting the actual wavelength of the FBG. From the result obtained, the depth of

75



the absorption line was 0.13V and noise level was 80mV resulting signal to noise ratio of 1.7.
Thus the minimum of 0.5% acetylene can be detected through this technique.
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Figure 3.50: Gas detection along the line shape with 1f of LTA output
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Figure 3.51: Relative transmission for acetylene for 1% of concentration, pressure 1 bar
temperature 22°C
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The system is capable of detecting gas absorption lines but better results may be possible
by giving attention to the following issues:

It is difficult to confirm that the tuning range is sufficient with the 1Hz ramp modulation
used in the experiment. The resolution of the OSA available in the lab is 0.06nm and it is
impossible to see every scan performed by the PZT. For measuring gas lines at atmospheric
pressure and temperature, a tuning range of ~0.1nm is required. A higher voltage amplifier
is needed to get the desired tuning range as currently only 200V is available in the lab.
(Measurement of lines at low pressure would be possible since linewidths are narrowed at
lower pressures or temperatures)

The FBG wavelength needs to be closely matched to the absorption line wavelength.
Due to a slight mismatch, the FBG used in the experiment was connected to a temperature
controller to shift its wavelength to the acetylene absorption line and temperature fluctuations
in the lab result in wavelength fluctuations.

The setup would be better placed in styrofoam to make the system less sensitive to
environmental perturbation such as vibration, acoustic noise and fluctuations in room tem-
perature. Furthermore, the current experimental setup is a testbed so all components are
connectorised with FC/APC connector. It is expected that the system performance can be
significantly improved by splicing all the connections to reduce noise and get more stable

laser.

3.10 Conclusion

This chapter has presented the basic characteristics of several erbium fibre lasers systems
with a particular focus for gas spectroscopy. A key objective of the research was to investi-
gate a simple method of wavelength scanning, with separate intensity modulation (for phase

sensitive detection) so that absorption line-shape recovery may be performed without the
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distorting effects experienced with diode lasers, where injection current modulation produces
both AM and FM modulation simultaneously.

The characteristics of a fibre ring laser system using a saturable absorber to suppress mode
hopping and improve laser stability was first investigated using two different arrangements for
wavelength tuning, namely, a FBG with a PZT and a SLF with a loop mirror. Preliminary
results demonstrated that both arrangements are feasible for spectroscopy applications, with
0.005dB of attenuation detectable with both setups, though scanning methods were different.
Automatic scanning across an absorption line by using the PZT is more effective than manual
tuning of the SLF; however the wavelength tuning range is larger for the latter arrangement.
The tuning range of 0.1nm obtained by stretching the PZT or tuning the SLF demonstrated
that the laser output can be tuned across a typical pressure-broadened absorption line.

Using simple pump modulation to produce output intensity modulation, along with wave-
length scanning by stretching the FBG, the system has been used to detect acetylene absorp-
tion lines, although further work is necessary to improve system operation for accurate line
shape recovery. However the system is still rather complex and this prompted an investiga-
tion into simpler, more effective methods for gas spectroscopy with a fibre laser system. The

following chapter investigates the use of intra-cavity methods to achieve these objectives.
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Chapter 4

INTRA-CAVITY LASER
ABSORPTION SPECTROSCOPY
(ICLAS) USING EDFLs

4.1 Introduction

One possible method to enhance the sensitivity of near-IR fibre laser gas sensors is use of the
technique known as “intra-cavity laser absorption spectroscopy” (ICLAS) where a gas cell is
placed within a laser cavity and the evolution of the output spectrum is captured over the
build-up period of laser oscillation in the cavity. Enhancement of the effective path length of
the gas cell occurs due to the multiple circulations of light within the cavity during this period.
The technique has been successfully demonstrated with solid-state lasers [22] and effective
absorption path lengths ranging from tens to thousands of kilometers, depending on the laser
type and operation conditions, have been attained. We have previously reported a theoretical
analysis of the dynamics of erbium fibre laser systems [26] but practical realization of ICLAS

with fibre lasers is difficult for several reasons — the spectrum must be captured during the
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period of relaxation oscillations and detector arrays for the 1-2um region are less capable
and more expensive than the silicon CCD arrays used for ICLAS at <1pm wavelengths. For
example, Stark [27] used a rapid scan Fourier Transform (FT) spectrometer to capture the
spectrum at each peak of the relaxation oscillations for a thulium-doped fibre laser.

In this chapter we present a simple and inexpensive method of ICLAS which makes
use of the amplified spontaneous emission (ASE) already present within a fibre laser cavity
and we experimentally demonstrate the principle of operation using gases such as acetylene,
carbon dioxide and methane. Acetylene gas has a high absorption line strength among other
gases in the near-IR which makes it easy to detect whereas low line strength gases such as
carbon dioxide and methane are also tested to demonstrate the system’s ability for multi-
gas sensing. Experimental results are compared with theoretical results obtained from the
HITRAN database 2004 and 2008 using a commercial program created by GATS Spectral

Calculator.

4.2 Principle of ICLAS using ASE within the Fibre Laser
Cavity

The first key principle for attaining path length enhancement within an erbium fibre laser
cavity is to ensure a broad, flat erbium gain spectrum which preferable can be tuned over the
desired spectral regions where particular gas absorption lines exist. As discussed in Chapter
3, the gain characteristics of erbium-doped fibre amplifiers and lasers may be conveniently

described in terms of a length averaged gain coefficient, g , given by [26, 74]:

g=(+a)N;—a (4.1)

where ~ is the emission coefficient, « is the absorption coefficient and N, is the length
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averaged inversion level (0< N,<1) where N, = %fé Ny(z)dz .

Figure 4.1 shows g as a

function of wavelength for different inversion levels, N, for the erbium fibre used in the fibre

laser systems. The total gain, G , of a length,L , of erbium fibre is given by G = gL.

100% inversion

20% inversion
N\ 60% inversion

Gain Co-efficient (dB/m)

" 0% inversion

40% inversion

20% inversion

1610 630 e

Wavelength (nm)

Figure 4.1: Length-averaged gain coefficient of FibreCore EDF at different inversion levels

It is clear from Figure 4.1 that the shape of the gain spectrum is dependent on the

inversion level and a reasonably flat spectrum is attained over the 1530-1560nm region when

the inversion level is ~ 60% and g ~ 1dB/m. When the cavity is lasing, the inversion level

is determined by the external cavity loss since steady-state laser oscillation implies that gain

and loss are equally balanced (net round-trip gain of unity). For example, with a cavity

loss of 10dB, then an erbium fibre gain of G=+10dB is required for lasing, which means

that g &~ 1dB/m for a typical erbium fibre length of 10m and hence the system operates at

60% inversion level. Increasing or decreasing the cavity loss will correspondingly increase

or decrease the inversion level, so a variable attenuator within the fibre laser cavity may be

used to select a particular gain curve in Figure 4.1. Similarly, increasing the erbium length

will reduce the inversion level. Assuming homogeneous broadening is dominant, the actual
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lasing wavelength is determined by the position of the local maximum on the appropriate
gain curve in Figure 4.1 and the lasing wavelength may be switched between ~1530nm and
1560nm by simple adjustment of the variable attenuator to raise or lower the inversion level
around 60%.

The second key principle relates to the characteristics of the ASE within the fibre laser
cavity. ASE exists over the full gain-bandwidth of the erbium fibre and provides a convenient
broadband source for interrogation of gas absorption lines. As noted above, the net round-
trip gain is approximately unity at the lasing wavelength but this is also true for the ASE
within the cavity, particularly near the lasing wavelength, if the gain curve is flat. Hence
the ASE undergoes multiple circulations within the fibre laser cavity and consequently the

effective path-length of an intra-cavity gas cell is greatly increased.

4.3 Experimental Fibre Laser System for ICLAS

The experimental system for demonstration of ICLAS using ASE is shown in Figure 4.2
with different positions of the coupler placed in the cavity. The erbium doped fibre amplifier
(EDFA) unit (OptoSci Ltd., ~1.8dB internal loss) consists of ~11m of erbium-doped fibre,
pumped by a 980nm diode laser with two wavelength division multiplexers for in/out coupling
of the pump and an isolator at both the input and the output of the EDFA. A 6cm path-length
micro-optic gas cell (insertion loss of ~1dB) is fibre-coupled within the cavity and a variable
attenuator (EXFO, Optical Test System 1Q-203, insertion loss of ~3dB) is also included
within the cavity to adjust the inversion levels as discussed above. A 20:80 single mode fibre
coupler is used to tap off 20% of the cavity light to an optical spectrum analyzer (OSA: Agilent
86140B resolution of 0.06nm) to monitor the cavity ASE and the laser emission. Total cavity
length is ~13m and all connectors are FC/APC except for the variable attenuator which had
FC/PC connectors.
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Figure 4.2: Experimental setup for ICLAS with (a) gas cell after coupler and (b) gas cell
before coupler

4.4 Experimental Results

Before we present the detailed experimental measurements of absorption lines for various
gases and the sensitivity enhancement, we first investigate the effect of the various compo-

nents used in the design of the system shown above in Figure 4.2.

4.4.1 Position of the Coupler in the Cavity

The output ASE power level for the cell placed after the coupler, Fig 4.2 (a), was higher
than that for before the coupler, Fig 4.2(b), as shown in Figures 4.3 and 4.4, with ~6dB
difference, for both 20/80 and 50/50 couplers even though the total round-trip attenuation
of the cavity is not changed. The 50/50 coupler depicted in Figure 4.4 gives a higher output
due to more power being tapped from the cavity to the OSA. Figures 4.5 and 4.6 shows the

(enhanced) acetylene absorption lines extracted from Figures 4.3 and 4.4 after subtraction
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of the background ASE (using Origin 6.1 software). It shows that the absorption lines from
both setups are almost similar, hence the setup with the cell placed after the 20/80 coupler

is preferable due to the higher power and lower noise levels and will be used for the rest of

the experiments conducted in the following sections.

—— Cell before 20080 coupler
—Cell after 20080 coupler

=20 4

-ap 4

Amplitude (dBm)

-50 4

-G0 T T T T T
1529 1530 1631 1532 1533 1534 1535

Wavelength (o)

1536 1637

Figure 4.3: ASE spectrum for both setups with 20/80 coupler (acetylene in cell)
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Figure 4.4: ASE spectrum for both setups with 50/50 coupler (acetylene in cell)
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Figure 4.5: Acetylene gas absorption lines using 20/80 coupler
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Figure 4.6: Acetylene gas absorption lines using 50/50 coupler

4.4.2 Effect of Inserting a Tunable Filter (TF)

As was discussed in Chapter 3 for a standard EDFL system, a tunable filter may be inserted
into the cavity for selecting/tuning the laser wavelength and to reduce mode hopping at
high pump powers. However no gas absorption lines can be seen when a TF is used in
the system here for ICLAS since the TF has a narrow bandwidth and filters out the ASE.
Without the TF, many gas absorption lines appear on the ASE spectrum from the OSA as
depicted in Figure 4.7 where the solid curve indicates ‘without a TF’ and the other curves are
representing the TF being tuned to specific wavelengths. Experimental settings are 71.3mW

pump power (maximum pump available for the EDFA) and variable attenuator set at 10dB.
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Figure 4.7: ASE spectrum with and without a tunable filter in the cavity

4.4.3 Effect of Pump Power

Pump power is one of the main factors in enhancing the depth of the gas absorption lines
observed on the ASE spectrum. Referring to Figure 4.8 below, the depth of the absorbance
at a wavelength of 1532.8nm is decreased when the pump power is reduced. This arises when
the pump power falls below the threshold value and hence circulation of the ASE within
the cavity is greatly reduced. On the other hand, high pump powers tended to enhance
laser mode fluctuations and the centre wavelength of laser could also shift towards longer

wavelengths (cavity loss set at 9.1dB attenuation) due to the flat gain curve.
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Figure 4.8: Effect of pump power on observed depth of acetylene lines

4.4.4 Effect of Attenuation on Lasing Wavelength

Gain and loss play an important role in determining the lasing wavelength which is based on
the position of the maximum in the gain curve shown in Figure 4.1 when there is no filtering
element in the cavity. This is also crucial for operation of our system so that there is sufficient
ASE near threshold in the vicinity of particular gas absorption lines. As we can observe from
Figure 4.9, when the cavity attenuation is changed in the system, the lasing wavelength is
also changed. Based on examination of Figure 4.1 in the region of 1530nm, the system tends
to lase at longer wavelengths when the cavity attenuation is reduced which is in accordance
with the theory. Therefore, we can adjust the lasing wavelength around desired absorption

lines by controlling both the pump of the EDFA and the setting of the variable attenuator.
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Figure 4.9: Effect of attenuation on the lasing wavelength (with no TF)

4.4.5 Gas Absorption Line Measurements
4.4.5.1 1% Acetylene (C.H,) Gas

Compared with other hydrocarbon gases, CoHy has relatively strong lines in the near-IR
around 1530nm and hence measurements were performed using 1% CyH, in the micro-optic
gas cell to evaluate the performance of the system. Figure 4.10 shows the ASE output
observed on the OSA over the wavelength range of 1529-1537nm both with 1% CyH, in the
gas cell and after the cell was flushed with nitrogen (no gas) for a pump power of 70.2mW
and an added attenuation of 11.8dB from the attenuator in the cavity.

A total of 16 acetylene absorption lines can be observed in Figure 4.10 and, in particular,
the lines near the central (lasing region) are greatly enhanced in amplitude. This is illustrated
more clearly in Figure 4.11 where the background has been subtracted from the gas line (in
units of dB) and the central absorption line appears with ~15dB of attenuation.

In order to compare the results with theory and obtain the sensitivity enhancement factor,
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the dB scale of Figure 4.11 was converted to relative transmission, P,/ B, , in Figure 4.12

using the relationship:

Pg(dBm)—Py,(dBm)
P,/ Py =100 ) (4.2)
Figure 4.13 shows the theoretical acetylene absorption lines, calculated from the HI-
TRAN database 2004, using commercial software (GATS Spectral Calculator) to calculate
the relative transmission for 1% CyHywith a 6cm path-length (micro-optic cell path length).
All 16 acetylene lines observed experimentally correspond with the theoretical line positions

allowing for a calibration error on the OSA wavelength scale of +0.04nm..
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Figure 4.10: ASE spectrum with and without 1% acetylene gas
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Figure 4.13: Absorption lines from HITRAN database for 1% acetylene gas using GATS
Spectral Calculator with a 6cm path length

Among the lines depicted in the Figure 4.11, consider the path length enhancement for
the central 1532.79nm line which corresponds to 1532.83nm in the HITRAN database. The
experimental attenuation observed is ~16dB at the line centre which translates to a relative
transmission of 0.03 from equation (4.2) and as shown in Figure 4.12. Figure 4.13 shows that
the theoretical relative transmission for this absorption line over a 6cm path length is 0.94 for
1% acetylene. Using these figures in Beer’s Law, P,,;/P;, = exp|—a(v)Cl], the theoretical
line centre absorbance is: A = aCl = 0.06 while the experimental absorbance observed is:
A = aClesy = 3.5 . Since the gas concentration, C', and the absorption co-efficient,c, is the
same for both cases, this means that the effective experimental path length, l.¢, is increased
to 3.5m, an enhancement factor of ~60 over the 6cm cell length. It is clearly evident from
Figures 4.4 and 4.5 that the actual enhancement observed is very much dependent on how
close the absorption line is to the lasing region.

Even better results are expected with improved flattening of the gain curve over the

bandwidth, better flushing of CoHs from the cell and a proper arrangement of the device to
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reduce vibration.

4.4.5.2 Carbon Dioxide (CO,)

Carbon dioxide (COs) is among the lowest line strength gases in the near-IR. However we can
detect the gas with the ICLAS system here. Figure 4.14 shows the observed ASE spectrum in
the 1532-1534nm region with 100% CO; and without COs in the cell (the cell was filled with
N, for the ‘without gas’ condition). Absorption lines can be seen from Figure 4.15 where
the ASE background has been subtracted. However due to dampness and environmental
humidity, there is also water vapour (H2O) lines present in the result. The HyO lines appear
alongside the CO, lines in the figure. Figure 4.16 shows the theoretical data obtained from

the HITRAN database 2008 for COs in this wavelength region.
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Figure 4.14: Measured ASE spectrum with and without CO, gas
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Figure 4.16: Theoretical absorption lines for CO, gas using GATS Spectral Calculator

For the weak CO, lines, the pump power setting is crucial as with low output power of
the laser it is hard to detect the gas presence. This can be demonstrated through Figure 4.17

where low power was applied for this result.
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Figure 4.17: No lines can be seen around 1532nm with low output power

Weak COs lines can also be observed at the longer wavelength region around 1555-1558nm
as shown in Figure 4.18 taken from the Hitran database. Figure 4.19 show the measured ASE
spectrum in the 1556-1559nm region with and without gas in the cell. Due to the low line
strength of the gas, only very small dips can be observed in the ASE spectrum. Ounly two
gas lines can be identified as shown in Figure 4.20 where the gas wavelengths are matched

with the HITRAN 2008 database.
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Figure 4.20: Experimental CO, lines over wavelengths of 1556nm-1559nm

4.4.5.3 Methane CH,

Methane can be monitored through its relatively strong near-IR lines around 1650nm but
this wavelength cannot be reached with the EDFL. However the HITRAN database indicates
that there are several very weak methane lines in the 1530-1560nm region which require a few
orders of magnitude enhancement in sensitivity to observe. Figure 4.21 shows the methane

lines using GATS commercial software in this C-Band region.
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Figure 4.21: Transmission lines for CH, over the 1530 -1560nm region using GATS Spectral
Calculator

The general trends of the experimental results agreed with the theoretical predictions.
Only a few lines of CH4 have been found in this area and water vapour lines also appeared due
to humidity in the atmosphere and the very low line strength of CH,. Sensitivity enhancement
of nearly a hundred thousand with effective absorption path lengths of kilometres has been
achieved.

Figure 4.22 and Figure 4.23 display the experimental results for the 1530-1535nm and
1555-1558nm regions respectively with 10% methane and Figures 4.24 and 4.25 show the
methane absorption lines with the background subtracted by using a circle as indicator for
the CH, lines. In Figure 4.24, a CH, line was found at 1532.889nm which is the only line
obvious at the peak of the ASE spectrum and is well matched to the theoretical CH; GATS
line at 1532.89nm with a sensitivity enhancement of 55083 times and effective path length of
3km. Referring to GATS, three lines of CH, can be found in the 1555-1558nm region, but due
to the peak of the ASE being around 1556nm to 1557.5nm, only one methane line can be seen

from Figure 4.25 at 1556.48426nm with an error of 0.018nm which gives an absorbance of 0.4
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and a sensitivity enhancement of 44693 extending the 6cm cell path length to an effective

length of 2.64km.
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Figure 4.22: ASE spectrum with CH4 gas (1532-1534nm)
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Figure 4.23: ASE spectrum with CH4 gas (1555-1558nm)
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4.4.6 Use of a Sagnac Loop Filter (SLF)

As noted, a flat gain curve is required for effective operation of ICLAS and this has been
approximately achieved simply by appropriate choice of the inversion level as illustrated in
Figure 4.1. However it would be desirable to have a flat curve over a selected wavelength
region and to be able to adjust this region across the full ASE spectrum so that particular
absorption lines could be selected. As explained earlier, a standard tunable filter (TF) is not
suitable for this because it does not possess a sufficiently wide, flat-top pass-band region. As
discussed in Chapter 3, a Sagnac Loop Filter (SLF) is simple to construct and has multiple
pass-bands whose spacing/width may be adjusted according to the design of the filter (the

pass-bands however do not have the ideal flat top).

4.4.6.1 Measurement of SLF characteristics

A SLF was inserted into the cavity but the insertion loss of the SLF was high, about 7dB,
and so two EDFA units were cascaded (effectively increasing the length of the erbium doped
fibre) so as to maintain a low inversion level. This gives operation up to 1570nm as illustrated

in Figure 4.26.
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Figure 4.26: Signal is unstable at longer wavelength when tuning PC and SBL of the SLF

A shorter length of PMF used in the SLF gives a wider spacing between the transmission
bands and a wider bandwidth for each band. Therefore short lengths of PMF (0.34m and
0.2m) were used and Figure 4.27 shows the tuning range obtained in the 1550-1570nm.
Figure 4.28 displays the tuning in the 1530nm region. (The wavelength is tuned by the
small birefringence loop, SBL, a component in the SLF — see Chapter 3). Thus, any desired
wavelength can be selected through the SLF using the SBL. However, when the wavelength
was tuned to longer wavelengths at 1570nm, the signal was unstable and distorted. This is

due to the wide bandwidth of the filter tending to encourage mode hopping.
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Figure 4.27: Tuning range over 1550-1570nm region for 0.34m and 0.2m of PMF in the SLF
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Figure 4.28: Tuning in the 1530nm region using the SBL
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4.4.6.2 Gas Measurements with the SLF in the System

Tests were now performed on the system containing the SLF. Figure 4.29 shows experimental
gas absorption lines observed on the ASE spectrum with acetylene gas in the cell with 0.34m
long of PMF in the SLF. Figure 4.30 is the absorbance obtained by using Origin 6.1 software
for background subtraction. Figure 4.31 shows that the wavelength can be tuned by the SBL
of the SLF while Figure 4.31 depicts the effect of different settings of the variable attenuator
(VA) which alters the inversion and gain curve in Figure 4.1. When the VA is decreased,
higher output is attained with the lasing shifting to a longer wavelength. In Figure 4.32
shows shorter length of PMF used in the setup. The shorter the length of the SLF, the

broader is the passband of the filter thus more lines can be seen on the ASE spectrum
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Figure 4.29: ASE spectrum with CoHy gas (0.34m of PMF in the SLF)
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4.4.7 Effect of Saturable Absorber (SA)

In Chapter 3 we introduced the use of a saturable absorber section in the fibre laser cavity to
improve stability and reduce mode hopping. Here we also investigated the use of a saturable
absorber (SA) in the ICLAS cavity. As before, the SA section comprised of a three port PM
circulator connected to a polarizer (PANDA fibre, 0.8m length), spliced to 2m of un-pumped
polarization-maintaining erbium-doped fibre and a loop mirror as reflector.

Figure 4.33 presents the ASE output of the system when 1% CyHy was filled in the cell.
We found that the ASE signal is more stable with the SA and some of the gas lines also can
be seen but with weak absorption. This is because the ASE near the lasing wavelength has
less intensity (the SA section acts a grating filter) and a reduced circulation in the cavity
resulting in only small absorption dips. Therefore, it is more difficult to trace a low line

strength gas such as CO, and CH, using the SA.
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Figure 4.33: Output signal of using a SA in the cavity

4.5 Conclusion

In order to enhance sensitivity for detection of near-IR absorption lines, we have presented
in this chapter a simple method of intra-cavity laser absorption spectroscopy (ICLAS) which
makes use of the amplified spontaneous emission (ASE) already present within a fibre laser
cavity. The ASE provides a convenient broad-band source for the interrogation of several
gases within the gain-bandwidth of the fibre laser. The key principle of operation is based
on adjusting the cavity attenuation to select an appropriate inversion level and hence flatten
the erbium-fibre gain curve. Under this condition, the ASE undergoes multiple circulations
within the cavity, enhancing the effective path-length of the micro-optic gas cell placed within
the laser cavity. The effect of pump power and the use of wavelength filtering in the cavity
to select particular regions of the ASE spectrum have also been investigated.

We have experimentally demonstrated system operation with several gases available in

the lab such as 1% CyH,, 100% CO, and the very low strength lines of 10% CH,. For 1%

107



acetylene gas, we have experimentally observed 16 absorption lines in the 1530nm region and
a path length enhancement of ~60, transforming the 6cm micro-optic cell into an effective
path length of ~3.5m. It was found that the system showed high sensitivity by detecting
CO4 and CH, which have very low strengths in the near-IR region. Results were compared
with theoretical data from the HITRAN database.

Apart from the OSA, all components are inexpensive and the system is very simple to
construct and is fully compatible with an all-optical fibre system. The results show that this
technique is the most promising method so far for multi-gas sensing with fibre lasers and has
the potential for the simultaneous detection of multiple gas species over a wide wavelength
region of the C band where several near-IR gas lines are located.

For practical application, a calibration technique is needed and one method currently
under investigation is the use of the weak etalon fringes from a simple intra-cavity etalon
formed by reflections from the ends of a ~1cm length silica glass or quartz rod placed within

the micro-optic cell.
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Chapter 5

DISTRIBUTED FEEDBACK FIBRE
LASERS (DFB-FL) FOR
SPECTROSCOPY

5.1 Introduction

The importance of this chapter is a demonstration of how knowledge can be transferred from
optical fibre telecommunications to fibre optic sensing. Distributed feedback fibre lasers
(DFB-FL), where a Bragg grating (with central phase shift) is directly formed within a short
length of erbium doped fibre, are potential light sources in sensing due to their freedom
from mode hopping. This gives single longitudinal-mode operation with a narrow line-width
(typically <10kHz). This chapter presents the experimental setup of a DFB-FL system to
study its characteristics and the effect of the design parameters. Optimisation of the system is
also carried out to study its compatibility for spectroscopy applications. However, compared
with conventional light sources, the advantages of the DFB-FL are outweighed by the high

cost due to the early stage of development; hence this study focuses only on the feasibility of
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using the DFB-FL in gas spectroscopy.

5.2 Review of DFB-FL

Lasing in periodic structures was first described by Kolgenik and Shank [75, 62, 76] who
developed the theory of lasing action in periodic structures based on coupled-wave theory
back in the early 70s. The DFB configuration then comprised of a laser in a uniform refractive
index grating with constant amplitude and period in an active medium, operating with two
longitudinal modes. The formation of permanent gratings in photosensitive germanium-
doped fibres was then achieved by Hill |77, 75, 78] in 1978. The grating was formed by the
interference pattern of ion laser radiation propagating in opposite directions in the fibre.

Significant advancement was established in 1989 by Meltz et al. |77, 79| through a holo-
graphic approach which involved exposing photosensitive fibre transversely to the interference
pattern produced by two intersecting UV beams to produce the grating. This method was
applied to erbium-doped fibre, as reported by Ball and Morey in 1992. Additional enhance-
ment in grating writing techniques followed in 1993 from the introduction of phase masks as
demonstrated by Hill and Anderson et al |75, 80, 81, 82]|.

Further on, Cole et al improved the phase mask method in 1995 by moving the fibre
relative to the phase mask while the writing beam was scanning. The method greatly reduced
errors in the grating and allowed flexibility for the production of complex grating structures.
This is the mature Er-doped DFB fibre laser with permanent phase-shift technology |75, 83].

In 1997 Dong et al |75, 61] improved the DFB-FL by loading a boron- and germanium-
doped photosensitive cladding surrounding the active phosphosilicate core doped with Er
and Yb, thus boosting the laser efficiency. By the end of 1990s, Laurisden et al and Ibsen
et al showed that a better cavity design would be composed of an optimum combination

of grating strength and an asymmetrically positioned phase-shift so that the uni-directional
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output power is the maximum. |75, 67, 84].

Currently, fibre grating fabrication techniques used for the feedback gratings in the lasers
are holographic [75, 79] and phase mask approaches |75, 77]. For the fabrication of the phase
shifted DFB-FL the uniform phase mask method is used, based on the moving fibre-scanning
beam technique which allows the insertion of the phase shift into the fibre grating [75, 85].

So far DFB-FLs have been demonstrated in wavelength-division multiplexing (WDM)
systems in which multiple optical signals are carried on a single optical fibre for a multipli-
cation in capacity [86, 87, 88]. They have also been investigated for gas sensing application
as reported by Simonsen et al. [89] who used the DFB-FL to perform WMS on CO, at
1578.665nm employing both thermal and PZT tuning. However they observed strong AM
of the output induced by the strain modulation from the PZT modulation of the optical
wavelength. This resulted in a large distortion of the measured output second harmonic

signal.

5.3 Basic Operation of the DFB-FL

A DFB-FL consists of only one grating written into rare earth doped fibre and the lasing
wavelength is determined by the grating wavelength. The lasing action is a result of two
combined phenomena; signal generation by the active medium and feedback by the grating.

The theoretical analysis for the operation of the DFB-FL is based on coupled-wave theory
where two counter-propagating waves are coupled via backward Bragg scattering from the
periodic perturbations of the refractive index. As these waves travel in the periodic structure,
they receive light along the path by Bragg scattering from the oppositely travelling wave.
In this way, the feedback mechanism is distributed throughout the length of the periodic
structure, entirely within the gain medium. Because of the gain, these waves grow and their

energy is coupled into each other due to Bragg scattering. The gain media of the laser are
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analysed using the atomic rate equations which have been discussed in Chapter 3.

5.4 Experimental Investigation of DFB-FL

Several types of measurement were taken during the initial experimental investigation of the
DFB-FL such as steady state response, dynamic response, noise and linewidth measurements,
temperature effects, pump modulation and wavelength tuning, in order to determine the
DFB-FL characteristics.

The experimental arrangement used in this thesis for characterising the DFB fibre lasers
is shown in Figure 5.1. A 980/1550 nm WDM was spliced to the 5¢cm long DFB-FL with a
980nm pump source (referred to as Pumpl or P1). The characteristics of the pump laser at
980nm are shown in Figure 5.2. The output transmission end of the DFB-FL is indicated as
port 2 and the reflection end as port 1. A metre long pigtail of standard fibre with FC/APC
connectors was spliced onto both ends of the DFB fibre laser to facilitate handling. The
output of the DFB-FL was measured by several instruments to characterise the emitted light
from the laser such as an Agilent 86140B Optical Spectrum Analyser (OSA), an Agilent
E4443A 3Hz-6.7GHz PSA Series Spectrum Analyser (ESA) and a TecOptics Fabry Perot
Spectrum Analyser (FPS) Other instruments used in the set-up included a LNP-2A OptoSci
Low-noise photoreceiver, Exfo Optical Test System (IQ-200), a Tektronix TDS 784D 1GHz

oscilloscope and a SR850 lock-in amplifier.

LFEBE-FL

Purmnp 980w
WM / O
} Port 2

Port 1 FC/APC

Figure 5.1: Experimental setup of the DFB fibre laser
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From Figure 5.3 it can be observed that the output power rises linearly (as anticipated)

for both ports as the applied pump power is increased according to the relation:

P =n(F, = Fa) (5-1)

where P is the laser power output of the system, 7 is the efficiency, P, is pump power
and is Py, threshold power. Figure 5.3 shows that the threshold power is ~ 2.22mW in this

case.
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Figure 5.2: Pump power versus diode drive current for 980nm pump laser
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Figure 5.3: Output power of the DFB fibre laser from Port 1 and Port 2

Note that the laser output power of port 2 is higher than that of Port 1, for example, the
output power for Port 2 was -21dBm or 8uW, whereas port 1 was -26dBm or 2.47W at the

centre wavelength of 1532.67nm for a pump power of 72.4mW.

5.5 Combination of the DFB-FL with a Power Amplifier

EDFA (Amplified DFB-FL)

As was shown in Figure 5.3, the output power of the DFB-FL is in the microwatts range and
so an EDFA unit was inserted in the setup to increase the output power. Figure 5.4 shows
the combination of the DFB-FL and the EDFA whose input pump is marked as Pump2 or P2
in Figure 5.4. The DFB-FL output reached ~ 5mW output with 50mW applied to Pumpl
(P1) and Pump 2 (P2) set at 70mW. Figure 5.5 shows the response for different values of P2

against P1.
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Figure 5.5: Power output versus pump power, P1 with various values of P2

5.5.1 Attenuation Effects

An Exfo Optical Test System (IQ-200) which contains a variable attenuator and a power
meter was used to quantify the effect of attenuation. This is important in order to know the

sensitivity of the DFB-FL system including the EDFA for future measurement of absorption
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lines. The measurement setup is depicted in Figure 5.6 and the effect of attenuation on
the power output is displayed in Figure 5.7. (70mW for P1 and 10mW for P2 were chosen
to avoid saturation of the photoreceiver). It was found that 0.01dB loss change could be

detected with the system.
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Figure 5.7: Effect of loss on the output power

116



5.5.2 Relative Intensity Noise (RIN) Measurements

DFB-FL
Pump 1, P1, 980nm LPumpl. P2
> WDM O EDFA Photo Agilent E4443A

|| receiver [] series ESA

1

Figure 5.8: Measurement of the RIN of the DFB-FL with EDFA

Figure 5.8 illustrates the setup using an ESA for RIN measurement. Figure 5.9 shows an
example of the spectral range of the RIN at a P1 of 25mW and P2 of 10mW, which shows
the relaxation oscillation frequency at 165 kHz with a noise of -45.51dB/Hz. Even though
this is not the exact RIN value, as extra calculation is needed to deal with the scaling factor
used with the instrument setting, the relaxation oscillation frequency is in agreement with
the result of the transient response in section 5.5.5 which will be discussed later. Relaxation
oscillations reveal important information on the speed with which the system responds to
perturbation of the population inversion level.

Figure 5.10 shows the relationship between relaxation oscillation frequency and the input
pump power. As expected a linear trend is obtained when the square of the frequency is
plotted versus the pump power.

Py, is 2.22mW from the graph of Figure 5.10, and using equation 3.12, t.(cavity lifetime)

may be calculated as 1.07ns, assuming 75 = 10ms,

Theoretically ¢, may be calculated as t. = a(ff;il = 1.042ns where 7 = Q”Tl = 0.48ns is

the round trip time of cavity for [ = 50mm and o, + oyl = 2dB.
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Figure 5.10: Relaxation frequency squared versus pump power, P1, for P2 of 10mW

5.5.3 Linewidth Measurements

Figure 5.11 shows experimental setup to obtain the laser linewidth using the Fabry Perot

Spectrometer (FPS) by setting P1 to 72.4mW (130mA) and P2 to 25mW.
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Figure 5.11: Experimental setup to measure the laser linewidth

In principle, a Fabry-Perot cavity supports many frequency modes with frequencies, v,,,

given by requiring standing waves within the cavity. Since the mode my, mode obeys mA =

2nL , where n is the refractive index experienced by the mode, then v,, = 7°¢. The frequency

difference between modes isAv = 7% [71].

Illll'u ! i .---"'“-'.-”.
‘_ i ot

Fok.

Figure 5.12: Output of Fabry Perot spectrometer showing single mode repeated at the FSR.
The lower trace shows the change in length of the FP

The DFB-FL output was observed on a 1.5 GHz Agilent Infiniium Oscilloscope as depicted
in Figure 5.12 which shows the recorded spectrum of the single mode laser. Two peaks can
be seen from the oscilloscope trace. Since the distance between two similar peaks is known as

the free spectral range (FSR), their difference in frequency can be measured precisely. The
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free spectral range (FSR) of the Fabry Perot spectrometer (FPS) used was 300 MHz with
finesse of 301 which is the highest resolution available in the lab.

From the experimental trace of Figure 5.12, the time scale corresponding to the FSR is
At = 8ms and the FWHM width of the laser mode is Apwgy= 46 ps, giving the FWHM
linewidth as:

FSR

From the DFB-FL datasheet, the linewidth is less than 10 kHz. However the resolution, R
of the FPS only allows a minimum of linewidth of 1MHz to be measured which is calculated

through equation 5.3:

F
n_ SR

Finesse

(5.3)

5.5.4 Temperature Effect on Pump Laser

For the pump laser, the dependence on the operating current also includes temperature ef-
fects, since a larger operating current also heats up the laser. A thermistor is the temperature
sensing element in the pump laser module. It provides excellent wavelength stability for the
laser module, when the laser is held at constant temperature using the thermistor feedback.
The thermistor resistance, R is inversely proportional to temperature, T, by equation (5.4)

[90]:

3892

o) = [ln(R(kQ)/Z.MQ x1079)

] —273.15 (5.4)

Temperature was increased gradually from 20" C to 30 ° C to see the effect of the tem-
perature of the pump laser on the output wavelength of the DFB-FL. It was observed, as

shown in Figure 5.13, that a small shift of ~ 0.0lnm in the lasing wavelength occurred,
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~ 0.00lnm/ ° C, which is tolerable for measurements on pressure broadened gas absorption
lines where the line-width is ~ 0.05nm.
However, the wavelength of the DFB-FL depends strongly on the DFB fibre’s temperature

and this will be discussed in detail later in this chapter.
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Figure 5.13: Effect of temperature on the operating wavelength of the DFB fibre laser

5.5.5 Dynamic Response

The set-up to measure the dynamic response of the DFB-FL system is shown in Figure 5.14.
A square wave of frequency (0-100kHz) from a signal generator was used on P1 for pump
modulation, with a positive dc offset to maintain the peak-to-peak value between 0 to 5 V
at the input and P2 was set to 10mW to prevent saturation of the photoreceiver.

Figure 5.15 shows the time delay between the launch of the pump power (¢y) and start
of laser spiking (¢,) using a 100 Hz square wave with amplitude of 500mVpp on the signal
generator. It was observed that at the pump power of 6.04mW, the build-up time was
0.347ms.

121



. DFE-FL
Waveform generator LPump 1,.P2
} WDM O EDFA | | Photo | | Scope

receiver

Port1

Figure 5.14: Transient Response Measurement Setup
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Figure 5.15: Time Delay between the launch of pump power (¢y) and start of laser spiking
(tp) with 100Hz, 500mVpp square wave (6.04mW for Pump 1 and 10mW for P2)
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Figure 5.16: Relaxation oscillations of DFB-FL

After the build up time and before the steady state, the actual transient response can
be observed by zooming-in on the time axis of the oscilloscope. The transient peaks follow
a decaying oscillatory pattern before the output stabilised to its steady state, as shown in
Figures 5.15 and 5.16.

As noted the experimental build-up time (¢, — to) from Figure 5.15 is 0.347ms. Theoret-

ically, the build-up time can be calculated from

Pin

ty —to = Tofn(m)

(5.5)

where P;,— P1 is 6.04mW, Py, is 2.22mW and 7 is 10ms to give a value of 4.2ms for the
build-up time.

The value of the build-up time obtained from the experiment is very different from the
theoretical value computed from equation 5.5. However equation 5.5 is based on the approx-
imation of good pump power absorption. It is expected a large percentage of the input pump

power is not fully absorbed due to the short length of DFB fibre (only ~ 5cm).
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From Figure 5.16, the relaxation oscillation frequency is ~175 kHz for P1 of 25mW. This

is similar to the result obtained in the RIN section.

5.5.6 Pump Modulation

The characteristics of the DFB-FL system with pump modulation was investigated by apply-
ing a sinusoidal modulation to the pump current. As with the EDFL ring lasers, this allows
the use of phase-sensitive detection (PSD) in order to increase the signal to noise ratio in
measurements of attenuation or absorption lines.

Figure 5.17 displays the experimental setup with a Lock-in Amplifier (LIA) SR850 using

a frequency reference from the waveform generator used to modulate the pump current.

Waveform generator

DFB;FL Pump2, P2
P1 v

WDM EDFA Photo Lockin
= . - .

receiver Amplifier

Port 1 I

Scope

Figure 5.17: Pump modulation of the DFB-FL

A variable attenuator was connected into the system in order to measure the sensitivity
to changes in loss. The effect of attenuation on the lock-in output can be seen in Figure 5.18
where 10kHz frequency was used for the measurement. As expected the LIA’s output de-
creases when the attenuation was increased. The DC output of the lock-in could be increased

by increasing the gain (P2) of the EDFA.
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Figure 5.18: DC output of lock-in versus attenuation for P1 of 55.3mW and P2 of 10mW

5.5.7 Wayvelength Tuning

One of the desired features for spectroscopy is the ability to scan across an absorption line
i.e. wavelength tuning via mechanical stretching where the conventional method is to apply
a strain along the grating using a PZT stretcher or by bending the grating. However, the
spliced connection can easily be broken, especially when the grating is over stretched. Hence

thermal tuning using a uniform temperature change along the grating was also investigated.

5.5.7.1 Wavelength Tuning with a PZT

The Bragg wavelength is determined by the well-known equation:

)\B = 2neffA (56)

where A is the period of index modulation in the optical fibre and calculated for a given

grating by:
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A=1L/n (5.7)

where L is the total length of the grating and n is the number of sequential index changes
in that length for a linearly indexed common Bragg reflector. If the length of the fibre
is increased by mechanical stretching, the Bragg wavelength will then shift towards longer
wavelengths (the change in the index of refraction of the fibre under strain has less effect
than the length change).

When stretching a fibre, the Bragg wavelength will be changed according to:

A)\B = )\B(l — pe)&‘z (58)

The applied strain (e,) is found by:

e, =AL/L (5.9)

where AL is the change in length of the grating and L is the original length of the grating.
The strain-optic constant (p.) is usually about 0.22 for silica fibre material [91, 92| and this
value is used in this study.

The experimental configuration used for wavelength tuning by stretching shown in Figure
5.19. The device consisted of one PZT and the DFB-FL. The fibre was glued on the two
blocks at both sides of the PZT which consists of piezo-ceramic disks (0.2-1.0mm thick),
separated by thin metallic electrodes with a PTFE insulated wires connected to the voltage

supply.
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Figure 5.19: Setup for wavelength tuning with a PZT

When a DC voltage is applied to the PZT, the grating is pulled from each side of the
PZT. As a result, the Bragg wavelength is shifted; this can be measured by the OSA with a
resolution of 0.06nm. The maximum voltage that can be supplied with the voltage amplifier
is £200V [93].

In performing the mechanical stretching of the grating, one must take care not to exceed
the deformation strain of the fibre. This value can be found in the datasheet provided by
supplier. However, since the amount stretched is very small (nanometres), the displacement

is estimated by using a ratio calculation based on the equation in [94| given below:

AL = dU, (5.10)

where d is the deformation coefficient, U is the operating value and n is the number of
discs.
The experimental relationship between the Bragg wavelength shift and the DC voltage is

almost linear as depicted in Figure 5.20.
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Figure 5.20: Wavelength change A\ as function of voltage applied to PZT

Observation showed a 0.155nm shift in the Bragg wavelength for the maximum voltage
of 200V. giving an experimental tuning sensitivity of 0.0008nm/V. Wavelength shifts were
very small at either end of the tuning range since the movement is very little. Based on
the datasheet provided for the PZT, the maximum voltage is 1000V, and the maximum

displacement is 60um. Therefore an applied voltage of 208V gives AL=0.01248mm and a

strain of e, = 0.2496 * 10~3 with a grating length of 50mm. From this result, (1 — p.) = 0.40.

5.5.7.2 Thermal Tuning

Another effective method for wavelength tuning is to change the temperature of the grating.
The lasing wavelength change resulting from a given temperature change is given by:
AN = A (a+ AT (5.11)

where « is the thermal expansion coefficient and £ is the thermo optic coefficient. In this

experimental, we assume « is 0.55 x 107%/°C and ¢ is 8 x 1075/°C by referring to [77] for
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the glass.

The setup for thermal testing of the DFB-FL is shown in Figure 5.21. A Fluke ther-
mometer, a thermoelectric cooler (TEC) and a thermistor was used in the experiment. The
DFB-FL was laid on the TEC and underneath was a metal base to act as a heat sink. Silicone

heat sink compound (Servisrol) was put along the fibre to conduct the heat released by the

TEC.

DFB FL system
Thertmo- K DEBEL
electric ::_T 1
conh‘c:mller@_f
T |thermistor
-sfrvisol

Figure 5.21: Setup for wavelength tuning with a TEC

A thermometer was used to measure the desired temperature of the TEC before the DFB-
FL was laid on the TEC. The fibre was heated by the TEC yielding a shift in the Bragg
wavelength when the temperature was changed.

Figure 5.22 illustrates the result of wavelength change with temperature showing that the
tuning rate is relatively linear. A shift of 0.19nm in the Bragg wavelength was observed for

an increase in temperature from 25 ° C to 40 ° C giving a tuning rate of ~0.0lnm/° C .
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Figure 5.22: Laser wavelength versus temperature

Combining both equations for wavelength changes due to temperature and strain:

AN =Ap* ((a+ AT + (1 —pe)e. (5.12)

Values for standard silica fibre yield [91]:

AN = A * (8.55 x 107°AT + 0.78¢.) (5.13)

Using the experimentally obtained thermal tuning rate in the equation above with Ap
=1532.4nm, AX\ = 0.19nm and AT=15°C, gives (o + &) = 8.27 x 107° which is nearly same

as the quoted coefficient.
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5.6 Tunable DFB Fibre Laser Spectroscopy

5.6.1 Experimental Arrangement

The proposed tunable DFB fibre laser system for spectroscopy is shown in Figure 5.23 below.
It consists of the DFB-FL, an EDFA unit, AM nulling and output measurement devices.
Double modulation was applied to the system, consisting of a ramp modulation applied at
the controller of the TEC module and pump modulation to produce AM on the laser output.
As shown, the system is divided into several sections to ease the conduct of the experiment.

For the first section, the wavelength of the DFB-FL was tuned by increasing the temper-
ature of the TEC controller (TED200) to the desired gas absorption line. The objective of
this experiment is to thermally scan over the width of an absorption line which needs about
+10° C temperature. The thermoelectric cooler (TEC) module was laid underneath the DFB
fibre laser and the controller was set to obtain minimum and maximum temperature values
and a ramp signal applied from the signal generator with period of 2 seconds. A highly
sensitive temperature measuring tool, namely PicoLog was used to get the reading.

The second section, namely, the erbium doped fibre amplifier (EDFA), was used to amplify
the output from the DFB-FL as its output was low due to the short length of the DFB-fibre.
A sinusoidal current modulation was applied to modulate the pump laser to produce intensity
modulation of the laser output.

The third section was for background AM nulling and divided the light into two paths.
The first path consists of standard fibre and an attenuator whereas the other path contains
the micro-cell for gas detection. The first path serves as a reference arm and the attenuator
was used to equalise the magnitude of the signals from the two paths in the absence of gas.

The length of the AM nulling fibre depends on the modulation frequency according to:

1T
 2a

L (5.14)
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(5.15)

where is the time it takes light in the fibre to travel 1 meter which is ~5 nanosecond. In
the laboratory, it is difficult to get an exact value of fibre length, therefore the modulation
frequency or period,T , is varied according to the value of the available fibre length.

The fourth section is the output part where the detected signal is fed to the LTA with the

reference signal from the signal generator and the result observed on the oscilloscope.
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Figure 5.23: DFB-FL system setup
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5.6.2 Test of the TEC Controller
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Figure 5.24: Setup for test of TEC controller

Figure 5.24 is the setup for testing the TEC controller performance. TED200 Thorlabs was
used to control the temperature of TEC module and a oscilloscope data logger (Picolog) was
used for the measurement.

A frequency of 500 mHz (period of two seconds) and a 1Vpp from a signal generator was
applied to get an increment and decrement of 10 degree Celsius in temperature, however due
to the limitation of the controller, the best response of the controller was for ~7 seconds
per cycle as shown in the following figures. Figure 5.25 shows the results of snapshots of
temperature variation for 2 second and 7 second periods, respectively. These were measured
by using the more sensitive temperature tool namely PicolLog, as output signals were difficult
to see on the oscilloscope. The amplitude of the temperature variation at the 2 second period
is much less than that from the 7 second period of modulation and hence the 7 second period

is better for producing a ramp signal of 10°C temperature change within it.
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Figure 5.25: Temperature reading from PicoLog for (a) 2 sec and (b) 7 sec periods

An increment and decrement of 10°C within 2 seconds will only be possible (if at all) with
a thermoelectric cooler which exploits the full power of the TED200, which means about 6V
at 2A current. Furthermore the mounted thermal load has to be small. For the TED350, 5A
was expected and would do the task though the device is very costly and this would increase

the start up cost for the whole system. On the other hand, the signal generator cannot be



connected directly into the TEC module due to lots of noise from the signal generator since

the TEC needs a smooth DC power supply and continuous voltage.

5.6.3 Test of Thermal Ramp Modulation on the DFB-FL for 1st

Section

The experimental setup for thermal modulation of the DFB-FL with the TEC module is
depicted in Figure 5.26. An OSA, oscilloscope and the Picol.og were used to measure the
output signal. As shown in Figure 5.27, the TEC module functioned normally following the
ramp signal pattern for t<150s, but then increased out of control. This may overcome by

using a proper heat sink as only a piece of metal was used under the module.
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Figure 5.26: Thermal ramp modulation in the 1st section layout
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Figure 5.27: Temperature versus TEC operation time

5.6.4 Thermal Ramp Combined with Pump Modulation on the EDFA

A few Hertz frequency was applied to the TEC to scan the wavelength through an absorption
line while simultaneous pump modulation was applied on the EDFA at a few kHz frequency.
The wavelength shifted when heat was supplied to the TEC module as indicated in Figure
5.28 where (a) depicts the spectrum before heating and (b) after the TEC module was heated.
However the optical spectrum analyser (OSA) has a resolution limit of 0.06nm and a hence
a higher resolution is needed to the observe wavelength shift from the TEC modulation.
Figure 5.29 shows the effect of the pump modulation on the spectrum observed on the OSA

indicating the changing output power levels from the intensity modulation.
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(thermal scanning) to the TEC module
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Figure 5.29: Changing in power level of spectrum with pump modulation

Due to the DFB fibre being broken in the middle of the experiment; it was not possible for
the experiment to be continued. There were a number of improvements needed to be carried
out even though the DFB-FL is feasible for spectroscopy applications. The technology of the
DFB-FL is still in progress. From the results, the pump absorption was low and hence an

amplifier is needed when conducting the experiments which poses an extra cost. Moreover
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the DFB-FL itself is also expensive at this moment. This has resulted in a high cost in
starting up the setup.

As for the tuning mechanism, it is preferable to use the PZT to stretch the fibre but there
is a need to be extra careful in handling due to the fibre being very fragile and easily broken.
Although heating is also one of the tuning method, the limitation of the controller and the
slow thermal response means that the response was not fast enough to get the desired tuning
rate hence making the overall process complex. Nevertheless, the work conducted here has

provided a preliminary study for further development of the DFB-FL for gas spectroscopy.

5.7 Conclusion

This chapter gave a preliminary investigation into the use of the DFB-FL for trace gas detec-
tion. The DFB-FL system was constructed and experiments were conducted to characterize
its performance. Results showed that the DFB-FL is a stable, single-mode laser which is
alternative way of solving mode hopping problems that normally occur in long cavity fibre
systems. It was observed that results such as lasing power, RIN and tuning wavelength for
the DFB-FL matched well with the quoted values of coefficients and the associated theory.

After the characterization, further experiments were attempted by applying a double
modulation to the system (thermal scan and laser intensity modulation) to test its viability
for spectroscopy purposes. From the observations, operation of the tunable fibre laser system
is feasible with double modulation; the pump laser current modulation produced intensity
modulation of the output and the laser wavelength can be tuned by thermal means. However
there are a number of drawbacks that need to be dealt with, such as the wavelength shift
from the thermal scanning was very short and the duration of heating cannot be prolonged
because of the limitation of the laser controller.

The other option is use of the PZT to stretch the laser wavelength to the desired absorption
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wavelength, but the fragility of the fibre itself influenced its usefulness. The fibre laser was
very fragile in stretching and extra care in handling is necessary since the DFB-FL is more
expensive when compared to semiconductor lasers due to it being a newer technology and its

relative lack of maturity.
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Chapter 6

PHOTO-ACOUSTIC SPECTROSCOPY
(PAS)

6.1 Introduction

The importance of monitoring more and more air pollutants continues to grow widely nowa-
days and this growth has ignited a desire to find and develop instruments that can provide
rapid, real-time, accurate measurements of these various air pollutants. One class of instru-
ments that can provide this is those based on the photoacoustic effect. The photoacoustic
effect is based on the conversion of light energy into sound energy by a gas, liquid or solid.
It was discovered around 1880 and was first reported by Alexander Graham Bell [38].

In this chapter, tuneable diode lasers in combination with photoacoustic spectroscopy
(PAS) for high sensitivity gas detection is described. Preliminary measurements were made
on the absorption lines of acetylene gas at 1531.59nm with the objective of becoming familiar
with the working operation of diode lasers with PAS and WMS. For the initial work, detection
of low concentrations of acetylene in a mixture of nitrogen gas was investigated from 1%

(10000ppm) down to 0.5 ppm or 500ppb concentration of acetylene gas using a diode laser.
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Several modulation formats were explored such as sinusoidal modulation, ramp modulation
or direct detection and double modulation whereas wavelength scanning was done by using an
arbitrary waveform which was automatically swept and manually tuned with a temperature
controller.

After the preliminary study using the diode laser, a further investigation was carried
out to study the potential of the erbium doped fibre laser (EDFL) systems with PAS using
intensity modulation (IM) for gas spectroscopy. The setup of the EDFL is the same as in
Chapter 3, the only difference is the structure of the gas cell which is a photo acoustic (PA)
cell here. As mentioned in Chapter 3, the resulting output after processing through the
lock-in amplifier (LIA) gives the gas absorbance which can be directly compared with the
theoretical data. The result is very straightforward and has the advantage that PAS has an
almost zero background when no gas is present in the cell. Thus, this system has higher

sensitivity than the system using standard spectroscopy with the micro-optic gas cell.

6.2 Review of PAS

Photoacoustic spectroscopy (PAS) has become one of the most commonly used spectroscopy
methods in gas sensing applications due to its high sensitivity, large dynamic detection range
and good stability. The measured acoustic output results from the absorbed energy by gas
molecules in the gas cell. Technical and historical reviews of this subject can be found in
several sources [28, 95, 39|.

The basic theory of the photoacoustic effect in gases using infrared radiation is straight-
forward. When a gas is irradiated with light of a frequency that corresponds to a resonant
vibration frequency of the gas, some of the light will be absorbed. This will cause some of
the molecules of the gas to be excited to a higher vibration energy state. These molecules

will subsequently relax back to the initial vibration state through a combination of radiative
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and non-radiative processes. For vibration excitation, the primary relaxation process is non-
radiative vibration to translation energy transfer. This result is increased heat energy of the
gas molecules and therefore a temperature and pressure increase in the gas. If the irradiating
light is modulated, then the temperature and pressure will be as well. The modulated pres-
sure will result in an acoustic wave, which can be detected with a sound measuring device,
such as a microphone. The amplitude of the acoustic wave will depend upon such factors as
the geometry of the gas cell, incident light intensity, absorbing gas concentration, absorption
coefficient, and the background gas. For a non-resonant spherical gas cell under steady state

conditions, the amplitude of the acoustic wave can be found from the following equation [96]:

P =K((Cp/Cy) —1),C(1/f) (6.1)

In the above, P is the sound pressure, I, is the incident light intensity, C' is the absorbing
gas concentration, f is the modulation frequency, Cpand C, are heat capacities and K is a
cell and gas dependent constant.

A crucial part of a PA gas detection setup is the cell in which the PA signal is generated
and detected. The first “‘gas-microphone cells” that were reported [97] consisted of small
cylindrical cavities with a transparent window. A microphone is used to convert the pressure
wave into sound wave which is then converted to an electrical signal. R.E. Lindley et al.
reported [98] the importance of the microphone’s role in the gas cell, this is due to parameters
such as the position of microphone and the manufacturing of the microphone in order to
produce a good output signal. The microphone was connected to the cavity by a thin hole
in one of the side walls of the cell. These PA sensors could be manufactured very easily;
moreover, they were very cheap when miniature electret microphones were used.

Since the PA signal is inversely proportional to the cell volume and the modulation
frequency, high PA signal levels can be obtained by taking a small cell volume (~10 c¢m?)

and low modulation frequencies (~100 Hz) [97].
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As for the size of the gas cell, small gas-microphone cells; which are still the most suit-
able PA detectors for solid and liquid samples, are hardly used in gas phase photoacoustics
anymore. The signal-to-noise ratio SNR of such a gas-microphone cell is usually quite small.
Noise sources, for example, intrinsic noise of the microphone, amplifier noise, external acous-
tic noise show characteristic 1/f frequency dependence, and light absorbed in the windows
and in the wall material generates a coherent background signal, which is practically impossi-
ble to separate from the PA signal generated by the gas absorption itself. Therefore, the SNR
of a PA cell can be increased by applying higher modulation frequencies in the kHz region
and acoustic amplification of the PA signals. Hence, the outstanding features of the PA cell,
most importantly its small size, its simplicity, and robustness, can only be fully exploited
when it is combined with a suitable laser source. Therefore, recent progress made in the
development of diode lasers has had an increasing influence on the application of compact

PA gas analyzers [97].

6.3 Principles of PAS with Tunable Diode Lasers

Principles of TDLS with PAS are similar to that discussed in Chapter 2 for operation of the
spectroscopy. The transmitted intensity, I, at a specific optical frequency, v, associated

with a rotation / vibration transition in a gas is given by Beer’s law:

Iout = [ine_a(v)Cl (62)

where [, is the incident intensity on the gas volume, a(v) is the absorption coefficient
at frequency v, [ is the length through which the beam and gas interact and C' is the gas
concentration expressed as C' = N/Ny (Ny is the molecular density at STP and N is the
actual molecular density of the target gas in units of No. of molecules per unit volume). The

approximation shown is valid for small absorbance, A i.e. a(v)Cl < 1.
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In the case of high concentration or absorbance is larger than 1, the relative transmission,

T is expressed as:

IOU — —
T =24 — gmoCl _ =4 (6.3)

The result measured in photoacoustic spectroscopy is the absorbed power by the gas, not
the output optical power from the gas. Hence power absorbed by the absorption line for the

case of lossless cell is:

P = ]z - ]out = Il‘nO!(U)Ol (64)

For the gas absorption line, the absorption coefficient «(v) is described by:

a(v) = aof(v) (6.5)

where f(v) = {%%)}for a Lorentzian profile, vy and o are the frequency and

14(
absorption coefficient at the line centre, respectively, and ~ is the half-line width in units of

~

em™L, o is given by ay = ]\%S, where S is the line strength of gas absorption line in units of

em?/(molecule cm). Therefore, the units of oy can be calculated as cm ™' based on previous
description. The vy in equation 6.5 is the frequency at the absorption line centre. Figure 6.1

shows the absorption coefficient against frequency.
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Figure 6.1: Absorption coefficient against frequency for a Lorentzian profile

In tuneable diode laser spectroscopy (TDLS) with wavelength modulation spectroscopy
(WMS) the laser current is modulated by a ramp current and by a much higher frequency
sine wave. The ramp slowly scans the centre frequency through the absorption line at typical
rates of a few Hz to tens of Hz. The sinusoidal current modulation translates to a frequency
modulation of amplitude, v (deviation from the laser’s centre frequency v), related to the
amplitude of the current modulation through the tuning rate of the laser.

As well as frequency modulation and scan, the above current signals applied to the laser
diode produce an increase in laser power as the ramp current level increases and sinusoidal
modulation of the laser power. The amplitude, AI, of the sinusoidal intensity modulation
is determined by the slope of the laser power versus current characteristic, which changes
slightly across the scan width.

Taking into account the above modulation effects on the intensity, the input intensity at

a particular frequency,v; can be written as:

146



Lin = I(v1) + AI(vy).cos(wt) (6.6)

this with equation 6.4 gives the absorbed power as:

P = [I(v1) + Al (vy).cos(wt)] .(a(v)C1) (6.7)

where both the input intensity /(v ), and the intensity-modulation amplitude, AT, depend
on v; and w is the applied angular modulation frequency.
As mentioned earlier, the sinusoidal current modulation on the laser results in sinusoidal

frequency modulation around v; given by:

v = vy + dv.cos(wt — ) = vy + dv.cosb (6.8)

where 1 is the phase shift between the power and the frequency modulation and 6(t) =

(wt — 1) is defined. Substituting into equation 6.5 gives:

a(v1) = ap.f(0) (6.9)

with f(0) = {m} for a Lorentzian profile, where m = dv/~ is the modulation
index and A = (v; —vg)/7 is the deviation from the line centre.

The absorption coefficient, a(v;) may be expanded as a Fourier Series in harmonics of
the modulation frequency, w. Since f(—60) = f(#) for the Lorentzian, then f(f) is an even
function and the Fourier expansion is given by the following equation.

o8] X

f0) =< ag+ ;ancos(nﬁ) =4 ap+ ;ancos(nwt — na) (6.10)

where the Fourier coefficients are described as:
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1/ 1/ 1
=g /f(e)dé’ - ;/ {1+ (A+ mcosQ)QdQ (6.11)
0 0

s

cos(nb)

2
a, = %/f(ﬁ)cos (nb)d {1 1A + meosh)? db (6.12)
0

st A i{‘/(37;2§+4)—1}

The maximum value for a; occurs [10] and for ay at A =0 .
A lock-in amplifier is used to obtain the harmonic of the output signal which can be
attained by substituting equations 6.9and 6.10 into equation 6.7 as follows:

0

P = A{I(vy) + A(vy)cos(wt)} . [ag+ nz::lancos(nwt —ny) (6.13)

Expanding equation 6.13 gives:

P = A.ag(vy). {I(v1) + A(vy)cos(wt) Hor DC component

P = A.ay(vy). {I(v1) + A(vy)cos(wt)} .cos(wt — ) for first harmonic (1f)

P = A.ay(vy). {I(v1) + A(vy)cos(wt)} .cos(2wt — 2¢h) for second harmonic (2f)

(6.14)

and so on.

The product term of the cosine can be written as follow:

cos(wt).cos(nwt — n) = %Al(vl) {cos[(n + 1)wt — ny)] + cos|[(n — 1)wt —nyp]}  (6.15)

The components of DC, first harmonic, second harmonic, etc., of absorbed power can be
obtained from equation 6.14 and equation 6.15 as:

DC component:
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Ppc = Alag(vy).1(vy) + %al(vl).AI(vl).cosw] (6.16)

1f component:

P, = A{CL()(Ul).A](Ul)COS(wt)—f—al(vl).I(Ul)COS(u)t—l/})—|—%ag(vl).A[<U1)COS(wt—2¢) (6.17)

Note that the first term arises from the effect of gas absorption on the AM, the second
term is the signal arising from the FM (dependent on a; and at a phase of —1) ) while the
third term (at phase —2¢ the AM on the second harmonic (using equation 6.15).

2f component:

Py, = A{%al(vl).A[(vl)cos(th—w)—l—ag(vl).I(vl)cos(th—Zw)—l—%ag(vl).AI(vl)cos(&ut—Bw)
(6.18)

The first term (at phase —1 comes from the AM on the first harmonic, the second term

is the second harmonic from the FM (dependent on as and at a phase of —2¢ ) while the
third term (at phase —3¢ from the AM on the third harmonic. In case of low modulation

frequencies, ¢ymay be small [10].

6.4 Experimental PAS system with Tunable Diode Lasers

The setup shown in Figure 6.2 depicts the experimental PAS system. The PA cell is placed in
a grey nylon block to hold the cell which has a length of approximately 10cm and inside the
block there is a white ceramic to absorb the light that has passed through the cell. A mixture

of acetylene gas with 1% (10000ppm) concentration in nitrogen was used in the experiment.
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A DFB diode laser (Anritsu AB5A232P1, Opto-Sci) emitting at 1531.59nm was selected for
the acetylene gas detection. The diode laser wavelength was modulated by combining a
drive current from a laser diode controller (LDC 202B, 200mA, Thorlabs) with a modulation
signal from a function generator Agilent 33220A, 20MHz, LX1. A temperature controller
(TED 200 Thorlabs) was used to vary the output centre wavelength of the laser. 10k of
load resistance was set on the signal generator to match the diode laser controller and a low
frequency range of 1Hz-1kHz was used in the experiments. The diode laser is fibre-pigtailed
which facilitates the construction of the system and the connection to an EDFA to boost
the optical power launched into the PA cell. The output from the EDFA used here was
in the 20-27dBm range which is equivalent to 500mW maximum output. This considerably
improves the sensitivity, since the PA signal is directly proportional to the laser power. The
output fibre from the EDFA is terminated by a GRIN lens which has low cost, low loss
and low optical interference. As the light beam propagates along the PA cell, interaction
of the light from the current-modulated laser and the gas molecules produces a sound wave
which was detected by a microphone attached at the centre of the PA cell. The measured
signal was amplified with a pre-amplifier, which used a battery as a power supply to reduce
the mains pick up problem which occurred when using a mains current supply. Finally, the
output signal was measured with an oscilloscope DS060034A Agilent Technologies, 300 MHz,
2GSa/s. Three modulation formats were investigated, namely, low frequency ramp signal
only, large amplitude sinusoidal signal only, and combined ramp plus sinusoidal signal on the

laser diode current.
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Figure 6.2: Experimental setup for PAS with a diode laser

6.4.1 Characteristics of Laser Diode

The characteristics of the laser diode (Anritsu 1530nm) was first studied before being em-

ployed in the system to determine its power output and wavelength.
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6.4.1.1 Power Output versus Input Current
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Figure 6.3: Power output of the 1530nm diode laser

Referring to the Figure 6.3, two different temperature measurements were taken to see the
effect of temperature on the laser power. Power output of the laser diode increases linearly

with the drive current applied, as expected, with threshold current around 15.96mA for both

temperature settings.

6.4.1.2 Wavelength versus Input Current

When the input current of the laser diode is increased, the centre wavelength of the laser diode
also increases and hence different settings of the input current gives a different wavelength

as depicted in Figure 6.4. This was used to select the centre wavelength and tune to selected

gas absorption lines.

152



15312 4

1531 4

15304

Centre Wavelength (nm)

15302

1530

153058

15305

23.45°C

200

. &0 a0
Cirive Current (A

6.4.1.3 Wavelength versus Temperature
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Figure 6.4: Diode laser wavelength versus input current

Figure 6.5 shows that the wavelength can also be shifted when the temperature is varied. Two

different settings of drive current were applied during the experiment. About 1.32nm shift in

the centre wavelength for both drive currents can be obtained for the range of temperature

shown, and the tuning rate is ~0.093nm/ ° C.
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Figure 6.5: Laser wavelength tuned thermally by using a temperature controller

6.4.2 Ramp Signal only on Laser Diode Current (First Modulation
Technique)

In order to repeatedly scan the laser frequency over the entire acetylene absorption line, a
periodic ramp was applied to the injection current by the function generator connected to
the modulation input at the rear panel of the current controller. The modulation frequency
was set to 2.5Hz, with amplitude of Hilevel of function generator at 1.6V and Lolevel at 0V
while the laser current was set to 80mA and temperature resistor setting was varied from

12k$2 to 14k€2, with the EDFA in the range of 20-27dBm.

6.4.2.1 Dependence of PAS Signal on EDFA Pump Power

Figure 6.6 shows the output photoacoustic signal observed on the oscilloscope as the pump
power of the EDFA amplifier was increased and the wavelength is scanned through the

absorption line by the ramp signal. 27dBm output power from the EDFA gave approximately
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a 2V amplitude signal.

PAS zignal amplitude (V)

=

—27dBm

Z1 ramp reference
o 244dIBm
—+— 2B m

0.z 0.9 o5 (=) 0.7 o=

Tune (zeconds)

Figure 6.6: Effect of EDFA pump power on PAS signal

6.4.2.2 Effect of Ramp Frequency on PAS Signal
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Figure 6.7: Effect of ramp frequency on PAS signal
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Figure 6.7 displays the PAS signal for different ramp frequencies over the range of 1Hz to
1kHz. The optimum period of modulation was 500ms, equivalent to 2Hz frequency, which
gave the highest peak value. When the period was shorter (higher frequencies), a lower peak
voltage was obtained due to the energy absorption of gas molecule being less compared to

long periods.

6.4.2.3 Wavelength Adjustment by Thermal Effect

The temperature was adjusted in order to shift the centre wavelength of the laser near the

absorption line so that the ramp can be used to scan across the line.
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Figure 6.8: Shift of PAS signal in relation to ramp at different temperatures

Figure 6.8 shows the shift of the PAS signal in relation to the ramp as the thermal
resistance was increased from 12 kk2 to 14.646 k2 (which is inversely equivalent to 20 ° C to
16.5° C). (Beyond this range of values, the waveform of the output signal will be clipped due
to being at the end of the ramp tuning range. The range of thermal tuning was very short

to see the actual effect of wavelength shifting; hence in general the OSA was used to see the
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wavelength change against temperature).

6.4.3 Sinusoidal Modulation only (Second Modulation Technique)

For the second technique, a sinusoidal signal from the function generator, with amplitude of
450mV and 33Hz frequency was applied to the laser diode. The DC or bias current was set
to 60mA and the temperature varied from 10k{2 to 13k§2 with the EDFA amplifier in the

range of 20-27dBm.

6.4.3.1 Effect of Laser Diode DC current

The laser diode DC current was varied to see the effect on the waveform of the output signal.
From the observation, the amplitude of the output signal was small at 40mA but increased
when the current was set at 80mA as shown in Figure 6.9. The laser diode DC current shifts
the wavelength of the laser and hence the position of the sinusoidal modulation in relation
to the absorption line. In addition, the EDFA also influences the signal strength which is
useful when dealing with low gas concentrations.

“Woltage (W)

Figure 6.9: Effect of diode laser DC current on the output signal
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6.4.3.2 Effect of Modulation Frequency on PAS Signal
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Figure 6.10: Variation of PAS signal with modulation frequency at laser DC current of 80mA,
EDFA at 24dBm and temperature =12.801k2

Figure 6.10 shows the effect of the sinusoidal modulation frequency on the acoustic signal
amplitude. The signal amplitude decreases as the modulation frequency is increased due to

the decreased energy absorbed per cycle.

6.4.3.3 Wavelength Adjustment by Temperature

Figure 6.11 shows the effect of diode temperature changes, similar to the ramp modulation
as discussed earlier. This is due to the shift in the centre wavelength of the laser diode which
changes the harmonic content of the PAS signal according to the position on the absorption

line as illustrated in Figure 6.12.
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Figure 6.11: Effect of temperature on PAS signal
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Figure 6.12: Output signal at different positions on absorption line

For Figure 6.12, the EDFA was set at 24dBm, the diode laser dc current was 60mA and
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the frequency modulation at 33Hz. At the start of the sweep, before any absorption, there is
zero intensity modulation induced by the FM, the temperature was at 10.995k(). Gradually
the slope of the absorption profile increases negatively; thus the intensity modulation induced
by the FM increases in magnitude but is 180 ° out of the phase relative to the FM induced
signal on the right hand side of the gas absorption line. This is reflected in the negatively
increasing 1st harmonic content. The gradient of the absorption line is at its maximum at
point b (temperature at 11.705k(2), giving rise to the maximum 1st harmonic. From this point
the gradient decreases again to the absorption line centre where the 1st harmonic is zero.
At this point the second harmonic is maximum and can be seen from the oscilloscope trace
(temperature at 11.842kQY). After the peak absorption point, the gradient of the absorption
line increases positively to a maximum at f (temperature at 11.984k(2). At the end of the scan
the gradient of the absorption line and consequently the FM induced intensity modulation
returns to zero. The 1st harmonic signal mapped out by the lock-in amplifier is presented in

the following section.

6.4.3.4 Lock-in Amplifier (LIA) Experimental Results

From the experiment above, all harmonics can be seen by manually tuning the temperature
resistance. To isolate the harmonics from the waveform and increase the signal to noise
ratio, a lock-in amplifier (LTA) SR Stanford was employed. Meters on the front panel of
the LIA showed the value of the X component and Y component for the selected harmonic.
A sinusoidal waveform of 33Hz frequency was applied as the modulation signal with an
amplitude of 450mV. The laser DC current was set to 60mA and temperature was varied
from 10k€2 to 13k) with the EDFA in the range of 20-27dBm. The output of the laser diode
controller was connected to the oscilloscope as a reference signal whereas the output from
the detector was connected to the LIA and a BNC cable was used to connect the output of

LIA either from channel X or channel Y to the oscilloscope as shown in Figure 6.13.
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Figure 6.13: Experimental setup for lock-in detection of PAS signal

6.4.3.5 First and Second Harmonic Signals from LIA with Temperature Scan

10 105 11 11.5 12 125 13 135
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Figure 6.14: X-component for 1f and 2f from the LIA measurement at dc=60mA and
EDFA=24dBm
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Figure 6.15: Y-component for 1f and 2f from the LIA measurement at dc=60mA and
EDFA=24dBm

The laser was scanned around the absorption line of acetylene by adjusting the temperature
resistance. Figure 6.14 and Figure 6.15 shows the X and Y components for 1f and 2f signals.
The right peak is higher than the left peak due to the distorting effects arising from the

simultaneous AM and FM which occurs when the diode laser current is modulated.

6.4.4 Application of Previous Techniques (Ramp or Sinusoidal Mod-
ulation) for Gas Detection

Both the techniques described in the previous sections were employed in this section and
compared for measurement of low gas concentrations.

For the ramp modulation, with the intention of detecting a low concentration, a method
of subtraction of the background signal and noise from the gas measurement was employed
based on the off- and on-absorption line positions during scanning under the same operating

conditions. The background signal and noise can be obtained when the laser is scanning
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through the off-line position and was subtracted from the on-line signal. Two specific thermal
resistances were determined for the on- and off-line wavelengths, namely, 13.9k() for on-line
and 12k€) for off-line. A 2Hz ramp signal of 1.6V amplitude was used for the experiment,
which was the same as before. The power output of the laser diode was amplified by the EDFA
at 27dBm due to the low gas concentrations used. Output of the detector was multiplied by
10 for clearer vision on the oscilliscope.

For the second method, sinusoidal modulation from a function generator was used to
modulate the diode laser and, simultaneously, the wavelength was manually tuned across the
absorption line by adjusting the thermal resistance of the temperature controller of the diode
laser. A 33Hz frequency, 450mV amplitude signal was set on the function generator and the
output of the laser was amplified by the EDFA at 27dBm. The acoustic signal detected by
the microphone was amplified by a pre-amplifier (OptoSci, LNP 2A) and connected to the
LIA.

6.4.4.1 Pure Nitrogen

Figure 6.16 presents the initial signals observed on the scope before the cell is filled with
acetylene gas with the ramp modulation signal. This procedure is important to obtain a
reference and background signal. A small difference for both the selected thermal resistances
is observed although there was no acetylene gas in the cell. This was due to noise from the

environment such as equipment, components and vibration.
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Figure 6.16: Signals observed on scope with ramp modulation for pure nitrogen at off- and

on-acetylene line positions

Figure 6.17 shows the output from the LIA with a sinusoidal modulation signal, which

was unstable and fluctuating during the measurement time.
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Figure 6.17: y-component of 1f for pure nitrogen in the gas cell with sinusoidal modulation

6.4.4.2 Signals for 10ppm of Acetylene Gas

10ppm of acetylene gas was now added to the cell and it was observed, for the ramp modula-
tion, that there was significant difference in amplitude between the background signal and the
combined signal as shown in the oscilloscope trace of Figure 6.18 where (a) is the combined
signal and (b) is the gas signal after background subtraction. For the LIA measurement
with sinusoidal modulation, even though the concentration is low, the first and the second

harmonics can be clearly seen. From the magnitudes of the signals obtained, the system

could be expected to detect <lppm gas concentration.
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Figure 6.18: Oscilloscope trace for 10ppm of acetylene gas with ramp modulation
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Figure 6.19: y-components of 1f and 2f for 10ppm acetylene gas and sinusoidal modulation
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6.4.4.3 Signals for 1ppm and 0.5ppm of Acetylene Gas
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Figure 6.20: Harmonic signals for 1ppm acetylene using sinusoidal modulation

00 o

;

& &
g ] B

Amplitude of microphone (my)
=]
R

&
]

T T T
[x] io.= i = iz iz=

Thermal resistance (k2]

Figure 6.21: Harmonic signals for 0.5ppm acetylene using sinusoidal modulation
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Referring to Figure 6.20, clear 1f and 2f signals were obtained with 1ppm of concentration.
However signals fluctuated when lower concentrations such as 0.5ppm acetylene (as shown
in Figure 6.21) were measured. It should be noted that water vapour and carbon dioxide are
present in the atmosphere and likely in the cell during gas filling by a syringe. Also noise is

more significant at lower concentration.

6.4.5 Combination of Ramp and Sinusoidal Modulation (Third Mod-

ulation Technique)

Instead of thermal scanning, combination of both the ramp and sinusoidal modulation of
the diode laser current eases the process of scanning the centre wavelength automatically
and fast. This can conveniently be done by creating an arbitrary waveform using software
provided by Agilent, namely Waveform Editor which is available on the company’s website.
A frequency ratio of 1:33 was used for the combination signals, with 1Hz and 1.6Vp-p signal
amplitude for the ramp signal and 33 Hz, 450mV amplitude for the sinusoidal signal. The
waveform was sent to the function generator via a RS323 cable and output waveform is

displayed in Figure 6.22
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Figure 6.22: Combined sine and ramp waveforms from function generator with 1 Hz ramp
and 33 Hz sinusoidal waveforms

For this investigation, the thermal resistance was set at 12.711 k2, DC laser current at
60mA and 27dBm of EDFA output power to test 1% of acetylene gas. 33Hz from internal

source served as the reference signal at the LIA.

6.4.5.1 PAS Signals with 1% Acetylene Gas

Figure 6.23 shows the oscilloscope trace of the PAS signal (at thermal resistance of 12.117k?)
around the middle of the absorption line as the wavelength is ramped across the absorption
line by the combined modulation waveform. The variation of the first harmonic content and
the appearance of the second harmonic around the line centre is clearly evident. Figures 6.24
and 6.25 show the results from the output of the LIA for first and second harmonics at the

x channel. Time constant of 10ms and sensitivity of 200mV were set on the LIA.
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Figure 6.23: Output signal observed on oscilloscope for 1% acetylene at 12.117kQ) thermal
resistance with laser bias current at 60mA
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Figure 6.24: First harmonic from LTA for combined modulation waveform with ramp of 1Hz
and sinusoidal modulation of 33Hz (1% acetylene)
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Figure 6.25: Second harmonic from LIA for combined modulation waveform with ramp of
1Hz and sinusoidal modulation of 33Hz (1% acetylene)

As shown by the above results, the combination of ramp and sine waveform has been
successfully implemented, with only one function generator needed for the experiment. The
results are very promising and reliable for gas detection especially with the use of the LIA.

The figures above show that the left peak is higher than right peak (reversed compared
with Figures 6.14 and 6.15. As stated earlier, this distortion arises from the combined AM
and FM when the laser diode current is modulated. The reason for the reversal is that
the wavelength decreases with increased current which is the opposite characteristic with
temperature tuning (in kQ2) as performed before. Therefore the harmonic signals for current
tuning are reversed compared with temperature tuning and thermal resistance as shown

below in Figure 6.26 and Figure 6.27.
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Figure 6.26: Temperature tuning in kQ2 for X-component of 1f and 2f at dc=60mA and
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Figure 6.27: Temperature tuning in °C for X-component of 1f and 2f at dc=60mA and
EDFA=24dBm
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6.4.6 Combined Sinusoidal Modulation with Automatic Tempera-
ture Scan

Instead of using combined ramp and sinusoidal modulation signals applied to the laser diode
current, there are some advantages in seeking to automatically temperature scan the wave-
length if the response of the TEC is fast enough and can follow the ramp signal. This method
is easier to implement since no programming is needed to create an arbitrary waveform as
discussed above.

To investigate this, the PID of the TEC was adjusted to get a desired speed of temperature
tuning in order to scan through the absorption line. It was difficult to get a fast response to
follow the actual temperature setting due to the device limitations as most applications seek
a stable temperature. A delay of about 200ms between input and output of the TEC was

observed as depicted in Figure 6.28.
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Figure 6.28: Delay between actual signal into the TEC and the output signal from the TEC

Figure 6.29 shows the amplitude of acoustic signal when the PID was adjusted. Results,

displayed on the oscilloscope, were taken directly from the system with temperature scan
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only. First and second peaks indicate increases and decreases of temperature automatically

done by the TEC. However, the second peak of the backward scan was unstable due to the

delay stated above.
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Figure 6.29: Output acoustic signal from automatic temperature scan by the TEC

Figure 6.30 shows the output observed on the oscilloscope and output from the LIA is

shown in Figure 6.31 with combined sinusoidal modulation applied to the diode laser current

and temperature scan.
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Figure 6.31: x- output of first harmonic for 1% of acetylene gas

The automatic temperature tuning is a potentially useful method if the response of the

TEC can be adjusted faster and can follow the exact ramp signal without any delay.
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6.5 Investigation of PAS with Erbium Doped Fibre Lasers
System

From the previous section, the figures showed that different amplitudes of the right and
the left peaks for the 1f and 2f harmonics were observed due to the simultaneous AM and
FM which occurs when modulation is applied on the diode laser. The erbium doped fibre
laser system with the PA cell was studied in this section in an effort to obtain undistorted
signals and to explore the feasibility of EDFLs with PAS for trace gas sensing. Moreover the
zero background of PAS is an important advantage for EDFL systems using simple intensity
modulation. Figure 3.15 shows the schematic diagram of the experimental EDF ring laser
with a saturable absorber (SA). A photoacoustic (PA) cell was utilised to differentiate this
study with that previously reported in Chapter 3. As with the diode laser source, the acoustic
signal produced from the microphone is amplified by a pre-amplifier before being connected

to measurement equipment such as the oscilloscope and the LIA.

6.5.1 PAS using EDFL with Intensity Modulation for Spectroscopy

Operation of the EDFL source is similar to that reported in Chapter 3 where a micro-optic
gas cell was used, but here a photoacoustic cell is used for PAS. For the EDFL source,
instead of using wavelength modulation as was done with diode lasers in the previous section
(resulting in both AM and FM), the EDFL pump current is modulated to obtain simple

intensity modulation only, described by the following equation:

P = Py + APcos(wt) (6.19)

where P is output of the laser in the frequency range of the gas absorption line, Fyis the

un-modulated laser power, w is the angular frequency of the sinusoidal pump modulation
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and AP is the intensity modulation amplitude.

6.5.2 Ramp Scanning and Direct Detection

A ramp of 5Hz frequency with 95% symmetry from a function generator was amplified by
a voltage amplifier (OptoSci) to obtain enough voltage to stretch the PZT controlling the
wavelength of the EDFL in order to scan over the acetylene absorption line at 1535.39nm.

It was noted that 100V gave 0.1nm of wavelength shift. The experimental setup is depicted

in Figure 6.32.
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Figure 6.32: Experimental setup using an EDFL with a PA cell

6.5.2.1 Effects of the EDFA

An EDFA was employed at the output of the EDFL to amplify the laser output power
to improve the signal to noise ratio as can be seen in Figure 6.33 which shows that the
signal is noisy and unstable when operating without the EDFA. The improvement achieved
is indicated in Figure 6.34 which shows that the output of the system is more stable and the

amplitude is much greater with the EDFA. Note that Figure 6.34 shows the direct output
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PA signal observed on the oscilloscope for 1% acetylene without modulation of the pump as

the wavelength is scanned through the acetylene line.
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Figure 6.33: Output of the system without an EDFA
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Figure 6.34: Output signal with 1% of acetylene gas (with EDFA at 80mW)

Only 150V was achieved with the available voltage amplifier and as mentioned earlier, the
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tuning range of the PZT is 0.001nm/V. Thus the centre wavelength of the laser was situated
at the edge of the ramp signal as indicated in Figure 6.34 since the scanning range is not

fully across the absorption line.

6.5.2.2 No Gas (Nitrogen) Background Signal

Figure 6.35 shows that the output signal is almost zero when nitrogen gas is filled into the cell.
The change is significant compared to Figure 6.34 where the peak output signal amplitude

is 7.5V for 1% acetylene with a x60 multiplier setting of the pre-amplifier.
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Figure 6.35: Output signal without gas in the cell

6.5.3 Sinusoidal Modulation

For pump modulation, a range of frequencies from 1 Hz to 3.5 kHz (with 800mVpp and 2.2V
bias, based on earlier results) were applied to the EDFL pump in order to get the optimum
frequency for maximum PA signal output. Results for the output PA signal are shown in
Figure 6.36 which shows that the highest output is at 2.5 kHz which is the acoustic resonance

frequency of the cell.

179



PAZ signal amplitude (V)
8

1] 500 1000 1500 2000 2500 3000 3500 4000

Frequency (Hz)

Figure 6.36: Variation of photoacoustic signal peak to peak amplitude with frequency of laser
pump sinusoidal modulation

The resonance frequency of the first longitudinal resonance mode of the PA cell can be

calculated by equation 6.20:

f=c/2L (6.20)

where ¢ is velocity of the acoustic wave which is 344 m /s at room temperature and atmo-
spheric pressure, f is the first resonance frequency, and L is length of resonator. Substituting
2.5 kHz as the first resonance frequency into equation 6.20 the resonator length of the gas
cell can be calculated as 7.0 cm which coincides approximately to the actual length of the

cell. Full detail of the gas cell structure is presented in Figure 6.37.
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Figure 6.37: The PA cell structure

6.5.4 Gas Measurements Using the EDFL With Pump Modulation
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Figure 6.38: Setup of PAS experimental with pump modulation and wavelength scanning
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The full experimental arrangement using the EDFL with pump modulation for gas measure-
ments with PAS is shown in Figure 6.38.

The EDFL with SA is the same as that described in Chapter 3. A power of 70mW from
the EDFA was set to avoid power overloading. A 20:80 single mode fibre coupler was used
to tap off 20% of the output power to an optical spectrum analyzer (OSA: Agilent 86140B
resolution of 0.06nm) for wavelength referencing and monitoring while the remaining 80%
was launched into the PA cell. Output signals from the PA cell were measured by a lock-in

amplifier and an oscilloscope for data collection.

6.5.4.1 Experimental Results on Gas Measurements

Figures 6.39 to 6.41 show the experimental results obtained for the Y component of first,

second and third harmonic signals from the lock-in amplifier with 1% acetylene gas.
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Figure 6.39: Output signal at y-component of first harmonic (1f)
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Figure 6.40: Output signal at y-component of second harmonic (2f)
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Figure 6.41: Output signal with 1% acetylene at y-component of third harmonic (3f) with
amplitude of 0.67V
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As shown in the figures above, large signals were obtained at the first harmonic, 6V for
y-component in Figure 6.39. There was no signal at the second harmonic in Figure 6.40 as
expected since there is only intensity modulation at 1f applied to the EDFL. The noise level
was ~ 80mV without gas and hence 1% was measured at a signal to noise ratio of ~ 75.
Hence a sensitivity of ~ 100ppm is possible at a S/N ~ 1. A signal was seen at the third
harmonic in Figure 6.41 due to the coupling of acoustic resonance mode of cell to higher

order acoustic resonance at 3f.

6.5.4.2 Wavelength Referencing and Comparison to Theoretical Profiles

The absorption profiles obtained (Figures 6.39 — 6.41 above) have a time x-axis corresponding
to the ramp; therefore it is necessary to relate this axis to the corresponding change in the
optical wavelength of the fibre laser in order to compare experimental observations with
theoretical predictions in curve fitting. The wavelength range is shown in Figure 6.42, where
the laser scans from 1535.248nm to 1535.428nm which is about 0.15nm with 300V output of

the voltage amplifier.
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Figure 6.42: x- component of 1f from lock-in showing wavelength shift from ramp signal
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Figure 6.43: Relative transmission for 1% of acetylene at atmospheric pressure and room
temperature

Figure 6.43 shows the experimentally measured absorption line compared with the the-
oretical line at 1535.395nm. As can be seen from Figures 6.42 and 6.43, the absorption
line lies unfortunately at the edge of the ramp signal due to the limited stretch range of
the PZT /grating. It was also observed that the grating was creeping due to the acrylate
recoating material for the FBG (softer than a polyimide coating) and, as a result, the centre
wavelength was progressively shifting backward to a shorter wavelength. In order to get the
absorption at the centre of the ramp signal, a higher voltage is required to further stretch
the grating but due to equipment limitations this was not possible. One solution was to
peel off the coating and directly glue the core of the fibre to the PZT but this process needs
careful handling to avoid breakage of the grating. The simplest way to solve the problem
was to re-stretch the grating and re-glue to the PZT. Figure 6.44 is result obtained after

re-stretching using the same limited voltage supply.
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Figure 6.44: Absorption profile compared with theory after re-stretching of the grating

6.6 Conclusion

This chapter has reported an investigation into photo-acoustic spectroscopy, initially using
diode lasers to become familiar with PAS and WMS techniques and then using the EDFL
system for PAS. Several modulation formats were investigated in both cases.

Injection current modulation of diode lasers produces both wavelength and intensity mod-
ulation, with a phase shift dependent on the modulation frequency. This results in residual
amplitude modulation on the output and in distortion of harmonic signals derived from the
absorption line. Parameters such as the amplitude of the laser frequency dither, the relative
phase of the laser frequency and intensity modulation, and the background RAM amplitude
over the entire frequency sweep need to be accurately measured in order to successfully im-

plement WMS with diode lasers if line-shape recovery is required. This results in increased
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complexity of the system.

Hence the EDFL system was investigated where simple intensity modulation (without
FM) can be obtained by pump modulation to directly obtain the absorption line profile. The
performance of the EDFL system with PAS was much better and had a higher sensitivity
compared to the spectroscopy system using the micro-optic gas cell described in Chapter 3.
The output signal with the PA cell was more stable and has the very important advantage
of having a zero or very low background 1st harmonic signal level at the output of the LIA.
In contrast, the EDFL system of Chapter 3 has a high signal background level and the gas
absorption produces only relatively small changes compared to background level, resulting
in low sensitivity.

With further development , it is expected that the EDFL system with PAS can be im-
proved and the system sensitivity enhanced. Currently, the PAS cell used in the system
discards the output light. If a new cell is designed so that the output light is collected by a
GRIN lens then the PAS cell could be placed within the EDFL cavity for combining ICLAS
with PAS. Only a small amount of light needs to be tapped from the cavity (for optical
monitoring purposes only) so that a high intra-cavity power could be realised, removing the

need for an external EDFA.
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Chapter 7

CONCLUSION AND FUTURE WORK

7.1 Summary of the thesis

The basic aim of the thesis was to investigate the compatibility of fibre laser systems with
different spectroscopic techniques for the interrogation of the relatively weak overtone ab-
sorption lines of gases such as acetylene, carbon dioxide and methane.

Chapter 2 provided a review of spectroscopic techniques, including optical and acoustic
detection, with a focus on gas spectroscopy. Use of different types of laser sources was
reviewed along with the advantages of fibre lasers for gas spectroscopy. Since the performance
of a gas sensing system using a particular technique depends on the components and devices
involved in the setup, a summary of the required components was also included in this
chapter. An explanation was provided on how experimental results may be compared with
theoretical results by use of the HITRAN database.

Chapter 3 demonstrated the working operation of the erbium doped fibre laser system
and optimisation was carried out in order to test its compatibility with gas spectroscopy
requirements such as stable, narrow linewidth operation and wavelength tunability in order

to scan through absorption lines. In contrast to current modulation with diode lasers which
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produces both AM and FM modulation, the EDFL system employed simple intensity modu-
lation (from modulation of the pump current) and scanning of the wavelength with a grating
only. However, long cavity fibre lasers are normally associated with stability problems, such
as frequent mode hopping, and this was suppressed by introducing a saturable absorber into
the system. The saturable absorber was made of a length of unpumped erbium doped fibre
with polarization maintaining components to improve the performance. Two different setup
arrangements were investigated in the SA section, namely, a loop mirror as a reflector with
a Sagnac loop filter, or a fibre Bragg grating with a PZT. The fiber Bragg grating was used
to determine the lasing wavelength while the Sagnac loop filter or PZT provided a means for
wavelength scanning. Preliminary results demonstrated that the system was feasible for de-
tecting acetylene absorption lines (typically detecting ~0.005dB of attenuation) but further
work would be necessary to improve sensitivity and for accurate line shape recovery. The
system was also rather complex.

A much simpler set-up was introduced in Chapter 4 by placing the micro-optic cell within
the laser cavity and using the broad-band ASE already present within the cavity. The
ASE provides a convenient broad-band source for the interrogation of several gases within
the gain-bandwidth of the fibre laser and sensitivity enhancement was observed from the
multiple circulations of the ASE light within the cavity near threshold conditions. Successful
operation with several gases, such as 1% CyH,, 100% CO4 and the very low strength lines of
10% CH,, was demonstrated. For example, 16 absorption lines in the 1530nm region with a
path length enhancement of ~60 was observed for 1% acetylene gas, effectively transforming
the 6cm micro-optic cell into a path length of ~3.5m.

Chapter 5 reported a preliminary investigation into the use of the DFB-FL as alternative
way of solving the mode hopping problems that afflict long cavity fibre lasers. The DFB-
FL system was constructed and its performance was characterised. A thermal wavelength

scan along with laser intensity modulation (by pump current modulation) was investigated
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for spectroscopy purposes but a number of practical difficulties associated with the fragility
of the DFB laser were encountered which prevented successful demonstration of a working
system.

Chapter 6 introduced photo-acoustic spectroscopy and this was initially investigated with
a diode laser (in order to become familiar with its principles and properties) and then with
the EDFL system of Chapter 3. This system was much more stable and reliable compared to
those of the previous chapters. In particular, the virtually zero background signal level with
photo-acoustic spectroscopy means that the simple laser intensity modulation technique is
very effective for sensitive gas concentration measurements (unlike the situation in Chapter
3 where the gas produces only a small change in a high background level). Additionally the
problem of line-shape distortion from combined AM and FM modulation in diode lasers is
avoided.

In summary the main contributions of the thesis have been:

1) Development of an EDFL system incorporating a saturable absorber for improved
stability and use of intensity modulation (through pump modulation) combined with wave-
length scanning for both standard and photo-acoustic spectroscopy. In particular, the system
is viable in photo-acoustic spectroscopy where there is a zero background level with no gas
present.

2) Demonstration of a simple method of ICLAS for sensitivity enhancement using the ASE
present within the laser cavity. Approximately 2 orders of magnitude sensitivity enhancement

has been conclusively demonstrated with the potential for multi-gas sensing.

7.2 Comparison of Systems Studied

Based on the previous chapters, a summary of the key results from the systems tested is

tabulated in Table 7.1 as follows:
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System Estimated Problems Advantages
Sensitivity

1. EDFL + | 0.5% acetylene | High background signal Pump modulation produces

SA with no-gas condition, thus | only intensity modulation of
only small changes could be | the laser output, with phase
detected when gas present. | sensitive detection, hence
Only one absorption line easier line-shape recovery.
can be detected due to
specific wavelength of FBG
used in system.

2. EDFL + | 133ppm Specific wavelength of FBG | Stable, zero-background,

SA with acetylene used in the system, thus high sensitivity. Pump

PAS only one absorption line can | modulation produces only

be detected.

intensity modulation of the
laser output, with phase
sensitive detection, hence

easier line-shape recovery.
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System Estimated Problems Advantages

Sensitivity
3. Diode 0.5ppm Current modulation Stable, high sensitivity and
lasers with acetylene produces both amplitude calibration-free line-shape

PAS and frequency modulation. | recovery possible through
Data processing is needed special techniques such as
to recover actual line shapes | residual amplitude
and absorption strength of | modulation (RAM) and
a gas line. Need a high phasor decomposition (PD)
power EDFA (250mW) for | approaches.
signal amplification.

4. DFB FL | Not available Specific wavelength, fragile | Stable, single-mode,
device, expensive and lack narrow-linewidth and
of proper control in tuning. | mode-hop-free laser.

5. ASE with | 166ppm Careful calibration required | Simple set-up, using the

ICLAS acetylene to determine enhancement | broadband ASE already

100% carbon
dioxide

10% methane

factor.

present within the cavity.
Higher sensitivity and
multi-gas lines can be

detected.

Table 7.1: Summary of the characteristics of the different types of spectroscopy investigated

From the table above, the ICLAS would be the best and the most promising technique

with erbium-doped fibre laser systems for further investigation in gas spectroscopy. If the

calibration issues can be solved, this technique could provide a simple, sensitive and multi-gas

sensor system.
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7.3 Future Work

Future work relates to improving stability, dealing with calibration issues and extending the
capabilities of the systems investigated in the thesis, bearing in mind that the basic reason
for considering fibre lasers is to take advantage of properties such as their broad bandwidth
and compatibility with fibre optic systems for remote, multi-point sensing.

The fibre laser systems constructed here were for test purposes and were mostly used in
unshielded laboratory conditions with many fibre optic connectors for convenience in adding
or removing components. Better stability would be expected if all the connections were
spliced together to reduce loss and packaged in a proper casing or styrofoam case to lessen
environmental perturbation and acoustic noise. For the DFB fibre laser, further investigation
should be carried out to improve operation and to test its performance with gas in a cell to
determine the sensitivity that can be achieved.

Calibration issues are important and a reference gas cell could be used to determine
calibration factors. For the ICLAS system using ASE, it is necessary to calibrate the en-
hancement factor and one method under consideration is the use of the weak etalon fringes
from a simple intra-cavity etalon formed by reflections from the ends of a ~ lcm length
silica glass or quartz rod placed within the micro-optic cell. These fringes produce a defined
intensity variation with wavelength across the ASE bandwidth and could possibly be used
for calibrating the observed absorption lines.

Although PAS showed the most promising results compared with the other methods, there
is still room for improvement in the gas cell design and system operation. Proper acoustic
isolation from the outside world and the microphone configuration is critical to optimise the
sensitivity. On-going developments in components and devices such as MEMS mirrors could
be used for laser modulation in order to get better signal to noise ratios. Currently, the PAS
cell discards the output light. If a new cell is designed so that the output light is collected
by a GRIN lens then the PAS cell could be placed within the EDFL cavity for combining
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ICLAS with PAS. Only a small amount of light needs to be tapped from the cavity (for optical
monitoring purposes only) so that a high intra-cavity power could be realised, removing the
need for an external EDFA.

Finally, all studies performed here have been at room temperature and atmospheric pres-
sure. It would be useful for the system to be tested with various conditions of pressure and
temperature to see its effectiveness in monitoring pressure or temperature variations as well
as concentration. This would widen the scope of applications for fibre laser systems in the

future.
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