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Abstract

Tunable diode laser spectroscopy (TDLS) is a versatile and powerful technique that is
widely used for the measurement of gas concentration and pressure for industrial process
control applications. TDLS is used in conjunction with wavelength modulation (TDLS-
WMS) to make quantitative measurements on near-infrared as well as mid-infrared
absorption lines of gases. Traditional WMS based on the detection of 1* harmonic (1f
WMS) and 2™ harmonic (2f WMS) signals requires signal calibration for the extraction
of gas parameters. This is because the acquired electrical signals are not related in a
straightforward way to the gas parameters since these signals are affected by several
system parameters that are subject to variation or drift such as the laser intensity, optical
throughput of the system and detector gain. Systematic errors due to calibration drift
require periodic re-calibration which is inconvenient for stand-alone instruments and
continuous operation in harsh conditions. Recently two calibration-free 1/ WMS
techniques namely the RAM method and the Phasor Decomposition method (PDM),
have been developed by researchers at the University of Strathclyde. These techniques
represent significant advances in this field because the absolute gas absorption line
shape is recovered directly from which it is possible to extract gas parameters by using
simple least-squares curve fitting routines. However the fidelity of signal recovery in
both techniques is limited by a high concentration-independent residual amplitude
modulation (RAM) signal that arises due to the intensity modulation of the laser. The
detection electronics are easily saturated by the RAM when the lock-in amplifier gain is
increased to detect low-level concentration-dependent signals that are superimposed on

the RAM.

The work presented in this thesis presents a fiber-optic RAM nulling technique to
eliminate the 1f RAM component and thereby alleviate the problem of detector
saturation. The technique involves splitting the modulated output of a DFB laser and
introducing a relative phase shift of m between the intensity modulation on the two
components. This is achieved by passing one component through a delay fiber of

appropriately chosen length. The other component is passed through a gas cell. The



intensities of the two anti-phase components are carefully balanced and then recombined
so that the intensity modulation is cancelled in the absence of gas or in spectral regions
where there is no absorption. The concentration-dependent gas signal therefore appears
on a zero background and the gain of the detection system can then be increased to
amplify and extract low level gas signals. The proposed technique is validated through
calibration-free measurements carried out on various concentrations of methane using
the two techniques mentioned earlier. The generic nature of the RAM nulling strategy is
also demonstrated by extending the technique to eliminate the 2 RAM component that
is significant for some lasers. This is relevant to calibration-free 2f WMS that has

recently been demonstrated by other researchers.

The initial results obtained with the two 1f calibration-free techniques with RAM nulling
incorporated in them have been promising. It should be possible to optimize the system
further to realize a sensitive, calibration-free, automated sensor system for quantitative

measurement of gas parameters for industrial process control.
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Chapter 1: Introduction

Chapter 1

Introduction

1.1 Applications of gas sensing

Non-intrusive techniques of monitoring industrial processes have increasingly gained
importance in the modern technology-driven world. Remote and automated quantitative
measurements of various critical parameters are vitally important to maximize the
efficiency of many physical and chemical processes. In some systems such
measurements required to determine the concentration, composition, temperature and
pressure, are based on the detection of specific gases that are present in the environment
being monitored. These gases may either be produced directly by the process or they

may already be part of the process environment. Detection and concentration
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Chapter 1: Introduction

measurements of trace amounts of a particular species are important if the chemistry of
the process is expected to change and that species is an unambiguous signature of a
particular chemical reaction within a larger and more complex process. In other
situations, the physical conditions of a given process need to be ascertained and
monitored to understand the process better and control it in some cases. Physical
conditions of interest can include temperature, pressure and flow of a gas. In some
situations a particular gas is known to exist within a process and the condition of the
process is reflected indirectly but accurately by the effects it produces on the gas. In
such situations information about the process can be extracted by making quantitative
measurements on that particular gas. The physical and chemical condition of a process
can therefore be studied and controlled by first detecting emitted gases and then making
quantitative measurements on them. In some systems accurate measurements of these

parameters facilitate control over the process and optimization of the efficiency.

Examples of a few diverse fields in which useful information may be gained from the

detection of gases and measurement of gas parameters are as follows -

a. Industry — The gas and petrochemical industry is one of the largest sectors that needs
robust and dependable gas measurement systems. Real-time monitoring of advanced
propulsion and combustion processes [1-4] in internal combustion engines (ICEs) is a
very important field of research for the automotive sector. The ability to accurately
measure the temperature, pressure and flow of a gas is crucial to better understanding of
many processes that lead to greater optimization. Solid oxide fuel cell (SOFC)
technology is one such example. The importance of such diagnostics is obvious since the
efficiency of such processes translates directly to superior quality of engines, higher

economic gains, and more environment-friendly technology.

b. Healthcare — Clinical breath analysis has not received the level of attention that
traditional pathological diagnostic techniques have. This picture is slowly but surely
changing. All metabolic processes in a living body emit characteristic gases such as
carbon dioxide, ammonia, hydrogen cyanide, nitrogen dioxide [5] and carbon monoxide

[6]. The concentration of such gases varies with the conditions of specific organs.
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Abnormal physiological conditions can therefore be detected with highly sensitive and
precise spectroscopic techniques long before full blown symptoms are detectable by
conventional means. The focus in such applications is on high-sensitivity detection of
trace amounts of gases. In situ evaluation of surgical cuts is also an active field of

investigation.

¢. Homeland security — The importance and relevance of civilian and military security
concerns can not be stressed enough in today’s scenario of unconventional and
unscrupulous warfare. Detection of explosives [7], with extremely high-sensitivity is a
particularly challenging field for remote, non-intrusive detection methods. Explosives
such as TNT emit ammonia vapour that can be used as its signature. Clandestine nuclear
enrichment programmes may be uncovered by detecting UFs, '*C and tritium that are

signs of fissile nuclear materials.

d. Environment monitoring — The on-going debate on climate change and ways to
mitigate its adverse effects makes it imperative to review and improve the understanding
of various industrial processes that contribute to the build up of greenhouse gases. The
focus is often on detecting those gases that are precursors to more hazardous chemicals.
A common example is the detection of sulphur dioxide that is responsible for the
formation of sulphuric acid. Monitoring of ozone [8], for instance, is important both
because the gas plays a beneficial role in the upper atmosphere and also because its
presence even in the low parts-per-billion (ppb) level in the lower atmosphere is harmful

to animal and plant life because of its toxicity.

e. Scientific research — High-resolution spectroscopy is an invaluable tool in basic
science. Fundamental understanding of the chemistry and biology of life is greatly
enhanced by highly sophisticated techniques for studying trace amounts of gas
molecules. Man’s ambitious exploration of space for signs of extra-terrestrial life is
critically dependent on the analysis of gases that form many of the planets of the solar

system.
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1.2 Conventional techniques for gas sensing

Traditional techniques for gas detection and measurement make use of chemical
reactions and infrared light for the identification of gases. Such techniques include
electrochemical gas sensors, gas chromatography (GC), pellistors and non-dispersive
infrared (NDIR) sensors among others [9-11]. The major drawbacks of these techniques
in general are slow speed of response, limited sensitivity and poor selectivity due to
cross-sensitivity to different species. For electro-chemical sensors in particular, a major
problem is their susceptibility to corrosion due to catalytic poisoning in harsh
environments and therefore the need for periodic maintenance and ultimately
replacement. Conventional methods such as gas chromatography are very slow to
analyze a sample and are only suited to laboratory tests. Different detectors are often
required for different species of target gases and of these some (flame ionization
detector, FID) are destructive. This precludes their use in non-destructive
evaluation/testing (NDE/NDT). The bulky size of some conventional instruments
severely limits the range of applications in which they can be used directly. For instance
it is impossible to use a GC in an aircraft engine for in-flight tests. Very limited
quantitative measurements can be carried out with these systems. To improve sensitivity
a GC is often used in conjunction with a mass spectrometer (MS), the combination being
known as a GC-MS. However, this only makes the system more bulky, expensive and
less suited to field measurements.

Another distinct and very important problem that deserves special mention is the
need for calibration of these instruments that makes engineering such systems for real-
world situations very difficult. It is acknowledged in all branches of engineering that any
instrument that requires calibration is susceptible to errors due to calibration-drift that in
turn requires periodic recalibration to be carried out. This will be explained in greater
detail in Sec. 1.3.2.

Many modern process control applications require portable instrumentation for
highly sensitive, calibration-free, real-time measurement with minimum requirement of

maintenance. Conventional methods of detecting gases clearly do not meet the demands
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of such applications and therefore alternative technology must be explored. The work
reported in this thesis represents advancements in the field of an alternative optical
diagnostic technique, namely Tunable Diode Laser Spectroscopy (TDLS), that is

capable of meeting the demands of modern gas sensing applications.
1.3 Optical techniques for gas sensing

Optical diagnostic techniques have been widely used for gas detection and monitoring
applications primarily because these are non-destructive and non-intrusive: the essential
requirement is that there has to be interaction between a light beam and a target gas over
a given path length. Other important factors that make optical gas sensing attractive are
the sensitivity to a wide range of gas species, inherently safe operation, extremely high
sensitivity, low start-up and running cost, and the ease with which compact systems can
be built. The principle involves directing a beam of light at the target volume and using a
photo-detector to measure the transmitted intensity of the light as a function of the
emitted wavelength. This is essentially a spectroscopic measurement of the molecular
absorption lines of gases that are either already present or are produced by the process
itself. Many gases are able to absorb certain characteristic wavelengths of light
depending on their molecular configuration. This makes it possible to uniquely identify
those gases by interrogating them with the wavelength of light that they are known to
absorb. Different gases often have non-overlapping absorption lines. By judicious choice
of interrogating wavelengths, it is possible to simultaneously detect and make
measurements on multiple gas species. While the spectral absorption is used to
distinguish different gases, their relative concentrations are determined by monitoring
the amount of light energy absorbed at each wavelength. Strong absorption of a
particular wavelength therefore indicates the presence of a significant amount of a
particular gas. It is therefore possible to identify and quantify several gases using this
method of multiplexing several distinct wavelengths and measuring the absorption for

each wavelength.
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Although any broadband light source in conjunction with wavelength discriminating
device such as diffraction grating can, in principle, be used for this purpose, lasers are
most widely used. This is primarily because lasers have very narrow line widths in
comparison to the width of a typical absorption line, high spectral brightness, high
directionality, high power and wide wavelength tuning range. These properties enable
the detection of multiple molecular species with high resolution, high species selectivity
and high detection sensitivity over long detection path lengths. This technique has been
known by the generic name Laser Absorption Spectroscopy (LAS). For compact, field-
deployable industrial systems semiconductor diode lasers are widely used and this
specific technology that has come to be known as Tunable Diode Laser Spectroscopy
(TDLS) [12-16], and has gained significant popularity in several areas. All of the
applications briefly discussed earlier are served very reliably by TDLS in one form or

another.
1.3.1 Basics of Gas sensing using Tunable Diode Laser Spectroscopy

The basic mechanism of a TDLS system is to tune the emission wavelength of a
diode laser across a molecular absorption line of a target gas and measure the absorption
of the light as a function of the wavelength. The technique is based on the measurement
of the incident and the transmitted light intensities and calculating the relative reduction
in intensity. This basic method is known as direct detection. Highly sensitive, spectrally-
resolved measurements performed with this method are very useful in not only uniquely
identifying several gases [4-6] but also in making quantitative measurements to extract
concentration, pressure and temperature of the gas [3, 17-20]. This is achieved by
recovering the gas absorption line from the spectrally-resolved measurement of the
transmitted light. The gas absorption line shape and line strength are strongly dependent
on the parameters mentioned above, which allows these parameters to be extracted by
applying multi-component least squares fits to the absorption line that has been

recovered with high accuracy.
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TDLS is often used with an additional modulation impressed on its injection current.
When the laser’s injection current is modulated there is a wavelength modulation (WM)
as well as a synchronous intensity modulation (IM) of the laser output. This innovation,
known as modulation spectroscopy [1-4, 17, 18] leads to much higher sensitivity than
direct detection. For most gas sensing applications the frequency of modulation is on the
order of a few tens to a few hundreds of kHz. This regime which is the focus of attention
in this thesis is known as Wavelength Modulation Spectroscopy (WMS). While the
applied modulation is most often a single-frequency sinusoid the detection is performed
at various harmonics of that frequency. It turns out, that the n™ harmonic signal
component bears the characteristic signature of the n™ derivative of the absorption line
shape, although the relationship is not simply the respective derivatives. The WMS
literature is replete with reports of gas detection using 1** harmonic (1f) and 2™ harmonic

(2f) detection. Higher harmonics are rarely used.

To be specific, in 1f detection the recovered signal resembles the 1% derivative of the
absorption line shape. The concentration of the target gas is proportional to the signal
amplitude and the slope of the curve through line centre. For 2f detection the recovered
signal resembles the 2™ derivative of the absorption line. The only parameter relevant
for the extraction of concentration in this case is the peak height of the signal at line
centre. Pressure measurements are related to the separation of the maximum and the
minimum of a 1* derivative signal in 1f WMS, while in 2f WMS the pressure is related
to the two zero crossings of the signal. This is illustrated in Fig. 1.1 in which
representative traces for a sample of gas of constant concentration at two pressure values
are depicted. In Fig. 1.1a the relative transmission corresponding to a representative
absorption line is shown for two pressure values. The corresponding 1* derivative and
2" derivative signals are shown in the two lower plots. It is seen that at the line centre
where there is maximum absorption, the corresponding value of the relative transmission
is minimum, the 1% derivative is zero and the 2™ derivative signal attains the maximum

value. These are characteristics features of such signals.
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Fig. 1.1: A gas absorption line and the typical 1f and 2f signals obtained in WMS for

two representative values of pressure

It is seen that for constant concentration the effect of increasing the pressure is to
cause a broadening of the absorption line shape. The corresponding 1% derivative and 2™
derivative signals reduce in height and the zero crossings are moved further away from
the line centre. It is also noted that the 1** derivative signal has an appreciable non-zero
offset but the 2™ derivative signal appears on a zero level. These are characteristic of the
respective signals and depend on the level of modulation and the type of laser used. The
effect of the non-zero background signal is part of the central theme of this thesis and

this issue will be discussed in greater detail in chapter 2.
1.3.2 Need for Calibration in Tunable Diode Laser Spectroscopy

It is important to bear in mind that TDLS is often used in harsh environments.
Although the technique is extremely versatile, a particular issue of concern for process
control applications is the need for signal calibration. This is to say that the 1% and 2™
derivative signals are not directly and simply related to the absorption line shape.
Therefore the 1f and 2f detection the experimental signal measured for an unknown

quantity of gas must be calibrated against the signal from a control sample of the same
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gas maintained under accurately known conditions. In industrial applications the
pressure of the gas often varies significantly and may be unknown. This in turn means
that the absorption line width is also variable. In TDLS-WMS applications the
magnitude of the recovered signal is strongly dependent on the line width as explained

in chapter 3. The amplitude of the 1% derivative signal in 1f WMS varies

as %/2 where y is the half-width-half-maximum value of the line width. The amplitude

of the 2" derivative signal in 2f WMS varies as %/3. It is therefore clear that

environmental conditions strongly affect the recovered signal.

In TDLS-WMS an important systematic factor in determining the form and
amplitude of the recovered signals is the so-called modulation index, m. The m-value is

defined as the ratio of the amplitude of the WM (v ) to », mathematically expressed as

m:&)y. The m-value features prominently as a system scaling factor in the

expressions for the harmonic/derivative signals as shown later in chapter 3. Therefore
even if the WM amplitude of the laser is held constant by constant amplitude of the
modulation current the m-value can vary as a result of the variation of the line width

caused by pressure variations.

In addition to the variation of the pressure that must also be measured there are other
spurious systematic effects that vary unpredictably with time. These include the possible
variation in laser power and other laser parameters, the variable optical throughput of the
system due to poor and variable coupling possibly due to mechanical vibrations, and the
contamination of windows and optical surfaces by the environment. The cumulative
effect of these factors is that the recovered electrical signal level is liable to vary
significantly due to reasons other than the variation of the properties of the gas.
Therefore the measurement needs to be calibrated against a signal from a control sample
of gas maintained under accurately-known conditions of temperature and pressure.
Although this may be acceptable in laboratory environments, it is clearly an impractical

and undesirable requirement in the field.
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These were the problem that the gas sensing community had learnt to live with until
it was very recently demonstrated [17-20], that calibration-free recovery of absolute gas
absorption line shapes is possible with 1f detection. This opens up new possibilities in
industrial process control because the direct recovery of absorption lines simplifies data
processing significantly. However, the problem of a high gas concentration-independent
background signal in the recovery of the 1f signal persists. The background signal is an
artefact of the modulation of the laser and arises specifically due to the IM of the laser.
The high background signal tends to severely limit detection sensitivity particularly in 1f
WMS. Therefore in order to make 1f calibration-free WMS competitive with other
traditional WMS methods it is imperative to devise a method to eliminate the

background signal.

The need to remove the background signal in 1f calibration-free WMS is the main
motivation of carrying out this research. The brief discussion presented here serves to
provide a backdrop against which the theoretical and experimental work contained in

this thesis has been carried out.

1.4 Conclusion

This chapter aims to gently introduce the field of non-intrusive and non-destructive gas
sensing with glimpses of the wide spectrum of applications that are important in the
modern world. In many of the applications it is not enough to merely detect trace
amounts of gases. It is necessary to be able to make quantitative measurements on them
in order to extract useful information about the environment that produces the gases.
Conventional gas sensing techniques are briefly discussed and their shortcomings are
pointed out. It is clear from the sheer diversity of applications that conventional sensing
techniques are not adequate. In this context the advent of tunable diode laser
spectroscopy (TDLS) is a major technological development. A very basic qualitative
discussion of the technique has been presented with more details to be introduced in

chapter 2. The practical issue of calibration of recovered signals in industrial
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applications has also been highlighted since the work presented in this thesis is oriented

towards industrial applications.

The separate but equally important problem of a high background signal in WMS
that contains no information about the gas itself has also been touched upon. It has been
briefly explained that this background signal arises due to the IM of the laser that
accompanies the WM. The background signal is the main factor that limits the
sensitivity of WMS particularly if signal recovery is performed at the modulation
frequency (that is 1* harmonic or 1fdetection is performed). The main motivation of this
thesis is the development of a technique to remove this background signal and thereby

make 1% harmonic WMS a viable technique in quantitative gas measurement.

Chapter 2 provides a detailed review of the TDLS technology. Current technological
trends are briefly outlined, including the growing interest in newer varieties of laser
sources and novel fiber optic technology as substitutes for conventional measurement
systems. Next, the two categories of signal recovery, namely Direct detection and
Modulation spectroscopy are discussed along with their relative merits and demerits.
The two operational regimes of Modulation spectroscopy, namely frequency modulation
spectroscopy (FMS) and wavelength modulation spectroscopy (WMS) are discussed
next, with greater focus on WMS. A mathematical description of WMS introduces the
various terminologies to the reader and also illustrates the various signal components

that are encountered later.

The two calibration-free 1% harmonic WMS signal recovery techniques are reviewed
next. This is necessary because this forms the starting point of the thesis. Much of the
subsequent work involves applying these two techniques in conjunction with the main
technique to eliminate the high background signal that is the subject of this thesis.
Finally, the presence of a high background signal that limits the sensitivity of these
techniques is explained in greater detail both qualitatively as well as mathematically. At
this point the stage is set for the introduction and detailed discussion of the actual

technique that has been termed RAM nulling.
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Detailed objectives of the thesis are presented at the end of chapter 2 only after a
comprehensive review of TDLS is carried out that brings the reader up to date with the
terminology, nature of signals and the latest developments as far as 1f'and 2f calibration-
free signal recovery algorithms are concerned. Since this thesis deals with the removal
of a very specific problem that has long plagued TDLS-WMS, it is necessary to first lay
out this background so that the context in which this work is carried out becomes easier

to appreciate.

26



Chapter 1: Introduction

1.5 References

1.

T. Fernholz, H. Teichert, V. Ebert, “Digital phase-sensitive detection for in situ
diode laser spectroscopy under rapidly changing transmission conditions”, Appl.

Phys. B 75, 229-236 (2002).

I. Linnerud, P. Kaspersen, T. Jaeger, “Gas monitoring in the process industry using

diode laser spectroscopy,” Appl. Phys. B 67, 297-305 (1998).

T. Aizawa, T. Kamimoto, T. Tamaru, “Measurements of OH radical concentration in

combustion environments by wavelength-modulation spectroscopy with a 1.55um

distributed-feedback diode laser,” Appl. Opt. 38 (9), 1733-1741 (1999).

M. E. Webber, R. Claps, F. V. Englich, F. K. Tittel, J. B. Jeffries, R. K. Hanson,
“Measurements of NH3 and CO, with distributed-feedback diode lasers near 2.0 um
in bioreactor vent gases,” Appl. Opt. 40 (24), 4395-4403 (2001).

L. Menzel, A. A. Kosterev, R. F. Curl, F. K. Tittel, C. Gmachl, F. Capasso, D. L.
Sivco, J. N. Baillargeon, A. L. Hutchinson, A. Y. Cho, W. Urban, “Spectroscopic
detection of biological NO with a quantum cascade laser,” Appl. Phys. B 72, 859-
863 (2001).

Y. Morimoto, W. Durante, D. G. Lancaster, J. Klattenhoff, F. K. Tittel, “Real-time
measurements of endogenous CO production from vascular cells using an ultra-
sensitive laser sensor,” Am. J. Physiol. Heart. Circ. Physiol. 280: H483-H488
(2001).

H. Liu, Y. Chen, G. J. Bastiaans, X, -C. Zhang, “Detection and identification of
explosive RDX by THz diffuse reflection spectroscopy,” Opt. Exp. 14 (1), 415-423
(2006).

D. Bortoli, A. M. Silva, M. J. Costa, A. F. Domingues, G. Giovanelli, "Monitoring
of atmospheric ozone and nitrogen dioxide over the south of Portugal by ground-

based and satellite observations," Opt. Express 17, 12944-12959 (2009)

27



Chapter 1: Introduction

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

S. P. Griff, “Structure determination of carbonates and diglycol carbonates by gas

chromatography-mass spectrometry,” Appl. Spectrosc. 37 (4), 354-357 (1983).

S. L. Smith, S. E. Garlock, G. E. Adams, “Industrial applications of a capillary gas
chromatography/Fourier transform infrared system,” Appl. Spectrosc. 37 (2), 192-
196 (1983).

P. R. Griffiths, D. A. Heaps, P. R. Brejna, “The gas chromatography/infrared
interface — past, present and future,” Appl. Spectrosc. 62(10), 259A-270A (2008).

E. D. Hinkley, “High resolution infrared spectroscopy with a tunable diode laser,”
Appl. Phys. Lett. 16 (9), 351-354 (1970).

E. D. Hinkley, P. J. Kelly, “Detection of air pollutants with tunable diode lasers,”
Science 171 (3972), 635-639 (1971).

J. Reid, J. Shewchun, B. K. Garside, E. A. Ballik, “High sensitivity pollution
detection employing tunable diode lasers,” Appl. Opt. 17(2), 300-307 (1978).

J. Reid, B. K. Garside, J. Shewchun, M. El-Sherbiny, E. A. Ballik, “High sensitivity
point monitoring of atmospheric gases employing tunable diode lasers,” Appl. Opt.

17 (11), 1806-1810 (1978).

J. Reid, M. El-Sherbiny, B. K. Garside, E. A. Ballik, “Sensitivity limits of a tunable
diode laser spectrometer, with application to the detection of NO, at the 100-ppt
level,” Appl. Opt. 19 (19), 3349-3354 (1980).

K. Duffin, A. J. McGettrick, W. Johnstone, G. Stewart, D. G. Moodie, “Tunable
diode laser spectroscopy with wavelength modulation: a calibration-free approach to

the recovery of absolute gas absorption line shapes,” J. Lightwave Technol. 25,

3114-3125 (2007).

A. J. McGettrick, K. Duffin, W. Johnstone, G. Stewart, D. G. Moodie, “Tunable
diode laser spectroscopy with wavelength modulation: a phasor decomposition
method for calibration-fee measurements of gas concentration and pressure,” J.

Lightwave Technol. 26, 432-440 (2008).

28



Chapter 1: Introduction

19. W. Johnstone, A. J. McGettrick, K. Duffin, A. Cheung, G. Stewart, “Tunable diode
laser spectroscopy for industrial process applications: system characterization in

conventional and new approaches,” IEEE Sensors J. 8 (7), 1079-1088 (2008).

20. A. J. McGettrick, W. Johnstone, R. Cunningham, J. D. Black, “Tunable diode laser
spectroscopy with wavelength modulation: calibration-free measurements of gas

compositions at elevated temperatures and varying pressure,” IEEE J. Lightwav.

Technol., 27 (15), 3150-3161 (2009).

29



Chapter 2: Review of Tunable Diode Laser Spectroscopy

Chapter 2

Review of Tunable Diode Laser

Spectroscopy

2.1 Introduction

This chapter presents a more detailed discussion of tunable diode laser spectroscopy
(TDLS) but is by no means exhaustive. The development of this field is discussed in a
chronological way to some extent although it was understandably not possible to include
every development. As a result of this approach the discussion moves back and forth
between near-infrared and mid-infrared TDLS.

TDLS is a well-established technique for trace gas detection [1-6], and quantitative
analysis of various gas parameters that are of significant importance in industrial,

chemical, medical, security and environmental applications. Since the late 1960s this
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field has enjoyed the continued attention of the scientific world and many highly
significant advances have been witnessed. The key technological advances have been
the development of new, rugged, high-power light sources in a wide range of
wavelengths and highly sensitive optical detectors. These basic ingredients have been
ably supported by the astonishing increase in the speed and precision of electronics that
form the backbone of data acquisition and signal processing hardware. The rapid rise of
optical fiber technology produced unprecedented levels of miniaturization, stability and
ruggedness, leading to the realization of low-cost, compact and portable instruments. A
fourth factor that has contributed immensely to the development of this technology and
its subsequent application to diverse areas is the improved theoretical understanding of
the underlying principles. Recently, it has been possible to push this technology to its
limit because these physical principles have been better understood and, crucially, more

accurately and completely described mathematically.

Sensitive detection of various gases [3, 5, 8-11], and accurate measurement of
various parameters of a target gas such as pressure, concentration and temperature [10,
12-22] is widely performed using TDLS with high sensitivity and accuracy. The basic
technique involves tuning the centre wavelength of a diode laser source with high
spectral brightness across one or several strong vibration-rotational absorption lines of a
gas while monitoring the wavelength-dependent relative transmission of the system. The
vibration-rotational absorption lines of various gases are well documented in
spectroscopic databases such as HITRAN [23]. For molecules with discrete absorption
features it is often possible to recover a single, well-isolated and sufficiently strong
absorption line in order to extract relevant gas parameters. Early systems were based on
mid infrared lead salt diode lasers that required liquid helium or liquid nitrogen cooling
of the laser head [1]. Although the mid-infrared region allows the strong fundamental
gas absorption lines to be probed, the need for liquid nitrogen cooling was a
considerable hurdle that prevented TDLS from gaining the kind of widespread
popularity in field applications that it enjoys today. However the advent of the
telecommunications age brought about a sea-change in this field. The development of

spectrally bright, high-power, frequency-agile, low-cost near-infrared distributed
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feedback (DFB) laser diodes with Peltier cooling has led to the development of robust
field-deployable systems [10]. This provided the much-needed impetus for TDLS to step
out of the laboratory environment and in to the real world. The availability of high-
sensitivity near-infrared (NIR) photo-detectors that operate at room temperatures and
various fiber-optic components have also greatly facilitated this rapid growth. The
developments in the optical communications industry has made it possible to miniaturize

previously bulky equipment, and realize remote and distributed sensing using optical

fibers.

Single and multiple gas species detection has been traditionally performed in the
mid-infrared (MIR) using widely tunable parametric difference frequency generation
(DFG) systems [24-26]. However the bulky nature of such systems and the total cost
involved are prohibitive in many cases. The invention of quantum cascade lasers (QCLs)
[27] and the demonstration of room temperature, high power and narrow line width
operation [28], was a major development that fuelled rapid growth of mid-infrared
spectroscopic applications [29-32]. The introduction of near-IR vertical cavity surface
emitting lasers (VCSELs) [33] was the next major development that took place. The low
drive currents (few mA) and therefore the reduced power consumption of VCSELs are
attractive features for battery-powered hand-held instruments. Operation of such lasers
well above room temperature [34, 35], and at high powers [36], has been demonstrated
which is important for industrial applications under harsh conditions. In addition widely-
tunable spectroscopic detection of multiple gas lines has been demonstrated using such

lasers [37-39].

The use of hollow core optical fibers [40], for gas sensing is another interesting
development that can potentially lead to even greater levels of system integration. The
long effective path lengths offered by such fibers [41, 42], and the high degree of
overlap between the gas and the laser beam makes it an attractive alternative to
conventional gas cells. In such systems the light source and detector can be directly
coupled to the hollow core fiber, and the gas to be detected permeates to the core. Solid-

core fibers have also been used for evanescent wave detection of chemicals [43]. Mid-
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infrared optical fiber technology is yet to attain the level of maturity that its near infrared
counterpart has enjoyed for a long time now. Although mid-infrared fibers exist, they are
expensive and have too much loss (0.1dB/m at best) [44, 45], to prove useful in practical
systems. One hopes that this technology improves as the material science issues are

better understood and associated problems are solved.

The present scenario suggests that TDLS is a very active and fast-evolving field of
research. It will continue to see major technical innovations as better light sources and

detectors become available, and as other contributing technologies mature.

2.2 Classification of TDLS techniques

The TDLS detection technique is classified into two regimes, namely, Direct detection
and Modulation spectroscopy, according to the signal modulation and detection method

used.
2.2.1 Direct detection

The technique essentially involves tuning the wavelength of a spectrally narrow probe
laser across a strong, well-isolated absorption feature of a target gas and monitoring the
transmitted intensity as a function of the wavelength. In accordance with the Beer-
Lambert law the relative transmission is a function of the product of the absorbance of

the gas and the path length over which the laser light interacts with the gas sample.

A distributed feedback (DFB) diode laser’s centre wavelength can be tuned very
conveniently and precisely by varying the injection current or the temperature.
Temperature tuning allows a wider spectral region to be scanned and is often preferred
for widely tunable direct detection of multiple species. Current tuning covers a much
smaller range. Although both approaches are used, current tuning is by far the more
popular method. The DFB is initially temperature-tuned close to a target vibration-
rotational line and a slow (few Hz) ramp is applied to the injection current to repetitively
scan the DFB laser’s wavelength across the absorption line. The transmitted intensity

with the target gas present is normalized by the “no gas” signal in controlled laboratory
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conditions but in a practical system a baseline fit to the intensity trend must be used. The

total spectral absorbance is obtained by using the Beer-Lambert law given by,
1,(A)=1,(A)e™ D" = I, (A)e D (2.1)

where,

1 (A)is the intensity of the transmitted radiation,

1,(A) s the intensity of incident radiation,

AA) = a(A)C =S(T)¢(A—4,), is the absorbance of the medium,
a(A) is the absorption cross-section,

C is the concentration (number density) of the absorbing species,

S(T) is the line strength of the molecule at a temperature T,
¢(A— 4,) 1s the line shape function for the particular absorption line, and
A, 1s the centre frequency of the transition
The dependence of the spectral absorbance A(1)on the gas concentration (C),
temperature (T) through the line strengthS(7), and pressure (P) through ¢(4-4,)

makes it possible to extract information regarding these quantities from absorption
profiles accurately recovered by low noise direct detection.

A typical experimental arrangement used in direct detection is shown in Fig. 2.1

Gas cell Photodiode

Oscilloscope

below.

L e

—

Fig. 2.1: Typical experimental arrangement for TDLS with Direct detection
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A semi-conductor DFB laser is tuned across a gas absorption line by applying a ramp
(saw tooth) voltage to the current controller. The transmitted intensity at the output of
the gas cell is detected by a photodiode and displayed on an oscilloscope and the
digitized data is transferred to a computer for further processing. Figure 2.2 shows a
representative photodiode output signal (solid) and a baseline fit (dotted) on the left, and
the corresponding normalized relative transmission on the right. The concentration of
the gas is proportional to the depth of the relative transmission profile while the pressure

is proportional to the full-width-at-half-maximum (FWHM).

A depth < concentration

Photodiode

Signal (V) FWHM o pressure

Mnm) Mnm)

Fig. 2.2: Raw photodiode signal and relative spectral transmission profile obtained by

normalizing the raw signal by a baseline fit

The relative transmission profile is compared with a theoretical model simulated by

considering a Lorentzian, Gaussian or Voigt line shape@(A—4,), depending on the
range of operating pressures, and line strengths S(7"), taken from standard data bases

such as HITRAN. The attractive feature of this method is the simplicity of
implementation and signal interpretation since the absolute absorption profile is directly
recovered by simply normalizing the recovered absorption profile by a baseline fit to the
non-absorbing spectral wings. However, the disadvantage of this method is the poor
signal-to-noise ratio (SNR), because for low gas concentration it is difficult to detect and
quantize small changes in transmitted intensity that are superimposed on a high
background signal. The low frequency laser noise, the 1/f noise, the detector noise and
digitization noise therefore often limit its use in near infrared detection of gases of low

concentration. This is not to say that direct detection is an obsolete technology. On the
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contrary, it is widely used in many mid-infrared systems based on difference frequency
generation (DFG) systems [46], and mid-infrared QCLs [47] essentially because of the
straightforward way in which information can be extracted from the recovered signal.
Very high sensitivity is achievable even with direct detection in the mid-infrared
because the fundamental absorption lines of gases are significantly stronger than the
near-infrared overtones. It is often the first method to be tried in near infrared systems
for industrial process control where the concentration levels are reasonably high owing
to the ease of signal interpretation [48]. However, for a large number of high-sensitivity
near infrared applications, variants of this basic approach have been implemented that
involve modulation of the laser source. Such modulation spectroscopy is now a standard
detection technique for near infrared spectroscopic measurement. The direct detection

method will therefore not be discussed further.
2.2.2 Modulation spectroscopy

The main limitation of direct detection arises from the need to detect a very small
change in transmitted intensity that is superimposed on the large background signal due
to the laser intensity itself. The signal-to-noise ratio (SNR) is further degraded by the
presence of low frequency noise that includes 1/f noise and the laser noise. To increase
the detection sensitivity, various modulation formats have been used, of which a
particular variant termed wavelength modulation spectroscopy (WMS) [2, 4-8], has been
very popular because it is relatively straightforward to implement and affords greater
sensitivity than direct detection. Modulation spectroscopy has become the method of

choice for such experiments.

In a generic modulation spectroscopy experiment, the centre emission wavelength of
a tunable laser source is slowly scanned across an absorption line as in direct detection,
and simultaneously the instantaneous laser wavelength is modulated by a high frequency
modulation signal. The interaction of this wavelength modulated laser output with the
target gas produces signals at various harmonics of the modulating signal. The amplitude

of each of the harmonic signals is uniquely related to the absorption line shape. For low
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amplitudes of the modulation signal, the amplitude envelope of the n™ harmonic signal
resembles the n™ derivative of the absorption line shape. Typically, phase sensitive,
harmonic detection is used to recover the amplitude envelope of a particular harmonic
and the absorption-dependent amplitude of that envelope is measured to infer gas
parameters. This method is inherently narrow-band as far as signal recovery is

concerned and therefore has superior SNR than direct detection.

A very convenient way to achieve the double modulation of the laser output is to use
a semiconductor diode laser and modulate its injection current by two modulation
signals of appropriate frequencies. A low frequency saw tooth (or triangular) voltage
ramp is used to slowly tune the laser’s centre frequency across an absorption line and a
high-frequency sinusoidal voltage is used to modulate the instantaneous wavelength.
The injection current modulation capability of such lasers is a very useful feature for
compact, low-power and portable instruments. These features make current modulation
an attractive alternative to external phase modulation although it is important to note that
current modulation does give rise to significant levels of intensity modulation (IM) of
the laser that is synchronous with the wavelength modulation (WM). This issue is
particularly relevant to the work presented in this thesis and will be discussed in greater

detail shortly.

The general theory of modulation spectroscopy developed much earlier in the 1960s
paved the way for subsequent advances made in this field. One of the earliest
investigations of the broadening of Lorentzian lines under modulation was carried out by
Hugo Wahlquist [49], and within a span of a few years phase sensitive detection of such
signals was also investigated by Russell and Torchia [50]. Modulation broadening of
nuclear magnetic resonance (NMR) and electron spin resonance (ESR) line shapes were
analysed by Wilson [51], for Gaussian and Lorentzian line shapes. Using a Fourier
analysis, the signal amplitude and line shapes were calculated for the first three
harmonics of the absorption line as a function of the modulation amplitude. Shortly after
this Arndt developed analytical expressions for modulation-broadened Lorentzian line

shapes [52]. The expressions for the first two harmonic signals proved to be very useful
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for subsequent researchers. Experimental validation [6], of these theoretical
developments that were relevant to TDLS followed much later however.

Modulation spectroscopy is further classified into two regimes depending on the
choice of the modulation frequency, f,,, and modulation amplitude. The two classes are
Frequency Modulation Spectroscopy (FMS) and Wavelength Modulation Spectroscopy
(WMS). The two methods are different manifestations of the same underlying concept

and are briefly described in the following sections.
2.3 Classification of Modulation spectroscopy

Modulation spectroscopy is broadly classified as frequency modulation spectroscopy
(FMS) and wavelength modulation spectroscopy (WMS). The underlying principle of
both techniques is essentially the same. They differ mainly in their operating regimes,
mathematical formalism and applications. The two techniques are discussed next with
the major emphasis being placed on WMS since this is the technique that is used in the

rest of the thesis.
2.3.1 Frequency Modulation spectroscopy (FMS)

FMS was pioneered by Bjorklund [53], in 1980 with external phase modulation of a
single axial mode dye laser to probe the absorption lines of iodine and sodium vapour. In
this technique, the modulation frequency f, is comparable to the full-width-half-
maximum (FWHM) of the absorption line being probed and is typically on the order of a

few GHz. For a given laser modulated at a frequency f, , a current modulation of

amplitude Ai produces a frequency deviation about the instantaneous centre frequency.
The amplitude of the frequency modulation, Av, is determined by the frequency tuning
parameter, S0/ i , for that laser and f,,. The frequency modulation (FM) index is given

as f=Av/f, . In general, the laser’s FM spectrum under modulation consists of the

carrier field and a set of equally spaced sidebands with the spacing being equal to f,.

The number of sidebands is determined by the FM index. The electric field amplitudes
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of the sidebands are given by the values of Bessel functions and therefore rapidly reduce

in amplitude as £, and therefore the number of sidebands, increases. Physically this is

equivalent to a redistribution of the total energy of the unmodulated light across the
entire sideband structure. For typical FMS applications, however, f,, is on the order of a

few GHz and £, is typically much less than unity. Mathematically the spectrum can then

be said to consist of only the dominant carrier field with a pair of equally spaced and
anti-symmetric sidebands. The target sample is probed with this pure FM spectrum and,
from the differential response of the sample to the two sidebands the absorption and
dispersion of the sample can be measured. FMS is a very sensitive and versatile
technique and is widely used. However, the need for fast modulators and detectors leads
to higher equipment costs.

Subsequent to Bjorklund’s seminal paper on cw FMS, a pulsed version of the method
for fast absorption measurements was reported [54]. These experiments used externally-
modulated lasers that produced pure FM. Soon after these initial studies Lenth
implemented the same technique using an injection-current modulated semiconductor
diode laser [55, 56]. Sensitive detection of NO, was also demonstrated [8], with such a
modulated laser. The FM and the IM that occur simultaneously were considered along

with the phase difference, y [57, 58], that is characteristic of such lasers. The treatment

took the view that modulation of the injection current directly modulated the electric
field amplitude of the laser output. It has been suggested later by Zhu and Cassidy [59],
that a more accurate point of view would be to consider the output intensity rather than
the electric field to be directly modulated by the modulation of the injection current.
Although these points of view are equivalent, it turns out that the different mathematical
formalism predicts different results for harmonic signal components when there is no
absorbing medium. The verification of this prediction [59] makes the latter description
more accurate. The FMS technique will not be discussed further since the work

presented in this thesis is in the regime of WMS.
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2.3.2 Wavelength Modulation spectroscopy (WMS)

The WMS technique was developed and refined in parallel with the developments in
FMS. The basic mechanism in WMS is the same, but owing to the very different
modulation conditions, the final situation is very different and a different mathematical
description needs to be adopted. Here f,, is much smaller than the FWHM of the
absorption line being probed, and is typically on the order of a few tens to a few

hundreds of kilohertz. Since the corresponding FM index, /3, is extremely large in this

case, the field spectrum consists of a very large number of densely spaced sidebands
equally spaced in frequency around the carrier. An electric field description in this case
is impractical since the response of an extremely large number of sidebands must be
added. For WMS therefore, an intensity based description is used, in which the
modulation of the net intensity is considered instead of the intensity resulting from each
of the modulated sidebands. Information about absorption by a sample can be extracted

but information related to dispersion is lost.

Figure 2.3 shows the basic setup used in a generic WMS experiment.
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Fig. 2.3: Hllustration of wavelength modulation spectroscopy

As in the case of direct detection a current-modulated laser source is used as the
spectrally-narrow probe. A double modulation in the form of a slow ramp voltage (few

tens of Hz) and a faster sinusoidal modulation voltage (few tens to a few hundreds of
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kHz) is applied simultaneously to the laser’s current controller. The application of the
ramp results in a slow periodic sweeping of the central wavelength of the laser across the
target absorption line. The sinusoidal modulation of the current leads to a simultaneous
but much faster modulation of the instantaneous value of the laser’s wavelength about
the slowly-varying local value set by the ramp. The modulation of the injection current
produces the desired WM as well as a synchronous IM of the laser with a phase
difference, v [57, 58], between them. The value of y is a function of f,, and is specific to
a particular laser diode. The IM is predominantly linear although a smaller nonlinear
component at 2f, also exists for high modulation indices but will be neglected at this
stage. When the interaction of the doubly-modulated (IM and WM) laser output with the
gas in the cell is monitored as a function of the mean laser wavelength, it is observed
that signal components at various harmonics of the modulation frequency are produced.
The output is detected by the photo-detector as usual and a lock-in amplifier (LIA) is

used to select and recover the amplitude envelope of a particular harmonic.

In WMS the modulation index,m=5%/ , 1s used to specify the operational

conditions. Here ov denotes, as before, the amplitude of frequency deviation about the

mean laser frequency (wavelength), and » is the half width at half maximum of the

absorption line being probed. Both these values are commonly expressed in frequency
units (Hz). WMS experiments are widely characterized by the value of m used. The term
Derivative Spectroscopy is often used to describe the scenario for experiments with low
m because the recovered envelope of the n™ harmonic signal resembles the n™ derivative
of the line shape to a reasonable approximation. However, since low m-values lead to
low SNR this situation is of little relevance to practical environments where low-noise
measurements need to be made in harsh conditions. In such situations high m-values
need to be used, but the harmonic signals are no longer simple derivatives of the

absorption lines.

The complications with WMS arise from the fact that a DFB laser’s current-intensity
relation and current-wavelength relation are nonlinear to varying degrees. Therefore a

purely sinusoidal current modulation at f,,, does not translate to a purely sinusoidal IM.
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The nonlinear current-intensity relation gives rise to progressively smaller levels of IM
at increasingly higher harmonics of f,,. In an analogous way, the WM too is a nonlinear
process. The effect of the WM of the DFB can be visualized to be equivalent to a
spectral modulation of the absorption profile around a local value of the wavelength.
This periodic modulation of the spectral absorption allows a mathematical description in
terms of Fourier series expansion of the spectrally-modulated transmission. The
interaction of the doubly modulated laser output intensity with a spectrally modulated
value of transmission therefore gives rise to signals at various harmonics of f,,. Typically
though, phase sensitive detection of only one harmonic component of the output signal
is carried out to extract quantitative information about the gas. The n™ harmonic signal is
dominated by the n™ Fourier component of the modulated absorption line along with an
associated asymmetry mainly due to the linear IM. For n™ harmonic detection, it is
essentially the existence of the synchronous IM that causes projections of higher and
lower derivatives of the line shape to distort the n™ harmonic signal [65]. To be specific,
if 1** harmonic detection is performed, the main signal resembles the 1% derivative of the
line shape. However signal components that correspond to the absorption line shape
itself (0™ derivative) and the 2™ derivative affect the form of the main 1 derivative
signal. The distorting effect of the (n+1 )th and (n-1 )th derivatives is predominant for
most lasers since these derivatives couple to the n™ harmonic through the predominantly
linear IM. However, lasers with greater nonlinearity in their characteristics produces
significant levels of nonlinear IM particularly for high m-values. The nonlinear IM can
couple higher order derivatives of the absorption line on to the n™ derivative signals
corresponding to n™ harmonic detection. For most applications, however, it is sufficient
to consider only the linear IM. The extent of such cross-coupling and the degree of
distortion is specific to a particular laser, and operating conditions significantly
influence these effects. This demands careful consideration of these aspects of the
system and often requires judicious choice of operating conditions. A mathematical

description of these interactions is provided later in this chapter as well as in chapter 7.
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Fig.2.4: Illustration of wavelength modulation spectroscopy and typical representative

St . d . .
I* harmonic and 2" harmonic signals

Figure 2.4 shows a simplified simulated representation of the process of wavelength
modulation in a typical WMS experiment. The sinusoidal WM at a local value of the
slowly-varied wavelength produces a modulation of the transmission that is in general
not perfectly sinusoidal. This is turn produces various Fourier components of the line
shape. The 1** and 2™ harmonic signals of an absorption profile obtained in a typical
WMS experiment are also shown alongside. The concentration of the gas is related to
the depth of the absorption line shape, or equivalently to the peak-to-peak height of the
1** derivative signal, and to the peak height of the 2" derivative signal. The gas pressure
can be extracted from the FWHM of the absorption line shape, or equivalently from the
spacing of the maximum and the minimum of the 1*' derivative signal, or from the zero-
crossings of the 2" derivative signal.

The 1% derivative signal is seen to have a baseline that offsets it from zero but the o
harmonic signal has zero offset under typical conditions. The background signal in the
1*" derivative signal is a direct consequence of the IM of the laser. The origin of this
background and the problems it causes in signal recovery will be discussed in detail
later. The absence of a baseline in the 2™ harmonic signal has made it an attractive

candidate for trace gas detection as well as quantitative WMS applications. For the sake
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of simplicity the harmonic signals have been shown to be symmetric. This is strictly the
case if there is no synchronous IM present. The presence of laser IM complicates matter
because it tends to distort the symmetry of the signals [65] as will be seen in
experimental results presented later in the thesis.

A major drawback of the technique of harmonic detection is the complexity of signal
interpretation since the absolute absorption line shape cannot be recovered in a
straightforward way. More important, both these techniques require calibration of the
recovered signal levels to measurements performed with a known composition of gas
maintained under known conditions. This is because the raw electrical signals cannot be
directly related to the corresponding harmonic/derivative signal since there are many
additional variable factors that affect the signal. These variable factors include laser
intensity, optical throughput of the system, photo-detector gain and lock-in amplifier
gain. The need for calibration is an impractical requirement in many industrial
applications. In recent times, considerable research has been focused on this aspect of
sensor design. This has led to the demonstration of two 1f calibration-free WMS
techniques, namely the RAM method [21], and the Phasor Decomposition method (PD)
[22], for gas composition measurement demonstrated by previous research within this
group at the University of Strathclyde. Calibration-free 2f WMS has also been
demonstrated by researchers [20]. These techniques will be discussed in greater detail in

the course of this thesis.

2.4 Mathematical description of WMS

To appreciate the intricacies of WMS it is necessary to consider a mathematical
description of the process. In the early mathematical descriptions of WMS, the spectral
point of view was considered [60-63], and the detected intensity was represented in
terms of the modulated electric field and Bessel functions. This was a natural extension
of the FMS formalism, and although not inaccurate, it is distinctly non-intuitive and the
resulting expressions are very cumbersome and not directly applicable in practice. Reid

and Labrie had considered the intensity-based viewpoint in their detailed experimental
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work [6], to establish much of the preceding theoretical work, but assumed the laser
intensity to be constant over the scan range of the laser. Additionally and perhaps more
crucially, their treatment did not account for the synchronous IM of the laser and was
therefore incomplete. These two factors were accounted for in a later mathematical
treatment in terms of a Fourier series representation developed by Phillipe and Hanson
[12]. This paper explicitly considered the linear IM as well as the phase shift between
the IM and the WM. The expressions derived for the signal at the first two harmonics of
fm were obtained in terms of the first three Fourier coefficients and give a much clearer
picture of the process. This representation has since been widely adopted and
subsequently extended by others in the same group to include the effect of nonlinear IM
as well [18, 20]. A much more complicated Fourier representation was also developed
by Kluczynski and Axner [64], which considered a nonlinear IM term as well. A much
clearer description of the combined effect of the laser WM and linear IM was presented
by Schilt and Thevanaz [65], based on Arndt’ model for pure FM for a Lorentzian line,
with the effect of IM factored in. The distorting effect of the IM on the various harmonic

signals was brought out very clearly in this paper.

An alterative description based on the Taylor series has also been used. Such a
description is easier to relate to because the various derivatives of the absorption line
shape appear explicitly. One of the first instances of the use of the alternative Taylor
series treatment [66] correctly incorporates an intensity term and a linear IM term, both
of which vary over the scan range of the laser. A much more recent Taylor series
description [21], presents a more detailed investigation of WMS along with a highly
practical method of performing calibration-free measurements on gases. The Fourier
description is rigorous but certainly less intuitive and therefore daunting to the
uninitiated. For the sake of clarity the Taylor series description is presented in the
section that follows immediately after this one. The more involved Fourier description is

reserved for a later chapter.

A brief review of the various signal components for 1/ WMS experiment helps to

explain the origin of the various terms and thereby elicit the main problem that this
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thesis aims to address. For the present discussion the slowly-varying mean laser

wavelength set by the current ramp is denoted by A.. The mean laser intensity /(4,) is
assumed to be linearly modulated with the amplitude of modulation given by AI(4,), at

a modulation frequency w, with a phase shift i between the linear IM and WM.

The transmitted intensity according to the Beer-Lambert law is given by,
I, = [[(lc) +AI(A,)cos a)t] o tCl 2.2)

The exponential term may be expanded in a Taylor series and for low modulation
indices the expansion may be limited to the 1% order. The expression for the output

intensity may then be expressed as,

da()

A

1, =[I(A.)+AI(4,)cos wx] |:1 —a(4,).Cl- .C.1.5A.cos(wt — w)} (2.3)

The expression for the 1* harmonic signal is given by,

da(2)
d

I, =Al(4,)coswt —Al(4,)a(4,).Clcoswt —1(4,) Clod.cos(ot—y) (2.4)

lC

As can be seen from the expression, information regarding the gas is embedded in the
form of the absorption line shape itself, along with its first derivative. More accurately,
the dominant terms are a linear IM-induced concentration-independent term and a
concentration-dependent term that follows the absorption line shape, and the
conventional intensity-dependent 1% derivative term. These latter two concentration-

dependent terms are accompanied by the term A/(4,)cos wt due to the direct IM of the

laser that gives rise to a high concentration-independent background 1f residual
amplitude modulation (RAM) term. It is important to note that there is a phase
difference between the 1% derivative term and the other IM-induced terms. This phase
difference is dependent on f,, and is specific to the particular laser used and therefore

needs to be determined.
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Early 1/ WMS research traditionally focused on the 1% derivative signal alone, with
the 1 RAM being regarded as a totally undesirable artifact that saturated the detection
electronics. These conventional measurements based on the 1% derivative signal (and
also the 2™ derivative) require calibration of the experimental data to signals from a
control sample of gas maintained under known conditions. This is the main drawback of
such traditional methods. It has only recently been recognized [21, 22] that by exploiting

the phase-sensitive detection capability of a lock-in amplifier, the IM-induced

term,AI(&){l—a(/i).C.l} can be isolated and the absolute absorption line shape

recovered directly. Background normalization of the extracted signal yields the
absorption profile from which concentration and pressure may be inferred. This method

is discussed in more detail in the next section.
2.4.1 Calibration-free 1f WMS using the RAM method

In traditional 1f WMS for gas sensing, the 1% derivative-like signal component is
recovered and quantitative information about the gas pressure (P) and concentration (C)
are extracted by least squares fitting of the simulated theoretical model by varying P and
C to match the experimental signal. The RAM signal component due to the direct laser
IM was traditionally considered an unwanted side effect since it presents considerable
difficulties in signal recovery and curve fitting process. An alternative technique, known
as the RAM technique, has recently been proposed [21], which exploits the RAM

components and the phase difference y between the IM and the WM to recover the

absolute line shape from a standard WMS experiment. This is achieved by fully aligning
one of the lock-in amplifier axes with the 1* derivative signal component in Eq. 2.4, but
measuring the signal recovered on the orthogonal axis. Due to the non-zero value of
w the orthogonal channel recovers a projection of the first two RAM terms but is totally
isolated from the 1** derivative term since it is aligned along the orthogonal axis.

To be specific, the phase of the lock-in amplifier’s reference signal is adjusted to
completely align channel Y with the 1% derivative signal. This is equivalent to

multiplying the whole expression by cos(wf —) and considering only the resulting dc
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terms. This is essentially how the process of phase-sensitive harmonic detection works.

The signal on channel Y is then given by,

1oy =M (2 ) {1-a(2,).Cl}cosy —1(2,)

D) 15 (2.5)
i |,

It is seen that while the entire 1% derivative signal is recovered on channel Y, there is
also a w-dependent projection of the IM-induced term. The signal on the orthogonal
channel X is similarly obtained by multiplying the right hand side of Eq. 2.4

bysin(@f — ) and considering dc terms again. The signal on channel X is then given by,
I o =M (A){1-a(A4,).Cl}siny (2.6)

Channel X therefore recovers only a y-dependent projection of the IM-induced

term AI(A)[1-a(A,).CI] with no distortion due to the 1% derivative signal. By
normalizing this signal by the linear IM,AI(4,) which is essentially the background

RAM reduced by the same factorsiny , the relative transmission profile can be

extracted. In practical situations, the background signal can be obtained by fitting a
baseline to the non-absorbing spectral wings of the measured absorption signal. The
concentration and pressure can then be extracted by applying a least-square fit of an
appropriate line shape function (Lorentzian, Gaussian or Voigt) with concentration and
pressure as the free parameters. Note that a separate measurement is not required to get a
normalization signal. This technique is calibration-free because the absorption profile is
recovered directly and no comparison to a signal from a gas sample under known
conditions is required. Note that this method is directly applicable for modulation
indices up to about 0.2. For higher m-values additional correction factors need to be
incorporated in to the recovery algorithm to account for higher order terms in the Taylor

series expansion that have been neglected so far. This will be discussed shortly.
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Figure 2.5 and Fig. 2.6 help to elucidate how the RAM method works.
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Fig. 2.5: Gas absorption signal and baseline for 10.13% methane in nitrogen balance

at a pressure of 1.028 bar and temperature of 20.1°C, and a modulation index of 0.2.
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Fig. 2.6: Recovery of relative transmission profile for 10.13% methane in nitrogen
balance at a pressure of 1.028 bar and temperature of 20.1°C, and a modulation index

0f 0.2

In Fig. 2.5 the time-indexed signal /, ,,, recovered by the lock-in amplifier (LIA) is

shown in blue while a baseline fit to the non-absorbing spectral wings is shown in red. In
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a laboratory demonstration the baseline may be obtained by purging the cell of gas and
thereby taking an actual “no-gas” measurement although in a real-life situation baseline
fitting will have to be made. This practical issue will be discussed towards the end of
this chapter and at other relevant junctures in the thesis. The relative transmission profile
is extracted by point-by-point normalization of the gas signal by this baseline and
subsequent wavelength-referencing of the time-indexed value as explained later. The
experimental result for m value of 0.2 is shown in Fig. 2.6 along with the theoretical
trace simulated using the HITRAN spectroscopic database [23]. Clearly the absorption

profile is recovered with good accuracy.
2.4.2 Calibration-free 1f WMS using the Phasor Decomposition method

The RAM method has the drawback of recovering a projection of the full IM-induced
signal. An alternate method of signal recovery is to completely align the channel Y of

the lock-in amplifier with the IM-induced termA/(4,)[1-a(4,).Cl]. A y-dependent

projection of the 1* derivative signal is also detected simultaneously. This is equivalent
to multiplying the whole expression bycoswt in this case and considering only the

resulting dc terms. The signal on channel Y is given by,

da(2)

1y r oy =N(/10){1—0!(/1€).C.l} —](,16)7

CloAcosy 2.7)

Note that unlike in the RAM method, here the full IM-induced component is recovered
on channel Y along with a distorting projection of the 1* derivative signal. The signal on
the orthogonal channel X is similarly obtained by multiplying the right hand side of Eq.

2.5 bysinat and considering dc terms again. The signal on channel X is given by,

da(d)
di |,

Lo =—1(2) Cloisiny (2.8)
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It is seen that channel X recovers only a w-dependent projection of the 1% derivative

signal with no distortion due to the IM-induced term A/(1)[1-a(A).C.[]. Now, the full

IM-induced term can be extracted from Eq. 2.7 and Eq. 2.8 and knowledge of v by,

Lo =1 ey — iz;g =AI(A){1-a(A,).Cl} (2.9)
The normalization process is identical to the previous RAM approach. The various
signal components are depicted in Fig. 2.7 for a typical measurement. A low m-value of
0.2 was chosen in this case as well. The blue trace represents the projection of the 1%
derivative signal recovered on channel X and the red trace represents the complementary
projection of this signal along with the embedded IM-induced term,

AI(A,)[1-a(A,).CI]. The high RAM background is clearly evident on the red trace. The

green trace represents the baseline to the IM-induced term which is used as the

normalization signal for the absorption-dependent term extracted using Eq. 2.9.
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Fig. 2.7: Signal components used in PDM on 10.13% methane in nitrogen balance at a

pressure of 1.056 bar and temperature of 19.7°C, at a modulation index of 0.2.
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Fig. 2.8: Relative transmission profile for 10.13% methane in nitrogen balance at a

pressure of 1.056 bar and temperature of 19.7°C, and a modulation index of 0.2

The relative transmission profile is shown in Fig. 2.8, where the experimental trace in
red is compared with the theoretical trace simulated based on the HITRAN

spectroscopic database.

The main advantage of the PDM over the RAM technique is that the full RAM signal
is projected on to channel Y and then extracted by Eq. 2.9. In the RAM method the
signal recovered by the lock-in amplifier is the full RAM signal scaled bysiny . For

lasers with a low value of v, this projection will also be correspondingly smaller and the
SNR of the RAM method will be degraded. The PDM on the other hand recovers two
signals that are both strong and therefore easier to digitize and subsequent processing to
extract the RAM component is easier. Another advantage of this method is that for an
isolated and symmetric spectral feature, the value of y can be very easily calculated [22]
from the two measured signals given by Eq. 2.7 and Eq. 2.8. This is a very convenient

feature for in situ periodic self-characterization of field-deployable stand-alone systems.

These results serve to convey the essence of the two new calibration-free 1/ WMS
signal recovery techniques established by previous researchers in this group. For further

details of these two techniques and for gas composition measurements at high
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temperatures and for varying pressures, the interested reader is referred to several

recently published papers [21, 22, 67, 68].
2.4.3 Correction factors for high modulation indices

For optimum signal to noise ratio in WMS measurements it is necessary to use
modulation indices greater than 0.2. However for high modulation indices, limiting the
Taylor series expansion to only the first order leads to significant errors, since higher
order terms of significant value are not included. If a second order expansion of the

Taylor series is used the expression for intensity may be expressed as,

= [1(/10)+AI(/1€)cosa)t]|:1 —a(1).CI=9YDN 151 cos(at—y)
2’[?
(2.10)
1 d’a(A) 2
-— .CI.(OA)" cos™(wt —
2 ar |, (64) (wt —y)
The expression for the 1* harmonic signal is given by,
2
I, [Al(l WI-a(d, )Cl}—iA](l )d O;L(/%) .C.Z.(&)Z}coswt
Z’L
—| 104, )d“@) .c.z.&}os(an—y/) 2.11)
A
i 2
REYNGS )d “(’1) .C.l.(5/1)2}05(a)t—2l//)
Z’C

It is seen that there are the two extra 2" derivative terms in the expression for the 1%

harmonic signal. These two 2™ derivative terms are given by,
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dza(ﬂ)

Lara)

1 C.1(5A)* coswt (2.12)

and,

d%nz)

LAt

. C1.(5A)* cos(wt —2vy) (2.13)

Both these terms have their peak values at line-centre and if they are of appreciable
value they can significantly affect the line-centre value of the RAM signal. When large
values of current modulation are used to attain high modulation indices, the

corresponding value of the IM,AI(A,)is also large and the effect of these terms can

become significant. This leads to errors in the values of concentration extracted from the
absorption line shape recovered using the RAM technique or the PDM. To address this
problem a suitable correction strategy was devised by previous research within the group
[22, 69] that allows higher values of the modulation index to be used. It was shown that
for this 2™ order approximation of the Taylor series, a 2™ order correction factor needs

to be used, and is given by,

2" order correction = %Al(ﬂc)sza(ﬂc)Cl cos @ (2.14)
2
where, B :3A—212and A=Y
1+A%) y

In a similar way if a 4™ order expansion of the Taylor series is considered the

. th . . .
corresponding 4™ order correction factor is given by,

4" order correction = éAI(/lc ym*Da(A,)Cl cos 0 (2.15)

1-10A% +5A*

where, D = 3
(1+A%)
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It was determined experimentally that these correction factors were able to account for
the effects of the IM for m-values up to 0.7. Although the correction factors are used in
the processing of results in chapter 5, the theory of the strategy is not described in
greater detail in this thesis. The interested reader is referred to Ref [69] for a detailed
discussion of the topic. At present concurrent research is also going on within the group
with the aim of devising a more general correction factor strategy that will permit

arbitrarily high modulation indices to be used.

2.5 Limitation of calibration-free 1f WMS techniques —
Residual Amplitude Modulation (RAM)

Although the two techniques discussed in the preceding section allow calibration-free
recovery of the absolute gas absorption line shape, there is one aspect that limits the
sensitivity that can be achieved. In the absence of gas the concentration-independent
direct IM term survives and gives rise to what is known as the RAM term. The RAM
forms the large background signal component on which the absorption signal is
superimposed. This is shown in Fig. 2.9 in which the IM-induced signals as given by Eq.
2.6 for methane concentrations of 10%, 1% and 0.1% are shown. The LIA i1s easily
overloaded when one attempts to increase its sensitivity to measure small concentration-
dependent changes. The respective lock-in sensitivities have been maximized without
causing overloading. The concentration-dependent absorption signals are seen to reduce
drastically with the concentration. For low concentrations, the off-peak background
signal saturates the input stages of the LIA thereby limiting the full dynamic range of the
instrument. Digitization of signals for post-processing becomes prone to quantization
noise of the analog-digital conversion. Therefore it is clear that the 1/ RAM sets an
operational limit on the detection sensitivity achievable with the RAM technique or the

PDM.
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Fig. 2.9: Comparison of signals for 10%, 1% and 0.1% methane showing drastic

decrease in the absorption-dependent signal as the concentration decreases

Most of the work reported in the literature is based on 2" harmonic detection to
circumvent the problem, where the background signal is nearly zero. This allows the
signal for low concentrations to be amplified to a greater extent than is possible in 1f
WMS. However a background signal for 2 WMS has also been reported in the literature
[19, 64], although the problem is not nearly as severe as it is in 1f WMS. Although
detection at higher harmonics alleviates the problem of signal overload, the penalty one
has to pay is increased complexity of signal interpretation since most 2f WMS
measurements require calibration to a sample of gas maintained under known
conditions. The need for calibration is a distinctly non-trivial problem in automated
stand-alone systems and is best avoided if possible. For applications such as industrial
process control, a simple method of line shape recovery is desirable, and it is in this
context, that the two 1f calibration-free techniques are important. However, since these
two methods are limited by the 1f background RAM, a method to eliminate the limiting
1/ background RAM is highly relevant. Successful implementation of this technique is

expected to be a significant improvement in this field.
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A second drawback of both these techniques is the need to obtain a baseline fit to the
offline regions of a gas line for signal normalization. This aspect is often not appreciated
when working in a laboratory situation. The need to obtain a baseline region requires the
laser to be scanned over a wide range across a well isolated absorption line so that
regions sufficiently far away from the absorption peak and on either side of it are
recovered. This may prove to be inconvenient for absorption lines broadened under high
pressure due to the limited tuning range of DFB lasers. Even when the tuning range is
not a restriction, identification of offline points and therefore efficient baseline fitting
may be difficult in spectrally congested regions due to the presence of other interfering
gas lines. Moreover, the baseline fit requires a certain degree of optimization by direct
user-intervention. This may be impractical in automated systems for real-time
monitoring that do not afford the benefit of such optimization. Since the emphasis in
these techniques is on the accurate recovery of gas absorption lines, the dependence on

baseline fitting is undesirable.

To address these issues, a new fiber-optic approach to eliminate the 1f'background RAM
is introduced in Chapter 4 along with a detailed explanation of the various design
aspects that must be considered for the technique to be useful. Preliminary results are
presented to demonstrate the method. The method is fully validated by applying it to the
RAM method and the Phasor Decomposition Method (PDM) explained earlier for a
range of modulation indices and three values of concentration. The crucial requirement
of a suitable normalization signal is also considered and fulfilled, that finally leads to a
convincing demonstration of a sensitive, robust and practical system for calibration-free

WMS.
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2.6 Thesis objectives

The objectives of this thesis are as follows —

1.

Demonstrate a new fiber-optic technique, termed RAM nulling, to eliminate the
gas concentration-independent background RAM signal that arises due to direct
intensity modulation of the laser. The background RAM signal tends to saturate
the detection electronics and thereby limits the sensitivity of TDLS-WMS
particularly with 1% harmonic detection. It is therefore expected that higher
detection sensitivity will be achieved if this technique is successfully

implemented.

Devise an appropriate and operationally convenient signal normalization strategy
for the proposed method. As a consequence of the background elimination the
gas absorption signal appears on a zero level. The absence of suitable, readily-
available, non-zero, off-line regions therefore makes it important to develop a

new normalization strategy.

Demonstrate calibration-free recovery of absolute gas absorption lines using the
two previously-demonstrated calibration-free 1/ WMS techniques namely, the
RAM technique and Phasor Decomposition Method (PDM) with RAM nulling

incorporated in both techniques.

Extend the RAM nulling technique to 2" harmonic WMS to eliminate the 2f
background signal. Successful realization of this is expected to be directly
applicable to recently-proposed, calibration-free, quantitative 2f WMS
techniques for concentration and temperature measurement, in which the
background needs to be separately measured and subtracted. Trace gas detection
using newly-developed laser sources that have shown significant 2f background

RAM are also expected to benefit.
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2.7 Overview of thesis

The subsequent chapters of this thesis are arranged as follows:

Chapter 3 introduces the basics of those elements of molecular spectroscopy that are
used in the course of this work. This includes the origin of absorption spectra, their
shapes, strengths and widths, and their dependence on various gas parameters. The
method of extracting useful information such as concentration and pressure are also
discussed. This chapter is by no means an exhaustive discussion of molecular

spectroscopy in general.

Chapter 4 discusses the basics of the technique used to alleviate the problem of high
background in WMS. This technique, termed RAM nulling, is explained using a succinct
mathematical formalism. The experimental arrangement is discussed in detail and the
equipment used in the experiments is also described. The issue of optical interference

noise and the method to minimize it is also discussed.

Chapter 5 presents a more detailed study of the performance of the RAM nulling
technique for different concentrations of gas. The RAM nulling technique is
incorporated in to the Phasor Decomposition method and results are presented to
demonstrate the success. An unexpected aspect of the signals encountered in RAM
nulling are shown by these results. A more detailed analysis of the mechanism of RAM
nulling is carried out, and a comparison of simulated and experimental results is made

that resolves the apparent conflict.

Chapter 5 examines the RAM nulling process theoretically. A mathematical model is
developed that investigates the wavelength dependence of various signal components as
well as physical components of the system. The resultant slope on RAM nulled signals
for three different experimental configurations is discussed and the best configuration
for cancellation of the slope is also pointed out. The implications of this investigation for
laser structures that have significantly nonlinear power-current characteristics are also

discussed.
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Chapter 7 describes the extension of RAM nulling to 2™ harmonic signals. A review of
the recent developments in quantitative 2f WMS is presented that explains the relevance
of 2f RAM nulling. Experimental results are presented that demonstrate the robust 2f
background nulling using the same experimental setup. Finally an alternative form of
calibration-free 2f WMS technique is outlined that incorporates RAM nulling and
normalization by the 2 RAM. This should be useful for quantitative 2f WMS currently

being widely used in industrial control applications.

Chapter 8 summarizes the entire thesis and provides suggestions for future scope for
work in calibration-free gas sensing applications. Important concurrent work is also
briefly discussed that should help in making this technique highly competitive in

comparison to other existing techniques.
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Chapter 3

Analytical Methodologies —
Fundamentals of Molecular

Spectroscopy

3.1 Introduction

This chapter presents a discussion of those theoretical aspects of basic molecular
spectroscopy that are relevant to the experimental work presented in this thesis. The
chapter begins with a discussion of the origin of gas absorption spectra and moves on to
the topic of vibrational and rotational energy levels of a diatomic molecule that is
assumed to execute simple harmonic oscillations. The effects of anharmonicity are
introduced next. The different modes of vibration of polyatomic molecules are then

discussed since this is relevant to methane that is used as the experimental gas in this
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thesis. The width of absorption lines and the various broadening mechanisms that
influence the width are then briefly discussed. This is followed by a discussion of the
factors that determine the intensity of spectral lines. The practical aspect of extracting
information about the concentration and pressure of a gas from a single recovered
absorption line is explained. This helps to bring out more clearly the relation between
gas parameters and the various parameters of the harmonic/derivative signals such as
peak height. Signal slope through line-centre and separation of zero crossings. The
chapter ends with an explanation of the method used to simulate the gas absorption lines
using the HITRAN spectroscopic database. The theoretical discussion serves only to
give the reader a fundamental background of molecular spectroscopy and is in no way
comprehensive. For a more detailed reviews of the topics highlighted in this chapter the

reader is directed towards standard texts on molecular spectroscopy [1-3].
3.2 Origin of spectral absorption lines

The absorption or emission of electromagnetic radiation by a molecule is a result of a
change in its internal energy. The most familiar energy transition mechanism is the
excitation of electrons between allowed energy levels in an atom. However molecules
can also store energy in vibrations and rotations. Like the electronic transitions,
vibrational and rotational transitions occur between discrete, allowed levels. The
allowed energy levels and the selection rules that permit of forbid transitions between
them are given by rigorous quantum-mechanical calculations that are beyond the scope
of this thesis and will therefore be assumed throughout this chapter.

Figure 3.1 shows a representative energy transition induced by the absorption of
electromagnetic energy. The quantum of electromagnetic energy required to make the

jump from one energy level to another is given by,

AE=hu=% (3.1)
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Where, / is Planck’s constant (6.63 x 10°* Js) and v and A are the frequency and

wavelength of the electromagnetic radiation respectively.

Figure 3.1: Absorption of electromagnetic radiation

The absorption of electromagnetic energy by an atom or molecule is a very selective
process determined by the molecular arrangement and is a function of the
frequency/wavelength of the electromagnetic radiation. Therefore, if a single frequency
source, such as a DFB laser operating at frequency v as defined by Eq. 3.1, is directed
through a gas consisting of this molecule only specific frequencies will be absorbed and
the molecule will make the transition from the level E; to E,. If the laser’s frequency is
scanned over a wide range it will be observed that the transmitted intensity decreases
over a very narrow range of frequencies as shown in Fig. 3.2. This represents one of

several possible absorption lines of the atom or molecule as the case may be.

Trowsrvissian

Frequency, v

Figure 3.2: Absorption of laser intensity at as function of laser frequency v
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This type of a measurement is known as a spectroscopic measurement. Since molecules
have specific structures, it is possible to identify the whole molecule or even specific
molecular bonds within it by such spectroscopic measurement of the
absorption/transmission spectrum.

There are general regions in the electromagnetic spectrum into which molecular
energy transitions can be categorized. At radio wavelengths (from approximately Im
upwards) the energy change arises from the reversal of spin of nucleus or of the
electrons surrounding the nucleus. In the microwave region (approximately 10 to 1m)
energy is stored in the form of molecular rotations. Rotation of a molecule gives rise to a
periodic change in the dipole moment. The interaction of an electromagnetic field with
this changing dipole moment gives rise to the absorption or emission of energy. The
region of greatest interest is the infra-red (IR) region where energy is stored in the form
of molecular vibrations. Again, it is the interaction of the resultant changing dipole
moment with electromagnetic radiation which leads to observable spectra. The infra-red
wavelengths extend from 10 to 10™ m. Transitions at shorter wavelengths also occur
and these include visible, ultra-violet, X-rays and y-rays involve transitions that require

much higher energy.
3.3 Vibrational Energy Levels

When two atoms combine to form a molecule, they do so because the net energy of the
molecule is lower than the system of separate non-interacting atoms. Although the
energy of the system is minimized this does not mean that the molecule is at rest.
Molecular energy states are produced as a result of two distinct mechanisms. The
molecule can rotate as a whole about an axis of rotation, and the atoms that form a
molecule are also able to vibrate about their mean positions. These two degrees of
freedom give rise to rotational and vibrational spectra.

The following observations apply to the various kinds of vibrational and rotational

motions that a molecule can undergo:
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1. Rotational states are separated by quite small energy intervals (107 eV is
typical). The spectra that arise from transitions between these states are therefore
in the microwave region of the electromagnetic spectrum with wavelengths of

0.lmm to 1cm.

2. Vibrational states have larger separation (1eV) and vibrational spectra are in the
infrared region with wavelengths of 1pum to 0.1mm. This region referred to as the
near infrared (NIR), mid-infrared (MIR) and far-infrared (far IR) is most relevant

to gas sensing applications.

3. Molecular electronic states have the highest energy with the typical spectra in the
visible and ultra-violet region of the spectrum with the typical separation of the

outer electrons of several eV.

When suitably excited, the molecule may be considered to vibrate at a certain
frequency like an elastic spring. Figure 3.3 shows the stretching and contraction of a
polar molecule. The vibration of the molecule gives rise to an oscillating dipole moment.
A dipole moment exists because there is a charge separation between the two atoms; the
larger atom in this case has a slightly negative charge and the smaller atom has a slightly
positive charge. The dipole moment is at a maximum when the bond is maximally

stretched and is at a minimum when the bond is in the equilibrium position.
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equilibrium stretched equilibrium compressed equilibrium
\ ! ] 1

Figure 3.3: (a) stretching and compression of the diatomic molecule HCI (b)

Resulting change in dipole moment

3.3.1 Simple Harmonic Oscillation of a diatomic molecule

A molecule may have different modes of vibration. For the present discussion diatomic
molecules are considered although the main ideas of the discussion are valid for more
complex molecules as well. The simplest vibrating diatomic molecule can be considered
to be a simple harmonic oscillator consisting of the two atoms connected by an elastic
spring. The two atoms oscillate relative to each other in accordance with Hooke’s law.
This is to say that the amplitude of oscillation is sufficiently small so that the restoring
force is proportional to the inter-nuclear distance », between the molecules. The equation

describing the energy/bond length relationship is thus given by:
(3.2)

1 2
E =§k(r—r€q)
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When £ is the force constant of the spring, 7 is the bond length and r., is the bond length

at which the bond is in equilibrium.

Under this approximation the potential energy of the system is a parabolic function of
the inter-nuclear distance. This is depicted by the representative Fig. 3.4. The frequency

of oscillation of such an oscillator is given by the well-known relation,

v, =L K& (3.3)

2z m

Where v, is the oscillation frequency and m' is the reduced mass of the system given by

mm
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m=—r2z
m, + m,
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Figure 3.4: Variation of potential energy of a simple harmonic oscillator

When the harmonic oscillator problem is solved quantum mechanically [3] the energy of

the oscillator turns out to be restricted to the values,

E =W+5)hy, (3.4)
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where v is the vibrational quantum number, with the quantized values of v given by

v=0,1,2,3... Consequently the vibrational energy levels are also quantized.
It is important to note that the lowest vibrational state (v = 0) has a zero-point energy

of Jhv, and not the classical value of zero. This is a consequence of Heisenberg’s

Uncertainty principle according to which the product of the momentum uncertainty and
the position uncertainty must be greater than or equal to the reduced Planck’s constant.

Mathematically this is written as Ap.AxZ%. Therefore if the molecule is at rest its

position uncertainty is zero which implies that the momentum must be infinitely
uncertain which contradicts the earlier assumption that the molecule is at rest. The
vibrational energy levels of a harmonic oscillator are therefore seen to be quantized and
equally spaced. However the spacing does not remain constant for higher vibrational
states because for vibrations of larger amplitudes the parabolic approximation becomes
less and less valid.

The possible transitions that the molecule can make between the different vibrational
levels is given by the Selection rule that states that only those transitions are permitted

for which,
Av==*1 (3.5

It should be borne in mind that the spectra corresponding to vibrational energy changes
will be observable only if the vibration produces a net dipole moment of the molecule.

Therefore homonuclear molecules will not have observable spectra.
3.3.2 The Anharmonic Oscillator

The behaviour of real molecules deviates from that of the simple harmonic oscillator
model because real molecular bonds do not obey Hooke’s law. For large extensions and
compressions of the bond (greater than 10 percent of the bond length) the vibration is no
longer perfectly harmonic and the expression for the potential energy is much more

complicated. Figure 3.5 shows the typical energy distribution of a diatomic molecule
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experiencing anharmonic oscillation. It should be noted that large extensions of the bond
results in the bond being broken and the molecule dissociating. It is also clear that the
energy spacing is no longer equal and reduces as the energy increases. The potential

energy curve of a diatomic molecule is given by the purely empirical Morse function

and is given by,

E=D,[1-expi-a(r—r,)}] (3.6)

Where, a is a constant for a molecule and D,, is the dissociation energy.

Fotential energy, U

Von mternuciear distance, v

Figure 3.5: Realistic distribution of energies for a diatomic molecule

When this expression is used to solve the Schrodinger equation the allowed quantized

energy levels are given by,

E= 1—;(6[1)+%J (u+%}ha)€ 3.7

Where o, is the new oscillation frequency given by w, = o[1— y,(v+ }5)] and y, is the

anharmonicity constant. It should be noted that the anharmonic oscillator behaves like
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the harmonic oscillator but has an oscillation frequency that decreases steadily with
increasing v.

The Selection Rules are also modified by the presence of the anharmonicity. In this case
the selection rules allow energy transitions for Av greater than +1. Specifically the

selection rules for an anharmonic oscillator are given by,
Av=+1,£2,43,... (3.8)

Although the anharmonicity allows for larger jumps in comparison to the harmonic
oscillator the probability of these jumps reduce rapidly and normally only the lines
corresponding to Av=zx1,£2 and £3 at the most have observable intensity. It is
straightforward to show that in accordance to the Boltzmann distribution for a
vibrational level spacing of 10cm™ and at room temperature (300K), the ratio of the

population of the first excited state to that of the ground state given by,

gﬂl =exp[—%) is only about 0.01. This means that for all practical purposes
v=0

transitions originating from the v = 1 state may be ignored since the population of that
level is negligible in comparison to that of the ground state. Therefore it is correct to a

very good approximation, to consider the transitions,v=0 — v=1, v=0 > v=2
and v=0 — v=3. These transitions correspond to the so-called fundamental

absorption line, the first overtone and the second overtone respectively. The first
overtone also has appreciable intensity but for most practical purposes the second

overtone is much smaller than the other two. The three transitions are shown in Fig. 3.5.
3.4 Rotational Energy Levels

In addition to vibrations the diatomic molecule can undergo rotation as well. The

rotation of such a two-body system produces angular momentum L, given by,

L=% [T+ (3.9)
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Angular momentum is always quantized and the rotational quantum number, J, can take

on the values J =0,1,2,3.... The energy levels of the rotating molecule are given by,

2

E =g+ (3.10)

2

8 1

where, / is the moment of inertia of the two-body system. Rotational spectra arise from
transition between rotational energy levels. Only those molecules that have a permanent
electric dipole moment can absorb or emit electromagnetic energy and undergo such
radiative transitions. Nonpolar molecules and symmetric polyatomic molecules do not
exhibit pure rotational spectra. It should be noted however that such molecules can

undergo nonradiative rotational transitions during collisions.

Even in molecules with permanent electric dipole moments, not all transitions between
rotational energy levels involve radiation. The Selection Rule that must be obeyed for

radiative transitions between rotational levels is,
A =%1 (3.11)

The frequencies of the rotational transitions are easily calculated to be,

(g +1) (3.12)
iy

Ursgm =

It is worth reiterating that the rotational energies (0.1eV) are much smaller than the

vibrational energies (1eV).
3.5 Vibration-Rotation Spectra

Although the two types of motion of molecules have been considered separately so far,
in reality a molecule undergoes simultaneous vibration and rotation that gives rise to
more complicated spectra. Pure vibrational spectra are observed only in liquids where

the interactions of the closely spaced molecules inhibit rotation. In gases or vapours
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however the freely moving molecules are always rotating since the excitation energies
involved in rotations are very small. This is the case regardless of the vibrational state of
the molecules. The spectra of such molecules show densely packed spectral lines that
result from transitions from rotational states of one vibrational level to those of another
vibrational level.

To a first approximation the rotation and vibration can be considered to take place
independent of each other, since the energies of the two motions are very different. This
is known as the Born-Oppenhemier approximation. In this regime the total energy of the
molecule can be considered to be the sum of the energies due to the two motions. This is

to say that,

E tal=E

fo rot

+E, (3.13)

If the effect of anharmonicity is ignored, the energy of the diatomic molecule may be

written as,

2

E,, =@+ Yho,+J(J+1)-L (3.14)

2

87 1

The vibration-rotation lines for transitions between the rotational levels of the ground
vibrational states and those of the first excited vibrational state for a diatomic molecule
are shown in Fig 3.6. For these transitions it is convention to denote transitions from
J—J-1 as the P-branch, and the transitions from J—J+1 as the R-branch. The transition
for which AJ = 0 is forbidden by the Selection rule and therefore there are no lines

corresponding to such transitions that would otherwise have formed the Q-branch.

The frequencies corresponding to the P-branch are given by,

P—branch v,=v,—J h (3.15)

2

iy

and for the R-branch the frequencies are given by,
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R—branch v, =v,+J—L (3.16)
4r 1
E T J=4
f J=3
7'} =2 v=1
A“ J=1
A J=0
J =4
J=3
J=> v=_0
J=1
H_} H_j Y
AT =-1 AJ=+1
P-branch R-branch

Figure 3.6: Vibration-rotation lines for a diatomic molecule

The Selection Rules for these motions is the combination of the rules for each of the two

motions and are given by,

Av=%1,+2.43... and AJ ==+l 3.17)

3.6 Influence of rotation on the spectra of polyatomic

molecules

So far the discussion assumes that vibrations and rotations are independent of each other
and do not influence each other. This is justified to some extent because a molecule
executes a very large number of vibrations in the time taken for one rotation. Therefore
during one rotation the bond length and the moment of inertia change continuously. The

process is much more complicated than this and the interested reader is referred to

81



Chapter 3: Analytical Methodologies — Fundamentals of Molecular Spectroscopy

specialized texts [1] for a comprehensive discussion. A brief qualitative discussion is
presented here for the sake of completeness. This discussion introduces the various
modes of vibration of polyatomic molecules. This discussion is relevant because the
methane gas that has been used in all experiments is a polyatomic molecule. Through
this discussion the reason behind the appearance of the Q-branch in molecular spectra is

also explained.
3.6.1 Vibrations of Polyatomic Molecules

A polyatomic molecule with N atoms has 3N—5 fundamental vibrations if it is linear, and
3N-6 fundamental vibrations if it is non-linear. The N-atomic molecule obviously has
N-1 bonds, which means there can only be N-1 stretching vibrations, leaving 2N—4
bending vibrations in linear molecules and 2N-5 bending vibrations in non-linear
molecules. To illustrate, the fundamental modes of vibration it is useful to consider the
example of the water (H,O) molecule which is a non-linear triatomic molecule. Figure

3.7 shows the three fundamental vibrations.

T
(o)~
- /@\@ \ @/\ <TG

Symmetric stretch Symmetric bend Anti-symmetric stretch
vy, parallel // W, parallel // v3, perpendicular |

Figure 3.7: The fundamental modes of vibration for the H,0 molecule

For the vibration to be infrared active there must be a dipole change during the vibration.
The dipole change can occur either parallel to the line of symmetry or perpendicular to
it. This distinction is important in understanding the influence of rotation on the
spectrum.

Methane (CHy4) was chosen as the experimental gas for this research work because it
is of great importance in various industries and occurs abundantly in nature. The

fundamental vibrations of the CH4 molecule are shown in Fig. 3.8. CH4 is a non-linear,
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tetrahedral spherical-top molecule and thus was 3(5) — 6 = 9 vibrational modes, four of

which are stretching vibrations and five are bending vibrations.

Asymmetric stretch| Asymmetric bending]

Figure 3.8: Fundamental vibrations of CH, molecule

CH4 does not possess a permanent dipole moment, thus only the asymmetric vibrations

(v3 and v4) are infra-red active.
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3.6.2 Influence of rotation on the spectrum

The selection rules obtained previously stipulate that,
Av==%1,£2,+3... AJ==x1 but AJ#0 (3.18)

This resulted in a spectrum consisting of the P-branch and the R-branch only with
approximately equally spaced lines about a central minimum that is designated as the
band centre. It turns out that when the influence of the rotation on the vibration is also
considered, the selection rules for the rotational transitions are modified according to the
type of vibration (parallel or perpendicular) that the molecule undergoes. To be specific,
for linear polyatomic molecules with parallel vibrations, there is no change in the
selection rules. The only difference will be that the moment of inertia of the molecule
will be larger and therefore the spacing of the lines in the P-branch and the R-branch
will be smaller. For perpendicular vibrations, however, an important difference shows
up. Considering simple harmonic motion of the molecule, the Selection rules are

modified to,
Av=+1 AJ=0,+1 (3.19)

The Selection rules imply that, for the first time, a vibrational change can take place with
no simultaneous rotational transition, since the AJ =0 transition is permitted in this
case. Figure 3.9 below shows the same energy levels and transitions as in Fig 3.7 but
with the addition of the AJ =0 transitions. These transitions form a central, densely-

spaced spectral region known as the Q-branch.
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E A A J=4
# J=3
A A A _
J=2 v=1
A 4 J=1
A - A A J=0
J=4
J=3
J=> v=20
J=1
J=0
—— — ——
A4J =-1 AJ=10 AJ=+1
P-branch Q-branch R-branch
>y

Figure 3.9: Vibration-rotation lines for a diatomic molecule showing the P-, Q-, and

R-branches.

For a spherical-top molecule the following rotational transitions are allowed: AJ=0, £ 1
and these give the energy level distribution shown in figure 3.9 below. Note here the
labelling convention for the rotational energy transition bands; AJ = -1, 0, +1, denoted P,
Q and R respectively.

As a specific example the vibration-rotational lines in the mid-infrared and near
infrared region for methane are shown in Fig. 3.10 and Fig. 3.11. The P, Q and R
branches for the fundamental, mid infra-red absorption band of methane, around 3.3 um
(~3030 cm™) and its accompanying near infrared, 1* overtone absorption band, around
1650 nm (~6060 cm™) are shown. Note that the since the x-axis is in terms of
wavelength instead of frequency, the positions of the P-branch and R-branch are the
opposite of their positions in Fig. 3.9. The relative transmission was simulated using the
HITRAN 2004 database for a cell length of 5.9 cm and for a 1% methane mixture in

nitrogen at a pressure of 1 atm and temperature of 22°C.
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Figure 3.10: Simulated values of relative transmission for mid-infrared vibration-
rotation lines for a sample of 1% methane at 22°C and 1 atm pressure for a cell length

of 5.9 cm.
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Figure 3.11: Simulated values of relative transmission for near-infrared vibration-
rotation lines for a sample of 1% methane at 22°C and 1 atm pressure for a cell length

of 5.9 cm.

It is important to compare the values of the relative transmission for the two cases. This
clearly shows that the stronger fundamental mid-infrared transitions produce much

larger relative changes in the transmission of the incident light. The detection sensitivity
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is therefore higher if the fundamental transition of a molecule can be probed. This

obviously requires an appropriate mid-infrared source and a detector.

3.7 Width of Spectral Lines

Spectral lines in discrete absorption or emission spectra are not infinitely sharp but
possess a finite width and shape dictated by the physical conditions of the molecule. For
a molecule that makes a transition between an upper energy level E; and a lower energy
level Ej the absorbed or emitted intensity centred around the frequency vy = (E; - E)/h is
not strictly monochromatic. The function /(v) that denotes the spectral distribution of
energy is known as the line profile. The line width v = |v, — v,| is defined as the
difference between the two frequencies v, and v; at which the value of /(v) is down to
half its maximum value. This parameter is also known as the full-width at half-
maximum (FWHM) of the line or often simply the half-width. The half-width is denoted
in terms of the angular frequency w, as dw = 2zdv, or in terms of the wavelength 1 with
04 = |A; — A;|. Using the relation 4 = ¢ /v, it follows that [2],

N =-55v (3.20)

v

Three main effects that contribute to the broadening of the width of spectral lines are,
natural broadening, Doppler broadening and collision/pressure broadening. Each of

these is briefly discussed in the next three subsections.
3.7.1 Natural line width

The natural line width is a consequence of the finite lifetime of the excited state due to
spontaneous emission. An atom in an excited state can spontaneously emit its excitation
energy as a photon. The classical viewpoint is to consider the emitted photons as wave
trains that have the same frequency but are uncorrelated in phase. The addition of
several such wave trains of different phases gives rise to a finite non-zero spectral width
that is purely determined by the finite lifetime of the atom. The quantum-mechanical

viewpoint explains this phenomenon in terms of the uncertainty of energy of the excited
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atom. According to the Uncertainty principle given by, AEAt 2 b , the energy of the

-2z

excited atom can be defined with high precision only for an infinitesimal duration.
However the finite lifetimes of excited atom imply that there must be some uncertainty
of energy levels. This uncertainty of energy means that the frequency of photons emitted
during the transition must also have a corresponding uncertainty. This fundamental
effect is responsible for the finite, non-zero width of spectral lines and since it affects all
atoms in the same way this process is a homogeneous process.

If the excited atom or molecule is considered to be a damped harmonic oscillator,

time-dependent oscillation can be mathematically written as,

-t

x(t)=x,e = cosw,t (3.21)

DR

where x(¢) is the time-dependent position, x, is the amplitude of oscillation, @, is the
angular frequency of oscillation and yis the coefficient of damping. When the

frequency-domain representation of the time-domain oscillation is obtained by Fourier

transform the frequency distribution is given by a Lorentzian function given by,

L= r/2z (3.22)

C(w—a) +(/2)

Figure 3.12: Damped oscillation of a molecule and natural line width of spectral line
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3.7.2 Doppler Broadening

Doppler broadening is the broadening of spectral lines due to the Doppler effect caused
by a distribution of velocities of the atoms or molecules particularly evident at low gas
pressures. The Doppler effect is the apparent shift in the frequency of radiation that is
emitted or absorbed by a body that is in motion. In terms of spectroscopy, the frequency
of the radiation absorbed during a transition differs according to the direction and
velocity of motion of the gas molecule, relative to the source of radiation. When the
molecule is moving towards the source of radiation the source frequency appears higher
(blue shifted). Consequently the frequency that is absorbed is lower than the frequency
that would have been absorbed had the molecule been at rest. As the molecule moves
away from the electromagnetic radiation, the frequency appears lower (red shifted),
giving rise to absorption at a higher frequency. The amount of red or blue shift depends
on the velocity of the molecules. Since the molecular motions are random both positive
and negative frequency shifts are possible and a broad line shape can result.

At thermal equilibrium the molecules of a gas follow a Maxwellian velocity
distribution. It can be shown that the intensity profile of a Doppler-broadened spectral
line is given by [2],

c(w-w,) 2

I(w)=1,exp| - i
0" p

(3.23)
Where v, = (2kT/ m)l/2 is the most probable velocity, 7T is the temperature, m is the

mass of a molecule. This is a Gaussian profile with a FWHM given by,

_ a)ovp _ a)o
Sw, =2 ln27—71/8kT1n2/m (3.24)

which is called the Doppler width. It is worth noting that the Doppler width is a function
of the absolute temperature of the gas and provides a method to measure temperature
from the recovered absorption line. The Doppler broadening effect is an inhomogeneous
process since the molecules in a gas have different velocities and therefore undergo

different Doppler shifts.
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3.7.3 Collision Broadening

Collision broadening of a spectral line is a result of the constant and inevitable thermal
motion of atoms and molecules in gaseous and liquid phases. A collision is defined as

the mutual interaction of two collision partners at distances R < R, and the radius R, is

known as the collision radius. Collisions between molecules lead to the rearrangement of
energy levels E; and Ej, of the colliding molecules. This shift of energy levels depends on
the electronic configuration of the two collision partners and on the intermolecular
distance. The shifts in the energy levels are in general different for the two levels and
may be positive or negative. The shift is positive if the interaction is repulsive, and
negative if it is attractive. The type of collision in which there is no non-radiative
transfer of internal energy of the collision partners is known as an elastic collision. It
should be noted that the collisions take place in a very short but finite time given by

7. = R_ /v where vis the relative velocity.

If the molecule is considered to be a damped harmonic oscillator, an elastic collision
does not change the amplitude of oscillation but disrupts the phase. Such collisions are
therefore also referred to as phase-perturbing collisions. The perturbation of the phase
manifests itself as another source of spectral broadening. This mechanism of broadening
is also known as pressure broadening since it dominates at high pressure (~ 1 atm). This
is intuitive since high pressure implies that the molecules are packed closer together and
the probability of molecules colliding with each other is also greater. In general,
molecular interactions are more likely to take place in liquids than in gases simply
because the molecules are less free to move about. Therefore the effect of collisional
broadening is less severe for gases and their spectra are much sharper than those of the
corresponding liquid. Collisional broadening is a homogenous mechanism and the line

shape of a collision-broadened spectral line is a Lorentzian profile.
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3.7.4 The Voigt Profile

In spectroscopy the Voigt profile characterizes a spectral line profile that is broadened
by two types of mechanism one of which on its own would produce a Lorentzian profile,
while the other would produce a Gaussian line profile. Mathematically, this is equivalent
to saying that the Voigt profile is a convolution of a Lorentzian profile and a Gaussian
profile. It is generally accepted that at pressure greater than 200 mbar, collision
broadening begins to dominate; therefore, a Lorentzian profile becomes increasingly
more accurate with increasing pressure. However, this work was carried out at
atmospheric pressures (~lbar) at which the absorption lines are best represented by a
Voigt profile in the modelling algorithms (discussed in greater detail in Sec. 3.10). A
Voigt profile is essentially a convolution of the Gaussian and Lorentzian profiles and has
dampening coefficients in order to determine the influence each has on the overall

profile.
3.8 Intensity of Spectral Lines

The intensity of a spectral line corresponding to a particular transition is determined by
the probability of a molecule to undergo that particular transition and the populations of

the energy levels involved. These are briefly discussed in the following sections.
3.8.1 Transition Probability

The transition probability represents the likelihood of a molecule making a transition
from one energy level to another. This was touched on previously when discussing the
selection rules for the rotational (AJ) and vibrational (Av) energy transitions. The
probabilistic interpretation of the selection rules is that some transitions are much more
likely to take place than others. The spectral lines corresponding to the transitions that
are more likely to take place are therefore expected to be much stronger than those
transitions that are forbidden. For example, when discussing the methane molecule it

was mentioned that the selection rule for the rotational energy transitions was AJ = 0, +
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1; meaning transitions outside of this have zero intensity and consequently have no

observable spectra.
3.8.2 Population of States

The intensity of a spectral line corresponding to a transition from one level to another
level is directly proportional to the populations of the respective levels. If there are two
levels from which transitions to a third are equally probable, then obviously the most
intense spectral line will arise from the level which initially has greater population. The
populations of a set of energy levels are given by the statistical relation known as the
Boltzmann distribution. The relation describing the ratio of the population of the upper
energy state to the lower energy state is given by,

N =AE

o = o (3.25)

lower

where AE is the difference between energy states as before, £ is the Boltzmann constant

(1.38x 10 23 JK ") and T'is the temperature in Kelvin.
3.8.3 The Beer-Lambert law

The relationship between the incident intensity, the transmitted intensity, the
concentration of the gas molecules and the path length is given by the Beer — Lambert

law which is mathematically written as,

—aCl

I . =1¢e (3.26)
If the total absorbance of the sample is low, this expression can be approximated as,

I =1 (1-aCl) (3.27)

In these expressions a is the molar absorption coefficient of the absorbing medium (in

this case the gas), C is the concentration of the gas and / is the length of the absorbing

92



Chapter 3: Analytical Methodologies — Fundamentals of Molecular Spectroscopy

path (in this case the micro — optic cell). This approximation is only accurate in the limit
of aCl << 1. The concentration is normally expressed as a mole fraction or percentage,
leaving the units of length and absorption coefficient to be the reciprocal of each other

. -1 .
i.e. cm and cm™ respectively.

3.9 Extracting Concentration and Pressure from

Spectral Lines

In order to determine the concentration and pressure of a gas from the recovered
absorption line transmission function or its corresponding derivatives, further analysis is

required of the Beer—Lambert law given by Eq. 3.26.
3.9.1 Concentration and Derivative Signals

For gas monitoring at atmospheric pressure the gas absorption line, as a function of

frequency, can be described by a Lorentzian profile [4], given by,

a(v)= (3.28)

where Ny is the number of molecules at STP, S is the line strength (cm. molecule ), y is

the half-width-half-maximum (HWHM) line width (cm™) and v, and ¢, are the
frequency and absorption coefficient at line centre respectively, and A=(v—u,)/y.

Therefore, the recovered absolute gas transmission function is given by:

I

1t NS oy O

T - 2 2
n y(A +1) (A +1)

Cl (3.29)

This equation can be rearranged for C, and by setting A = 0, the expression for the

concentration at line centre is given by:
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C=—"n (3.30)

This simply means that the concentration at line centre is proportional to the depth of the

relative transmission, as illustrated in Fig. 3.13 below.
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Figure 3.13: Concentration from transmission function, scaled to path length and

absorption coefficient

In WMS/derivative measurements, the extraction of concentration is a little more
complex. As mentioned in chapters 1 and 2, the amplitude of the 2™ derivative is
proportional to the slope of the 1% derivative that in turn is proportional to the depth of
the absolute transmission function at line centre. The simplest way to determine
concentration in derivative spectroscopy is then to measure the amplitude of the o
derivative signal at line centre. Measured harmonic signals are proportional to the
derivative signals in the limit of small modulation index (m = dv/y << 1), and the signals
for the first two harmonics are given by Eq. 3.31 and Eq. 3.32.

da(v)

I 1,2 crsv=1C1

B 2N,S.A.0v 20,.A.00
out1f — i dU 2 2 2 2 2

2 =1,Cl 2 2
y (A +1) y(A +1)

(3.31)

It can be seen then that the amplitude of the first harmonic has a dependency on &v/y.
This dependency becomes stronger with increasing order of harmonic and the second

harmonic is then:
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IN,SGA —1)(dv)

20,30 ~1)(6v)

Ly, =—1,Cl 3 3 =—1 Cl

in 2 2 2 3
vy (A +1) y (A +1)

At line centre A = 0 and the second harmonic signal then becomes:

2a,(50)
2
%

I ut 2 f = IinC'l

0

Rearranging equation (3.33) the expression for the concentration is given by,

2

C: 7]aut2f .
21, la, (V)

(3.32)

(3.33)

(3.34)

Therefore, as expected, the concentration is proportional to the amplitude of the o

harmonic signal (/,, »¢) at line centre, scaled by the input power, the absorption line

width and the amplitude of the frequency (wavelength) modulation. The 1% and 2™

harmonic signals are shown, along with their relationship to concentration, in Fig. 3.14.

fat) (h)

ﬂ

Figure 3.14: Concentration from (a) 1" harmonic / derivative and (b) 2" harmonic /

derivative of transmission function, scaled to path length, absorption coefficient and

input power
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3.9.2 Pressure and Derivative signals

If we consider pressures at which collision broadening dominates and concentrations at
which the Beer-Lambert approximation holds, the relationship between pressure and line
width for a pressure broadened Lorentzian profile (and consequently for directly

measured line-shapes) is well known and is given by,

bé!
-, | 2| L
{2)E

where v is the HWHM line width at pressure Py = 1 atm temperature 7p = 300K. The
gas concentration, C, can be expressed as the number of gas molecules per unit volume

(N), relative to the number of gas molecules at STP per unit volume (No).

C= (3.36)

N
NO

Substituting equation (3.36) into (3.29) for direct measurements and considering only

the amplitude of the transmission function at line centre gives:

1,,  NySI
1- Z = (3.37)
Substituting equation (3.35) into (3.37) gives:
Lo _ NSI
1 7= 7 (3.38)
P T
At a constant temperature equation (3.38) can be simplified to:
Iout — NKl
1 7= (3.39)

m
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: . PS . .
where K is a constant given by L 7 The ideal Gas Law is given by:
2
Yo [%} J
RT
p="N A== NRT (3.40)

Where P is the pressure (atm), n is the number of moles, R is the universal gas constant

(82.0575 atm.cm’ / mol'K™), T'is the temperature (K), V is the volume (cm’), N ,1s the

Avogadro number, and N is number density (the number of gas molecules per unit
volume), as before. Rearranging equation (3.40) for N and substituting into equation

(3.39) gives:

1. _ PKl _ Kl
=T =PRT = RT (3.41)

170

From the above analysis, the amplitude of the absolute absorption line transmission
function appears to be independent of pressure/line width change for atmospheric
pressure measurements. However, at lower pressures, where Doppler broadening is
dominant, the transmission function amplitude shows a small dependence on the line
width.

In TDLS / WMS measurements determining the line width is, again, a little more
complex. Returning to equations (3.31) and (3.32) and the relationship between 1% and
2" harmonics / derivatives, it is obvious that the peaks of the 1% harmonic / derivative
are located at the points when the second harmonic / derivative is equal to zero.
Therefore, removing the vertical scaling constants from equation (3.32) and setting to

Zero gives:

234"~ 1)(8v) _
7/3 (AZ + 1)3

0 (3.42)
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The solution to the equation is A* = 1/3, which, when solved for v, gives two absolute

frequency locations of v = vy £(y/\3) as illustrated in Fig. 3.15 below.

s TP

(b)

J
:
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Figure 3.15: Line width relationship between (a) 1" and (b) 2" derivatives of

transmission function

Therefore, it is possible, in principle, to extract line width information from

harmonic/derivative traces. From the above analysis several conclusions can be drawn:

1.

For TDLS with direct detection gas concentration can be determined directly
from the amplitude of the gas absorption line transmission function and, to a
reasonable approximation, signal amplitude is independent of pressure/line width

change at atmospheric pressures and above.

For TDLS-WMS detection the signal amplitude can no longer be regarded as
independent of pressure/line width. The derivative signal amplitudes depend

strongly on the system scaling factor dv/y.

As well as measuring the concentration and pressure directly from the recovered
signal amplitude and line width respectively, the parameters can be determined
from curve fitting procedures, matching theoretical predictions to the recovered
signals by varying P and C to obtain the best fit. The modelling of atmospheric

gas absorption line transmission functions is explained in the next section.
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3.10 Modelling Spectral Lines

The high-resolution transmission (HITRAN) molecular absorption database [5] is a
compilation of spectroscopic parameters to enable the modelling of light transmission
through atmospheric gases. The database stores, among others, the molecular energy
transmission frequency, v (cm™), the line intensity (cm/(molecule. cm?)), the air-
broadening and self-broadening coefficients and the pressure shift. The information is
for transitions at 296K. Obviously, in industrial applications the gas pressure and
temperature varies from STP and the gas composition can vary from target gas / air mix;
therefore, a program using the Agilent VEE runtime environment was developed by
industrial collaborators Optosci Ltd (Glasgow, UK, www.optosci.com). The program
uses a Voigt profile which is a convolution of the Gaussian (Doppler broadening) and
Lorentzian (collision broadening) profiles. Traditionally the generation of a Voigt
profile, by a process of numerical integration, was time consuming; however, recent
progress in the development of very accurate approximation methods has allowed the
VEE program to model atmospheric absorption profiles over a range of pressures. The

process of convolution is mathematically represented by the following classic equation:
G)*L(v) = I G L(v-v")dV' (3.43)

The Gaussian profile, G (v), is given by:

G(v)= exp (3.44)

"

where o is the standard deviation.

Likewise, the Lorentzian profile, L (v), is given by:
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a

1+4(%j

L(v) = (3.45)

where or is the absorption coefficient as before and yr is the HWHM line width. The
resulting Voigt profile is then given by:

7L
I)="*a, |[TIn(2) V(X,Y 3.46
()},GLJ (2) V(X,Y) (3.46)
Where yis the HWHM line width of the Gaussian profile. V' (X,Y)is given by,

\ q(Y_Ai)-I_Di(X_Bi)
= (Y-A4) +(X-B)

V(X,Y)= (3.47)

where 4; through D; are a set of pre-defined constants given in Table 3.1. X and Y in Eq.
3.46 and Eq. 3.47 are given by,

[in(2)
X=2 (3.48)

And

. fIn(2
Y= S (3.49)

e
I A; B; G D;
1 -1.2150 1.2359 -0.3085 0.0210
2 -1.3509 0.3786 0.5906 -1.1858
3 -1.2150 -1.2359 -0.3085 -0.0210
4 -1.3509 -0.3786 0.5906 1.1858

Table 3.1: Parameters used in generating the Voigt profile
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By using the Voigt profile and adhering to the Beer-Lambert law, the program
developed by OptoSci Ltd. is capable of modelling gas absorption spectra for a wide
range of concentration, pressure, temperatures and absorption path lengths. Fine
adjustment of the broadening coefficients also permits the modelling of target gas
absorption in host / balance gases other than air.

These theoretical predictions are compared to the measured absolute transmission
functions, recovered either directly or through derivative methods. The curve fitting
procedure requires only some fine adjustments over the pressure and concentration

variables to provide the best match.

3.11 Conclusion

A basic discussion of the relevant theoretical aspects of molecular spectroscopy has been
presented in this chapter. The origin of spectra and the various types of motion of
diatomic molecules including vibration and rotation are discussed. The vibration of the
molecule is first treated as simple harmonic in nature in order to introduce the concepts
of quantized vibrational energy levels, zero-point energy and selection rules. The more
realistic case of anharmonic oscillations is discussed next. The modification of the
selections rules follows as a natural extension. This explains the origin of overtone
transitions, which is particularly relevant to this thesis since near infrared WMS involves
overtone transitions. A discussion of rotational energy levels and the selection rules
governing rotational transitions are discussed next, followed by the more complete
picture of vibrational-rotational spectra. This enables the explanation of the spectral
lines in the P-branch and R-branch. The modes of vibration of polyatomic molecules are
briefly discussed next that briefly touches upon the methane molecule. The effect of
rotation on the spectra of polyatomic molecules is finally discussed that helps to develop
an appreciation of the existence of the Q-branch in molecular spectra. The discussion of
these theoretical topics sets the stage for a comparison of fundamental mid-infrared
spectral lines and near-infrared overtone spectral lines to be compared. The relative

transmission through a 1% sample of methane under ambient conditions of temperature
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and pressure and for a 5.9cm interaction length are simulated for the near-infrared and
mi-infrared spectral regions. The significantly large difference in the values helps to
convey the message that the mid-infrared region offers much higher detection
sensitivity. The reasons for the finite width of spectral lines are discussed next, that
introduces concepts such as natural broadening, Doppler broadening, collision
broadening and the Voigt profile that is widely used to model absorption lines. The two
factors namely, transition probability and population of states, that affect the intensity of
spectral lines are also discussed. The theoretical discussion ends with the discussion of
the Beer-Lambert law.

The practical aspect of extraction of gas parameters from the derivatives of the
absorption line is the last topic of discussion. The relationships between pressure, line
width and concentration in direct absolute absorption line transmission profiles and their
derivatives are described in detail. Finally a general description of the novel software
designed by industrial collaborators OptoSci Ltd. to model the absorption of light
through various atmospheric gas compositions is presented. It is reiterated that the
objective of this chapter is only to give the reader a flavour of the correlation that exists
between the underlying physics and the technological aspect of WMS for the extraction
of gas parameters from a molecular absorption line and its derivatives. For more details
of the theoretical aspects it is important to refer to the authoritative texts [1-3] in this

field.
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Chapter 4

RAM nulling — Principles and
Experimental Methods

4.1 Introduction

The 1f RAM [1, 2], arising from direct IM of the laser, has long been a major limiting
factor in TDLS with WMS particularly if 1f detection is used. Recently, two 1f
calibration-free methods, namely the RAM method and the Phasor Decomposition

Method (PDM), have been demonstrated [3, 4], for the direct recovery of absolute gas
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absorption lines as described in chapter 2. It was pointed out that the main limitation of
both these methods is the presence of the high concentration-independent 1/ background
RAM signal that limits the use of these two techniques for low concentrations because
signal amplification is limited by saturation of the detection electronics by the high
background and there are significant sensitivity/resolution issues in the digital
acquisition of signals. The objective of this work is to investigate a new fiber-optic
technique to eliminate the 1 RAM component due to the direct laser IM. Successful
realization of this method would allow potentially higher sensitivity without having to

detect at higher harmonics of the modulation frequency.

The origin of RAM in WMS and its distorting effects on various harmonic signals
have been studied in great detail in several papers [5-7]. To circumvent the problem of
high background signals, 2f detection has been favoured, although, a background signal
for 2f-detection is known to exist [8], and is due to the nonlinear IM of the laser. The
relatively low level of 2f background RAM led most researchers to focus on 2f WMS
despite the acknowledged difficulty in signal interpretation. Attempts to eliminate the 1f
RAM have been few and far between. The earliest attempt at dealing with the limitation
imposed by RAM is the only double-beam-single-detector configuration proposed by
Gehrtz et al [9], for the FMS regime of operation. The strategy used was to split the laser
output in two parts using a beam splitter, chop them synchronously, but 180° out of
phase using a mechanical chopper or an acousto-optic modulator, balance the two signal
strengths and finally coherently recombine them on a photo-detector. The path lengths
traversed by the two beams were required to be equal, and were very short. In the
absence of an absorbing species on one of the arms, the signal components at the
chopping frequency cancel, and the output of a lock-in amplifier triggered by the
chopping frequency is zero. The use of a mechanical chopper and the alignment
requirements of this system are potential limitations for field-deployment in harsh

industrial situations.

To address the problem more generally, electronic cancellation of RAM has also

been performed. In two earlier double-beam two-tone-FMS (TTFMS) schemes [10, 11],
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balanced homodyne detection was used. A different technique to cancel the background
RAM in 2f WMS and common-mode noise was reported by Zhu and Cassidy [12], in
which an electronic subtractor circuit with two different photo-detectors was used. In the
most recent attempt, the versatility of modern digital signal generator cards (NI DAQ
cards) has been exploited to suppress the RAM. This is achieved by adding a digitally
generated 2f component to the laser modulation current with appropriately adjusted
amplitude and phase so as to cancel any 2f component of the laser current that will in
turn suppress and 2f IM [13]. A dual-modulation approach to cancel the RAM at 2f has
also been proposed for FMS applications. However the focus of the present discussion is
the 1/ RAM and therefore a detailed discussion of the 2 RAM will be reserved for a

later chapter.

It appears that the 1/ RAM has been viewed as an artifact that must be suffered or at
best avoided by 2f detection. Consequently, no concerted effort has been made to
eliminate the 1/ RAM at the optical level in TDLS-WMS and thereby make 1f detection
a viable option. This is possibly because 2f WMS with its nearly zero background RAM
was a ready and convenient alternative to 1/ WMS, and the extra processing to extract
useful information was considered worth the effort. In this work a simple and robust
fiber-optic technique to eliminate the concentration-independent RAM component at the
optical level is presented. This potentially offers the possibility of 1f, shot noise limited

detection for calibration-free direct recovery of the absolute gas absorption lines.

This chapter introduces the RAM nulling technique with a detailed description of the
experimental setup. The requirements on the modulation frequency and fiber length to
ensure that the RAM background is eliminated are discussed next. The optical
interference noise issues are then discussed and appropriate steps to minimize the noise
are explained. It is shown that this source of noise is not the fundamental limiting factor
in the performance of the system. The chapter ends with a brief mathematical
description of the RAM nulling process. An expression for the relative transmission is
derived that uses a normalization signal that can be extracted from the experimental

arrangement directly.
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4.2 Principles of operation of RAM nulling

Figure 4.1 below shows the experimental setup used for RAM nulling.

Gas cell

PC
3 dB coupler.
3 dB coupler, : Lock-in amplifier
P Photodiode
=— M 2 =
4 Trigger
Al (AJcos wut Tp, A 88
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PC - polarization controller —

(44

e

Fig. 4.1: Experimental setup for RAM nulling

The principle of operation of RAM nulling [20] is to split the intensity-modulated output
of a DFB diode laser approximately equally using a fiber-optic 3-dB coupler, with the
two outputs going to the gas cell and the SMF-28 fiber delay line respectively. The
modulation frequency (delay) is so chosen as to introduce a relative phase shift of n
between the two IM components on the two beams. The outputs of the gas cell, and the
delay fiber, after attenuation by a fiber-optic variable optical attenuator (VOA) (model
number Thorlabs VOAS50-APC), pass through two fiber-optic polarization controllers
(Thorlabs FPC562) to establish orthogonal polarization states for the two combining
optical signals. This is necessary to minimize optical interference noise when the two
signals are recombined through a second 3dB coupler. When the system is balanced in
the absence of gas by adjustment of the VOA, the two sinusoidal IM components at f,,
cancel. It was found necessary and sufficient to attenuate the output from the fiber delay
arm only, because due to the appreciable loss through the gas cell, that signal component
is weaker than the delayed signal by default. The resulting dc signal due to the addition

of the two average intensity levels is rejected by the harmonic detection process, making
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the output zero in the absence of absorption and thus eliminating the high background
RAM signal. In the presence of gas the balanced condition is disturbed, and this
imbalance is directly reflected at the output where a signal that is due to the
concentration-dependent absorption of the gas is detected. The optical signals are
detected by an InGaAs photodiode (OptoSci LNP-2) whose output is fed to a dual
channel PerkinElmer 7280 DSP lock-in amplifier. The final output is observed on a
Tektronix TDS 3014B 200MHz digital storage oscilloscope from which data is captured
using a LabVIEW program over a GPIB interface.

To implement the 1/ RAM technique explained in Sec 2.4.1, the LIA detection phase
is adjusted to fully align one of the axes (channel Y in this case) with the classic WMS
derivative signal. This implies that the signal recovered on the orthogonal channel X is a
projection of the full RAM component that is recovered in complete isolation from the
1* derivative WMS signal.

The conditions that need to be met to ensure that the direct IM components cancel at

the output of the second 3-dB coupler are —

a) to ensure that the sinusoidal IM on the two input arms of the coupler are anti-

phase

b) to ensure that the relative amplitudes of these two signals are appropriately

balanced so that they cancel at the coupler’s output

The first condition requires that
sinw, t =—sin(w, t + @) 4.1
>¢=r (4.2)

Therefore, the required time delay through the fiber is

= % ' 4.3)

and the fiber length, L, required is given by,
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L= o = (44)

Where, ¢ denotes the speed of light in free space, n denotes the effective index of the
fiber and f,, is in Hz. For a fiber length of 1km and a typical value of 1.5 for #, f,, is 100
kHz. In practice, a small adjustment of f,, is necessary to compensate for the small
difference between assumed and actual values of both L and #. Simultaneous fulfilment
of these two conditions results in a dc signal at OP;, which in turn is rejected by the

LIA, thereby giving zero output in the absence of gas.
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Fig. 4.2: RAM nulled output displayed on the oscilloscope with only the modulation
applied, as the modulation frequency is tuned past the ideal value (shown in red)

required for perfect cancellation.

Figure 4.2 shows the output of the photo-detector observed directly on the oscilloscope
that illustrates the process of adjusting f,, to achieve RAM nulling. Both the signal arms
are connected to the inputs of the coupler, the ramp is switched off and only the
modulation is applied. The VOA has been adjusted to balance the amplitudes of the two
IM components. The value of f,, is varied over a small range (99 kHz to 104 kHz)
around the optimal RAM nulling frequency. It is observed that for the optimum value of
101.2 kHz the two IM components cancel almost perfectly. The net signal is therefore a

dc level which is rejected by a LIA resulting in a zero output in the absence of gas. The
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amplitude of sinusoidal IM increases as f,, is tuned further away from this value. The
corresponding dc output of the lock-in amplifier would also increase proportionately.
This demonstrates the background signal cancellation by destructive interference of two
electrical signals.

The superposition of the two optical fields within the second coupler also gives rise
to optical interference that appears as an additional noise component that can severely
degrade the sensor performance unless it is controlled. If the RAM nulling technique is
to work effectively appropriate mitigating steps must be taken to minimize the
interference effects of such superposition. The optical interference can be minimized by

ensuring that,

a. the delay line length, L, is much longer than the coherence length, L ,, of the

coh

laser source
b. the polarization states of the two interfering electric fields are orthogonal

The first important consideration in this regard is the choice of f,, that in turn dictates the
corresponding value of L (that varies inversely as f,,). The fiber length should be much

longer than the coherence length,L , of the laser so that no well-defined phase

relationship exists between the light that traverses the gas cell and the light that
propagates through the delay line.

The degree of coherence, g'(r) of two optical fields having coherence time ofz,, that

are superposed with a relative delay of 7 is given by [21],

g)=e 4.5)

for a Lorentzian (collision broadened) light source, and by,

oo (1Y
gV(@)=ec e (4.6)

for a Gaussian (Doppler broadened) light source,
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It is simple to show that,i =—— where AL is the path length difference between the
T

c coh

two arms (equal to L in this case) and so the real part of the two functions may be plotted
as a function of the path difference between the two signal arms normalized by the
coherence length of the laser. This is a more intuitive depiction of the process and is

shown in Fig 4.3 for the DFB laser for which L, was determined to be ~43m for a line

coh

width of 7 MHz. Note that L _, is much smaller than the chosen fiber length of 1 km.

],

——— Jorentzian
gaussian
=
<~ 0.5F
’ J K
0 ‘
-1000 -800 —600 —400 -200 200 O 800 1000
Fiber length,AL (m)
1 —
A ——<— lorentzian
gaussian
@ ge
> 0.5f g4
) j k
0 ‘ ‘ ‘
-25 -20 -15 -10 -5 0 5 10 15 20 25
AL/L
coh

Fig. 4.3: Rapid decay of the mutual coherence function g 1 () as the ratio of path

difference to laser coherence length increases. Therefore if the fiber length is large
compared to the DFB laser’s coherence length it should be possible to eliminate stable

interference fringes at the output of the RAM nulling setup

It is seen that for either case, g'(r) reduces very rapidly as the ratio A% increases.

Therefore, for path differences that are large in comparison to the coherence length of
the laser, there will be no stable interference fringes, and the visibility of fringes will
tend to zero. A comparison of the quality of fringes observed at OP; for a path

difference of 1km and 1m is shown in Fig. 4.4 that helps to clarify the situation.
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Fig. 4.4: Comparison of interference effects for path length difference of 1km (blue)
and 1m (red), using the same RAM nulling setup.

The signal at OP; was captured by the oscilloscope with only the ramp applied to the
laser injection current and with no gas in the cell. The polarization controllers were
removed from both arms so as not to inhibit the optical interference in any way. The
fiber spool was replaced with an ordinary fiber-optic patch cord that served to introduce
the path difference between the two arms. It is clearly seen that for a small path
difference of about 1m, strong optical interference fringes are produced. For a path
difference of lkm the stable fringes are no longer formed, but are replaced by what is
essentially optical interference noise. This proves that optical interference fringes can
indeed be eliminated if the path length difference between the two arms of the RAM
nulling experimental setup is much larger than the coherence length of the laser source.
The heights of the fringes increase because the laser power increases as the current is
ramped up. The figure shows only a small range of the whole scan for the sake of clarity,

and the increase in power over the scan range is therefore not sufficiently clear.

The variation of the optical interference noise across the full scan range of the laser

current recorded directly by the oscilloscope is shown in Fig. 4.5. Two fiber-optic
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polarization controllers (PC) were introduced on the two signal arms to control their
individual polarization states before they are recombined, but the paddles were set at
arbitrary positions.

o7

Photo-detector output (V)
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=
_
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Fig. 4.5: Photo-detector output at OP; observed on the oscilloscope with only the
ramp applied, showing the optical interference noise increasing as the laser intensity

increases over the typical scan range of the laser current.

As the laser current is ramped, its power also increases. The interference of the two
signal components of increasing power produces interference noise that increases
significantly over the scan range. This increasing optical interference noise severely
limits detection sensitivity and must therefore be minimized to within the detector noise
level for high signal-to-noise ratio.

In order to investigate the minimization of the optical interference noise, the
experimental arrangement is frequency-tuned to the nulling point as explained earlier
with the voltage ramp switched off. The two PCs are then carefully adjusted to establish
orthogonal polarization states of the two optical components. This can be confirmed by
observing the reduction of the dc noise output at the nulling point as the paddles are

adjusted.
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Fig. 4.6: Photo-detector output with and without RAM nulling showing the effect of

the polarization controllers on the net optical interference noise

The effect of the PCs on the optical interference noise of the system is illustrated in
Fig. 4.6. The lower blue trace is the output due to the signal from the gas cell only, with
the delay line physically disconnected from the second coupler, the ramp and the
modulation both switched off. The red trace represents the signal at OP; with the delay
fiber connected to the second coupler, the modulation applied and the relative intensities
adjusted as accurately as possible in order to satisfy the RAM nulling condition. The x-
axis (time base) corresponds to few tens of cycles of the 100 kHz modulation signal.
When the delay line is connected to the coupler the average signal level is
understandably doubled since the original laser output had been split in to two
symmetrical parts that are now recombined. The careful adjustment of the VOA ensures
that there is no net modulation of the output intensity. The optical noise in the signal
does not increase greatly as a result of the superposition of the two signals. The
interference noise has therefore been effectively suppressed by optimizing the two PCs.

An important experimental element that has contributed to the robust control over the
optical interference noise is the modulation of the laser current. The effect of the laser

current modulation on the optical interference noise deserves separate mention and is
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shown in Fig. 4.7. The polarization controllers were optimized as in Fig. 4.6 to minimize
the optical interference noise. The red trace in Fig. 4.7 shows the photo-detector output
of the system with the sinusoidal modulation applied and is the same as the red trace in
Fig. 4.6, while the blue trace is the output with the modulation switched off. The optical
noise is seen to increase significantly when the modulation is switched off without

changing anything else.
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Fig. 4.7: Effect of the current modulation on the optical interference noise for a
constant setting of the polarization controllers demonstrating that the modulation
significantly reduces the laser’s coherence length and consequently the interference

noise

This is because the modulation of the laser current significantly broadens the frequency
spectrum of the laser and therefore greatly reduces the coherence length from its un-
modulated value of ~43m corresponding to a measured line width of 7 MHz. This
broadening of the laser spectrum causes an additional reduction of the coherence length

of the laser, which further reduces the interference noise.

The results presented in Fig. 4.6 and Fig. 4.7 were obtained with the voltage ramp
switched off and therefore correspond to a single value of the laser current and constant

optical power. However, it must be ensured that the minimization of the optical noise is
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effective over the entire scan range of the laser current over which the associated power
variation is significant. The control over the optical noise over the full scan range is
demonstrated in Fig. 4.8 and Fig. 4.9. In Fig. 4.8 the ramp has been applied but the
modulation has been switched off. The blue trace is the signal with the delay arm
disconnected and therefore corresponds to the case with no optical interference. The red
trace corresponds to the output with the delay line connected to the coupler and the two
PCs adjusted to give rise to maximum optical interference and therefore this situation
represents the worst-case scenario. Clearly the optical noise increases drastically over

the scan range.
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Fig. 4.8: Photo-detector output with delay arm disconnected (blue), and connected
(red) with the modulation off and polarization controllers adjusted for worst-case
noise. The voltage ramp has been applied to scan the laser current over a typical

range.
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Fig. 4.9: Robust minimization of optical interference noise over current scan range by

the application of the modulation and optimization of the polarization controllers.

The effect of the two polarization controllers and the modulation is clearly demonstrated
in Fig. 4.9. Just as in the previous case, the blue trace is the signal with the delay arm
disconnected and therefore corresponds to the case with no optical interference. The
green trace represents the output with the modulation switched off and only the PCs
adjusted to minimize the optical interference. In comparison to Fig. 4.8 there is a huge
reduction of the noise but it is still not at the same level as the signal with the delay arm
disconnected. Note that the voltage level has doubled due to the addition of optical
signal from the delay fiber that is almost equal in power to the signal on the gas cell arm.
The crucial role played by the modulation is shown by the red trace that represents the
output with the modulation applied to the laser current. Comparison of the red trace with
the green trace shows that there is a significant reduction of the optical noise as a result
of the modulation. The noise level in the red trace implies that the optical interference
noise has been minimized to that of the blue trace that represents the case when no

optical interference noise arises.

It may therefore be asserted that the optical interference of the two signal

components is not the fundamental limiting factor. The supporting experimental results
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prove that it is indeed possible to minimize the noise of the system to the level of
receiver noise by choosing a delay fiber length that is sufficiently long compared to the
coherence length of the modulated laser, and then by ensuring that the optical signals are
orthogonally polarized by using two polarization controllers in the two signal arms. The
arrangement remains stable for very long periods of time without the need for fine

tuning.
4.3 Basic analytical treatment of RAM nulling

A brief mathematical analysis of the RAM nulling technique is presented next without
which this discussion would remain incomplete. It is necessary to bring out how the
absorption signal that appears on a zero background is normalized to recover the relative
transmission profile. A detailed treatment of the different possible configurations of the
basic system and the wavelength-dependence of various signals and physical

components are considered later in chapter 6.

The reduction in transmission due to wavelength-dependent absorption in the vicinity of

a gas line is quantified by Beer’s Law, and is given by,

—a(A)Cl
1,(2)=1,(A)e 7)
where all symbols signify the usual quantities as defined earlier in Chapter 2. For weak

absorption this may be approximated by 7 (1)=1,(A)[1-a(A1)C/]. In a TDLS-WMS

system with such weak absorption the signals at the output of the gas sensing region may
be found using a simple Taylor series expansion of a(4) as shown in Sec 2.4. The
expression for the 1fsignal with the LIA appropriately phase-tuned for the RAM method
of signal recovery, (only strictly applicable at modulation indices, m, of less than 0.2 [1,

2]) is given by Eq. 2.5 and is reproduced below,

da(2)
i |,

I, =Al(4,)coswt — Al (A, )a(4,).Clcoswt—1(4,) Clodcos(ot—y) (4.8)
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The first two terms arise from the direct IM and may be referred to respectively as the
concentration-independent RAM term, and the concentration-dependent RAM term
(collectively simply the RAM signal). The third term is the classic WMS 1* harmonic/1*
derivative signal arising from the interaction of the laser’s wavelength/frequency
modulation with the gas line. The first term, when recovered by a LIA, gives rise to the
high background output signal with the other two terms representing the concentration-
dependent changes arising from the presence of the gas that are superimposed on the
background signal.

In the RAM technique the LIA signal detection phase is aligned at y-90° to null the
1** derivative signal and only the isolated projections of the RAM signals are recovered,
with the gas absorption signal (term 2) sitting on a high background signal (term 1). The
overall aim of the RAM nulling technique reported here is to eliminate the high
background signal through destructive interference at the signal frequency. With
reference to Fig. 4.1 and assuming no gas, the signals arriving at the output of the fiber
combiner, OP;, from the gas cell and the delay line are of nearly equal amplitude
(balanced by the VOA) and are anti-phase (due to the delay/modulation frequency
choice). Hence, in the absence of gas or off-line, these two components cancel thereby
presenting only a high average dc level to the LIA resulting in a zero output. An
imbalance results from the presence of gas and a non-zero LIA output arises, essentially
from term 2 of Eq. 4.8. However, the elimination of the background leads to a
complication in signal normalization because the concentration-dependent absorption
signal now appears on a zero background. A simple mathematical formulation of the
RAM nulling mechanism shows that it is relatively straightforward to extract a
normalization method.

Given the above, the output at OP;, in the absence of gas (or off-line) can be written:

OF,

1no gas

= Al (4,)coswt+ Al (A, )cos(wt + )
(4.9)

= I:Ajl 1)- AIZ(ZC):| cos wt
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where, Al (A )coswtandAl,(A,)coswtdenote the individual contributions from the

gas arm and the fiber delay line arm respectively and include the wavelength
dependencies of the different signal paths through the couplers. Appropriate adjustment
of the VOA ensures that these two contributions are equal at a particular wavelength and
are approximately equal over the entire wavelength range of a recovered gas line, giving

a near-zero background signal.

In the presence of gas in the cell, the signal in that arm is multiplied by e ““ que to

the absorption. The resulting output, OP 4., measured by the LIA is then given by,

—a(A,)Cl

OP, =AI(A)e —~AL(A) (4.10)

lgas

The factor cos ot has been dropped to depict the effect of phase-sensitive harmonic

detection using the LIA, which essentially amounts to multiplying the two sinusoids

bycoswt . It is easy to see that OF,, sits on a near-zero background since ¢ “*'“ =1 in
the offline regions. Subtracting Eq. 4.9 from Eq. 4.10 and reorganizing we get,
—a( OR, . —OFP
It(ﬂ'c) —e (Z)cl =1+ lgas 1no gas (411)
]0 (ﬁ"c ) AII (ﬁ"c )

The denominator of the last term in Eq. 4.11,A/,(4,), is simply the output at OP; as

measured with an LIA with no gas in the cell and with the delay fiber arm disconnected
from the coupler. As well as being crucial to recovering the gas absorption line shape, it
also serves as a convenient normalization factor that accounts for any changes in
background laser intensity and the wavelength dependencies of the laser output and the
two couplers as regards the gas cell arm. In practice a fiber-optic switch inserted
between the VOA and the coupler can be used to block the signal from the delay fiber
line whenever this needs to be measured. Alternatively, it could be obtained using a fiber
tap coupler inserted between the gas cell and the system output coupler, provided the
relationship between the tap output and OP; is known and stable over the required
wavelength range. In either case it can be obtained with or without gas in the cell, the

former simply requiring a curve fit to the off-line data.
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4.4 Description of experimental conditions and set-up

This section describes the experimental arrangement including the choice of the near-IR
methane line, all optical, electronic and fiber-optic components. The construction of the
gas cell is described. Wavelength-referencing of time-indexed data is discussed next,
followed by a brief description of how the lock-in amplifier is set up for measurements.
The section ends with a discussion of the method to set the modulation index for an

experiment.

4.4.1 Choice of absorption line

To demonstrate the accurate recovery of absorption lines with the RAM nulling
incorporated, a well-isolated near-infrared R-branch absorption line of methane at

1650.956 nm was chosen.
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Fig. 4.10: Simulated near-infrared absorption lines of 1% methane at 1 bar pressure

and 22°C temperature.

This line is actually a combination of two closely spaced lines that are resolvable at low
pressures (~0.2 bar). The lines merge into a single symmetric feature at atmospheric

pressures at which the calibration-free WMS techniques are intended to operate.
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Therefore, the choice of this line is convenient to demonstrate the newly-proposed RAM
nulling technique. The relative transmission is simulated for 1% mixture by volume of
methane in nitrogen balance at a pressure of 1 bar and temperature of 22°C. The
simulations use values for line strengths based on HITRAN 2004 database [14]. Figure
4.10 shows several near-infrared overtone absorption lines of methane under ambient
conditions of temperature and pressure. The absorption feature at 1650.956 nm was
selected for measurements because it is well isolated from neighbouring features and is

also the strongest in this region.

The strongest of these lines is shown in Fig. 4.11 with the wavelength-scale
expanded and a very weak line to the left of the main feature is also seen to be present.
This weak feature does not pose serious problems in the signal analysis. In fact this
feature serves to test the accuracy of the normalization process. It will be seen in chapter
5 that both the peaks are accurately recovered. It is important to point out that although a
well isolated feature has been chosen to demonstrate the results, this is not a necessary
requirement for accurate extraction of the absorption lines. As will be demonstrated in
due course, the RAM nulling technique and signal normalization strategy are not

affected by the presence of this weak feature.
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0.99 |
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Radivetrasmision
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Fig. 4.11: Near-infrared methane absorption line 1650.956 nm used for all

experiments
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4.4.2 Signal Source and Drive Electronics

The experimental system consists of electronic and fiber-optic components which are

described in this section.

An OKI 1651nm DFB laser (model no. OL6109L-10B) housed in a 14-pin butterfly
package mounted on a 14-pin PCB was used for these experiments. The butterfly
package had a built-in isolator, thermistor and Peltier element for cooling and
temperature control of the laser head. A Thorlabs LDC 210 current controller and a
Thorlabs TEC 210 temperature controller are used to control the current and temperature
of the DFB laser. The TEC 210 is used to temperature-tune the emission wavelength of
the laser close to the chosen absorption line of methane. Thereafter the temperature is
controlled to within 0.2 K, and current tuning is used to sweep the emission wavelength
across the absorption line. The resistance of the thermistor on the package is displayed
on the front panel of the TEC 210 that provides an indirect reading of the actual laser
temperature. The relation between the thermistor’s resistance and the actual temperature

is given by,

T= 3892 ~273.15 (4.12)
1n[R/2.142><10'5

Temperature tuning covers a much wider sweep range but is imprecise and slow.
Current tuning is much more accurate and fast and is therefore better suited for
wavelength modulation. For all experiments the laser temperature was set to 35°C
(6.454 kQ) and the mean laser current was set to 70mA that set the emission wavelength

in the vicinity of the methane line at 1650.956 nm.

Two Agilent 33250A 80MHz arbitrary waveform generators (AWG) are used to
apply a slow 5-Hz ramp and a 100 kHz sinusoid to the laser current for wavelength
scanning and modulation. A 400mV p-p ramp voltage was applied to the LDC 210,
which swept the laser current from 30mA to 110mA. This was found sufficient to cover

a wide enough spectral region around the line centre. A very easy way to confirm the
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lower and upper limit of the current scan range is to select a square wave output instead
of a ramp at a very low frequency (0.1 Hz). The actual laser current displayed on the
front panel of the LDC 210 can then be seen to switch from 30mA to 110mA every 10
sec. This direct confirmation was found useful in resolving confusion that can arise
regarding the precise current scan range due to the different output impedance settings of

signal generators.
4.4.3 Design of the gas cell

Gas measurements were performed with a micro-optic gas cell that is basically a
short path length of 5.9cm between two graded-index (GRIN) lenses aligned in a
ceramic v-groove. The lenses were secured in the v-groove by ultra-violet curing glue.
The GRIN lens at the input to the cell collimates the launched light and the lens at the
output refocuses the light on to the output fiber and on to the photo-detector. This basic
arrangement is placed inside a housing that consists of a 37 cm long tube of 9 cm
diameter with two end caps. Rubber gaskets were used between the end caps and the
tube to ensure an air tight seal. At one end of the tube the Swagelok valves were used to
control the flow of gas in to the gas cell. One valve controls the flow of methane, a
second controls the flow of nitrogen used to purge the cell of the methane, and the third
valve is connected to an evacuation system consisting of a vacuum pump exhausting in

to a fume cupboard. This ensures safe removal of gas from the laboratory.

Thermocouple
Pressure gauge
CH4 IN N2 IN Gas OUT to
vacuum pump
Fiber input
( 5.9cm \
\ ] o T \ | Il
AV AN Azl

Fiber output

M(Jve cut in ceramic

Collimating GRIN lens

Fig. 4.12: Schematic of the arrangement of components within the gas cell.
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At the other end cap three holes are provided to insert the input fiber, the output fiber
and a digital pressure gauge (LEO-2, Omni instruments) with an absolute pressure range
of 0-3 bar. A thermocouple was also inserted in the housing for measurement of the gas
temperature with an accuracy of 1°C. The entire housing was tested to ensure leak-proof
operation up to 2 bar pressure for a sufficiently long period. Experiments carried out
over a period of more than six hours have confirmed the excellent quality of the seals. A
second gas cell that was 9.9cm long was also used in later experiments. The new cell

had a pair of con-focal C-lenses instead of GRIN lenses.
4.4.4 Wavelength referencing of time-indexed signals

All gas signals captured by the digital oscilloscope are by default time-indexed.
However, since the emission wavelength of an injection current-tuned DFB laser does
not vary linearly with the injection current, the time-indexed abscissa need to be
converted to wavelength or equivalently frequency. Figure 4.13 shows the typical
variation of the mean laser wavelength as a function of the laser current along with

quadratic and cubic polynomial fits.
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Fig. 4.13: Nonlinear variation of laser wavelength with injection current.
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A fiber ring resonator was used to map the time-index to frequency values. This basic
technique is implemented using a fiber ring resonator in which two commercial telecom-

grade 1550nm 3-dB couplers are configured as shown in Fig. 4.14.

P or
Coupler 1 Coupler 2

Fig. 4.14: Fiber ring resonator using two 3-dB couplers.

It is well-known that the output of such a ring-resonator shows periodic transmission
peaks [15-17]. The two factors that mainly decide the frequency response of this
resonator are the coupling ratio and ring length. The ring length was 47cm and the

corresponding FSR, given by, FSR = c/ n.L, can be easily calculated. However owing

to small uncertainties in the values of n,rand L it is best to accurately characterize the
resonator using well-known gas absorption lines. This was done using three lines of
methane [18, 19] to give an average FSR value of 0.4275 GHz. For accurate frequency
referencing the resonator should have high finesse. For further details regarding the
modeling of the typical Fabry-Perot-like response of this configuration, and its
dependence on the coupling ratio of the couplers, the interested reader is referred to Ref

[18] and Ref [19].
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Fig. 4.15: (a) Time-indexed concentration-dependent RAM signal and (b) fiber-ring

resonator peaks captured on the digital oscilloscope.

It is important to appreciate that the resonator peaks are equally spaced in the frequency
domain with the separation being equal to the FSR of the resonator (0.4275GHz in this
case). However, when the resonator output is captured by the oscilloscope the peak
separation is not constant in the time domain. This is because the current ramp does not
scan the laser frequency linearly. If the frequency scan is linear with current, the
successive peaks will also be equally spaced. For the resonator output shown in Fig.
4.15(b), the time-index of resonator peaks and the separation of these time-indices are
shown in Fig 4.16. It is seen from Fig 4.16(b) that the spacing of the time indices
decreases as the current is ramped up. This is also just about discernible from a close
visual inspection of the resonator peaks (red dots) in Fig 4.15(b). This method of
inspecting the spacing of the time-indices of resonator peaks is an easy way of detecting
nonlinear frequency tuning of a laser. It is important to appreciate this point when
constructing the frequency axis from the resonator trace acquired in the time-domain.

The program to perform this conversion is detailed in Appendix A.
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Fig. 4.16: (a) Time index of resonator peaks, (b) Variation of separation of peaks

captured in the time domain by the digital oscilloscope

4.4.5 Setting up the lock-in amplifier for signal measurement

For all measurements the first step is to increase the input gain of the LIA to the
maximum extent possible without causing saturation of the input stages. Next, the
sensitivity of the LIA is similarly maximized. This ensures that the analog-to-digital
converter at the input stage of the LIA is presented with the largest possible analog
signal for more accurate digitization. These settings may require adjustment depending

on the phase value that is selected to isolate a particular signal.

The LIA phase is set up differently for the RAM method and for the PDM method.
For the RAM method the phase of the LIA is at first approximately adjusted to obtain
the concentration-dependent RAM signal shown in Fig. 4.15a on channel X. Thereafter a
custom LabVIEW VI is used to automatically scan the phase over a small range around
this initial value of the phase, and at each point the ratio of the signal minimum to an
off-peak value is calculated. The phase at which this ratio is maximized is the phase at

which the projection of the RAM on channel X has been maximized. With RAM nulling
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in place the signal appears on a zero background, and it is sufficient to find the phase for

which the peak of the RAM nulled signal attains its maximum (negative) value.

For the PDM, the LIA phase needs to be adjusted so that a projection of the 1%
derivative signal is recovered on channel Y in isolation from the RAM signal. The 1*
derivative of a symmetric absorption line should be symmetric as well. However the

da(2)
di |

4

actual signal —/(4,) Cl.oAcos(wt—y) that is detected is not symmetric

because it is dependent on the intensity that increases significantly over the scan range
of the laser current. Therefore the phase of the LIA should be adjusted so that the
channel Y signal normalized by the intensity is a symmetric signal that appears on a zero
baseline. This ensures that the 1% derivative signal is fully isolated from the RAM
components. It was observed that no significant error was introduced if the variation of

O 1s not taken in to consideration.
4.4.6 Setting the modulation index

To calculate the amplitude of the modulation current required to obtain a given value of
modulation index, the well-characterized resonator is used. With the ramp switched off,
a sinusoidal current modulation of 7,., mA is applied to the laser and the output is passed
through the resonator. The resultant frequency tuning of the laser gives rise to several
equally-spaced peaks as explained in Sec. 4.4.4. If the number of peaks N, within one
complete period of the sinusoidal current modulation is counted, the net frequency
deviation produced by the peak-to-peak value of the current modulation is calculated by
simply multiplying N by the resonator’s F'SR. Therefore the current tuning rate is simply

Sv _ NxFSR

Si in units of GHz/mA. Now, the modulation index is defined

the given by

p=pr
as m=507/ where ov denotes the amplitude of the frequency deviation due to the

current modulation, and yis the half-width-half-maximum value of the absorption

feature of interest. For methane at a pressure of 1 bar this value is approximately 2 GHz.

Therefore in order to attain an m-value of 0.2 for example, the required value of v is
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0.4 GHz. Therefore with the knowledge of the laser’s tuning rate it is straightforward to

calculate and set the appropriate current given by 50/ (&)j to achieve the required

oi

amplitude of current modulation. It should be noted that the tuning rate varies
significantly with the frequency of modulation and therefore the laser should be

characterized at the frequency at which it is intended to be operated.
4.5 Conclusion

The discussion above introduces a new fiber-optic method to optically eliminate the
high, concentration-independent 1/ RAM component in TDLS-WMS in real-time. A
succinct mathematical treatment was used to show that extraction of the absolute
transmission through a gas sample is possible with high accuracy. It is demonstrated that
the optical noise of the system can be controlled to within the receiver noise level. This
is achieved by selecting an appropriately long delay line and polarization controllers for
both signal components. The fiber delay line length is more than 20 times the coherence
length of the laser under cw conditions, and even greater with the modulation applied.
Hence, even for worst case conditions of beam polarization, the interference noise is
minimal. Under conditions of crossed polarization, the interference noise remains stably
less than the receiver noise over long periods of time. If required active polarization
control can be applied easily to maintain this condition. Polarization-maintaining
components and fibers can also be used since these are becoming increasingly

affordable.

The problem of a lack of a readily available normalization signal has been addressed.
A robust signal normalization method has been devised that avoids the additional step of
baseline fitting. It was shown that the output of the system with the delay fiber
disconnected (i.e. no nulling) can be used directly to normalize the nulled signal without
incurring significant error for low concentrations. This is invaluable for field-
deployable, stand-alone instruments that are required to monitor processes in real-time

where user-intervention at any step of processing is impractical.
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The long-term stability of the RAM nulling condition is excellent, with no need for
adjustment over many hours of experimentation. In any case, it is reasonably
straightforward to compensate for small drifts with time by periodic adjustment of the
VOA. With these features, this new RAM nulling technique can lead to improvements
in sensitivity for 1* harmonic detection schemes such as the RAM method and the PDM.
The technique is fully validated by experimental results presented in the next chapter for

different concentrations of methane and varying modulation indices.
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Chapter 5

Calibration-free 1/ WMS with RAM

nulling — Validation of technique

5.1 Introduction

The RAM nulling technique described in the earlier chapter to optically eliminate the
concentration-independent 1/ RAM component due to the direct IM of the DFB laser
represents a significant step towards alleviating the problem of a high background signal

in 1f WMS in general. It is also particularly important for the two 1f calibration-free
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techniques namely, the RAM technique [1], and the Phasor Decomposition method
(PDM) [2], for the recovery of absolute gas absorption profiles. This chapter first
provides a preliminary demonstration of the RAM nulling strategy. RAM-nulled
absorption signals for two values of concentration are fully analyzed to demonstrate the
recovery of absolute gas absorption line shapes. The issues involved in signal
normalization are then discussed followed by a description of a practical and convenient
signal normalization method. Results using the RAM method for 10.13% and 1.02%
methane and two values of modulation index are presented next. These results show that

accurate recovery of absorption lines is possible with RAM nulling in place.

The mathematical formulation necessary for the PDM with RAM nulling
incorporated is then introduced along with a description of the signals involved. Detailed
experimental demonstrations are presented for the PDM with RAM nulling incorporated
for 10.13% and 1.02% methane at varying modulation indices under ambient conditions
of pressure and temperature. It is shown that the results with nulling are just as accurate
as those without nulling. The validity of a practical normalization strategy introduced in
this chapter is also demonstrated. For modulation indices beyond 0.7, however, the
accuracy of measurement is degraded because the Taylor series expansion does not
account for higher order terms that become significant at high values of modulation
index. The chapter ends with a comparison of results for 0.1% methane with and without
RAM nulling. It is shown that RAM nulling makes it possible to recover the
concentration-dependent absorption profile that is otherwise lost in the high RAM
background if RAM nulling is not implemented. The results for 0.1% are fully analyzed
at the end of chapter 6.

5.2 Preliminary demonstration of RAM nulling

This section presents a preliminary demonstration of the elimination of the 1/ RAM
background using the experimental arrangement described in the previous chapter.
Section 5.2.1 shows the RAM nulled signals for three values of concentration of

methane at ambient conditions of temperature and pressure. The elimination of the
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background requires the identification of a suitable normalization signal. The
normalization technique is described next in Sec. 5.2.2. Finally a practical method of
signal normalization is discussed in Sec. 5.2.3 that is better suited for industrial
operation of such systems. Detailed experimental results using RAM nulling for various
concentrations of methane are presented later in the chapter along with associated issues

that complicate signal recovery.

5.2.1 Elimination of the 1f background RAM

Figure 5.1 demonstrates the efficacy of RAM nulling process for three concentrations of
methane in nitrogen (10%, 1% and 0.1%) at a pressure of approximately 1 bar and a

temperature of approximately 20°C.
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Fig. 5.1: LIA signals for 10.13%, 1.02% and 0.1017% methane in nitrogen for (a)
RAM-nulled case, and (b) Non-nulled case, showing the large background level that
obscures the absorption signal.

In Fig. 5.1b the concentration-independent 1/ RAM is clearly evident from the high
background. The background level is different because the experiments were performed
on different days and the optical throughput of the system was different. The significant
reduction in the high, concentration-independent background is clearly seen from a
comparison of Fig. 5.1a and Fig. 5.1b. The apparent mismatch in the peak position of the

three signals is due to the fact that these data were recorded on different days, and no
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attempt was made to maintain constant settings for the trigger level and horizontal
position setting of the oscilloscope. This apparent anomaly is resolved by wavelength-
referencing these signals using the corresponding and simultaneously-recorded resonator
output. Clearly, the background level for the nulled case is nominally zero, but with a
small sloping non-zero component that arises from the wavelength dependencies of the
couplers. This issue is examined more closely in the next chapter. The slope of the non-
nulled signal is dictated by the characteristic downward slope of the linear IM

term A/(A,.), which is in turn governed by the nature of the DFB laser’s current-intensity

curve. For each case the sensitivity setting of the LIA was different and maximized
without causing saturation. For the non-nulled cases it becomes increasingly difficult to
selectively and cleanly recover the absorption-dependent signals for low concentrations
due to the high background. The significant reduction of the background level allowed
the LIA sensitivity/gain to be increased greatly without causing saturation and if
required, the recovered absorption signals can be selectively amplified further before
being digitized in order to reduce the effects of quantization noise. This clearly
demonstrates the recovery of the RAM nulled signals. The recovery of the absorption

line by appropriate signal normalization is demonstrated in the following section.
5.2.2 Normalization of signals

As explained in Sec. 4.3, the near-perfect cancellation of the baseline with the RAM
nulling in place implies that, by default, there is no signal that can be used to normalize
the absorption-dependent RAM-nulled signal. Therefore the signal at OP; with the delay
fiber disconnected must be used for signal normalization. Figure 5.2 shows the nulled
and non-nulled outputs at OP; along with a baseline fit to the latter for a gas
concentration of 10.13%. These are the only signals that are required to extract the gas

absorption line.

The OP; signal with the delay arm disconnected is shown in green. This signal is the

same as that given by Eq. 2.6 and is given by A/ (4,)[1-a(A4.)CI]siny coswt . Note that

the relatively strong absorption superimposed on this signal makes it necessary to fit a
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baseline to it so as to negate the effect of the absorption on the normalization signal. If
this is not done the extracted absorption profile will be in significant error. A baseline fit

to this signal shown in red, is mathematically given by A/, (A4, )siny coswt. Using Eq.

4.11 the gas absorption line can now be extracted.
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Fig. 5.2 Signal at OP; with and without nulling and the baseline fit to the latter.

Finally, the validity of the RAM nulling technique and the normalization strategy are
conclusively proved by fully analyzing the results for 10.13% and 1.02% methane under
ambient conditions as shown in Fig. 5.3. The time-indexed x-axis has been converted to
wavelength axis by using the fiber ring resonator and the wavelength-referencing
strategy described earlier. The signals have been scaled by the corresponding lock-in
amplifier sensitivities. Clearly, the absorption line can be recovered with high accuracy
with the RAM nulling technique in place. The same method of normalization using

baseline fits to the non-nulled signal has been used for both cases.

A subtle practical issue that is apt to be overlooked in a laboratory environment is the

process of baseline fitting discussed earlier. This is elaborated in the following section.
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Fig. 5.3: Relative transmission for methane for (a) concentration 10.13%, pressure
1.067 bar temperature 22.6°C, and (b) concentration 1.02% , pressure 1.082 bar and
temperature 23.6°C.

5.2.3 Practical method for signal normalization

Although the RAM nulling technique and the normalization process described above
work well, the additional requirement of having to fit a baseline to the nulled OP; signal
in Eq. 4.11 as well as the non-nulled OP; signal (with the delay arm disconnected) is
inconvenient for stand-alone field-deployment of such instruments. The baseline fitting
requires the availability and identification of offline line regions that are spectrally well
separated from the target absorption feature. If the baseline for the nulled signal is
estimated based on points that are not sufficiently far removed from the line centre, the
recovered absorption profile gets artificially narrowed as shown in Fig. 5.4 for a 10.13%

mixture of methane under ambient conditions of pressure and temperature.
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Fig. 5.4: Systematic measurement error introduced by signal normalization using a

baseline fit estimated using off-line regions that are too close to the absorption feature
The systematic error introduced by the baseline estimation is clearly seen by the
narrowing and an apparent upward shift of the line. It is tempting but incorrect to shift
the trace down for a better match between the spectral wings of the experimental data
and the theoretical plot. The narrowing of the line translates to higher errors in the
extraction of pressure which is related to the FWHM of the recovered profile. Any
artificial vertical shifting of the experimental plot introduces errors in concentration
which is related to the peak depth.

Reduction of this systematic error requires optimization of the baseline fit. This
implies a certain degree of user intervention in identifying suitable off-line regions that
is crucial for accurate measurements. Although baseline optimization is not difficult in a
laboratory environment such operational luxuries are often not afforded by stand-alone
instruments in field applications. The requirement of a baseline fit has a two-fold
implication for sensitive practical systems. First, a strong and spectrally well-isolated
absorption line must be available for interrogation. Second, the laser must be scanned
over a spectral range wide enough to enable the identification of suitable off-line regions
for baseline fitting. In many industrial applications, it may be difficult to ensure either or
both of these conditions. Even for modest pressures a well-isolated line broadens out

considerably and its wings may be affected by similar broadening of adjacent spectral
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features. The range of the wavelength scan is limited by the recommended safe
operating range of the laser current which therefore makes it even more difficult to
include non-absorbing spectral wings in high pressure applications. Moreover, if
multiple gas lines need to be recovered, the need for non-absorbing spectral wings for
each feature becomes an even more impractical requirement. For the methane line
chosen for these experiments, interference from other spectral features is not a problem
but this cannot be expected to be the case in general. Therefore, it is clear that baseline
fitting to the nulled signal is a potential limitation and steps need to be taken to deal with
this issue.

For the initial results presented here a small residual slope in the nulled signals was
unavoidable. As pointed out earlier, this is due to the small wavelength-dependence of
the couplers. It is possible, however, to use wavelength-flattened couplers that have
much smaller wavelength-dependence and choose the experimental configuration
properly to virtually eliminate this slope. By this method the need for baseline fitting to
the nulled signal in Eq. 4.11 is removed. This point will be developed further in Chapter
6 where the details of the experimental arrangement and the associated analysis are
presented.

The second issue is that of baseline fitting to the non-nulled signal. Ideally the
normalization process should require no baseline fitting and therefore no user-
intervention. A readily available normalization signal is of great value in a practical
system because this enables full automation of the system for maximum robustness and
flexibility. It has been shown that for signal normalization, a baseline fit to the non-
nulled signal had to be used. It turns out, however, that for low concentrations it may not
be necessary to fit a baseline to the non-nulled signal. The signals for a 1.02% methane
mixture with and without nulling, as shown in Fig. 5.5, are considered next. It is seen
that for this low value of concentration there is very little effect of the gas absorption on
the non-nulled signal. This should be contrasted with the case for a concentration of
10.13% shown in Fig. 5.2. Note that amplification of the non-nulled signal is limited by
the high offline background level and therefore it is not possible to selectively amplify

the absorption signal. However, no such condition exists for the nulled signal. This
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implies that for such low concentrations the effect of absorption on the non-nulled signal
will be negligible, and the acquired signal and its baseline fit will be indistinguishable.
This condition can be written mathematically
asAl (A)[1-a(A,)Cl]siny coswt = Al,(A,)siny coswt .  Therefore, the non-nulled

signal itself can be used for normalization.
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Fig. 5.5: Raw signals at OP, for methane for concentration 1.02%, pressure 1.082 bar

and temperature 23.6°C with nulling and without nulling.

The validity of using the non-nulled signal directly instead of the baseline fit for
normalization signal is demonstrated in Fig. 5.6 in which a comparison between the two
normalization strategies is made for 1.02% methane. In the first case the absorption
signal is normalized by the baseline fit to the non-nulled signal, while in the second the
non-nulled signal itself is used for normalization. It is clearly seen that the recovery of
the line shape is just as accurate except for a very small difference in the peak value.
This difference is in any case very small and will be negligible for lower gas
concentrations. The mismatch to left of the traces was verified to be due to electrical
noise. The negligible difference between the two cases implies that for the normalization
process, it is not necessary to use a baseline fit to the OP; signal with the delay arm

disconnected.
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Fig. 5.7: Relative transmission for methane for concentration 10.13%, pressure 1.082
bar and temperature 23.6°C extracted by, (a) normalization by baseline fit to the
signal at OP; with the delay arm disconnected, and (b) by the signal at OP; with the

delay arm disconnected.
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For the case of the 10.13% methane mixture shown in Fig. 5.7 the significant
difference between the two cases implies that for higher concentrations the baseline fit to

the OP; signal with the delay arm disconnected must be used for normalization.

5.3 Experimental results using the RAM technique with

nulling

To fully validate the method for the recovery of absolute gas absorption line shapes,
measurements are presented in the following sections for certified values of 10.13% and
1.02% mixtures of methane in nitrogen balance at atmospheric pressure and temperature.
The experimental data are compared with theoretical Voigt profiles simulated using the
HITRAN 2004 spectral database. First, the recovered data was processed according to
Eq. 4.11 and then the time-indexed horizontal scale was converted to a wavelength scale
using the simultaneously recorded output signal from the accurately characterized fiber
resonator. The value of the modulation index, m, was chosen to be approximately 0.2
and 0.7 for the RAM method with nulling. For m-values greater than 0.2 it is necessary
to use appropriate correction factors [1, 2], mentioned in Sec. 2.4.3 to account for
additional 1f components that arise due to the cross coupling of the linear IM and higher
order terms from the Taylor series expansion of the spectrally-modulated absorption.
The excellent agreement between the experiments and the theory proves that the
accuracy of measurement has not been compromised by the RAM nulling technique and
its data processing algorithm. Results with and without background nulling are

compared to prove that the normalization strategy is correct and efficient.
5.3.1 RAM method with background nulling for 10.13% CH,

Two sets of results are presented below for each of two m-values to demonstrate the
accurate recovery of the absorption line shape using the RAM method with the 1f
background RAM nulling. The small variations in the two sets of data for each m-value

are inevitable under normal experimental conditions. It is seen that the signals for the
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higher m-value have higher SNR. All signals have been digitally filtered as discussed

later in chapter 6.
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Fig. 5.8: 10.13% CH, at 1.014 bar and 20.4°C, m = 0.2, @ = 32° LIA tc = Ims, LIA
sens: RAM nulled = 100uV, non-nulled = 500uV
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Fig. 5.9: 10.13% CH, at 1.026 bar and 20.1°C, m = 0.2, ® = 35° LIA tc = Ims, LIA
sens: RAM nulled = 50uV, non-nulled = 100uV
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Fig. 5.11: 10.13% CH, at 1.014 bar and 19.2°C, m = 0.7, @ = 35°, LIA tc = Ims, LIA
sens: RAM nulled = 100uV, non-nulled = 500uV
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The variations on the residuals for the data for m = 0.2 reflect the effect of etalon fringes
that is also visible on the experimental data. For m = 0.7 the stronger gas signals
effectively suppresses this effect and the residuals show much less variations. There is a
small but consistent mismatch between the two plots to the right of the line-centre. The
reason for this is not yet fully established but could be due to a small error in the
selection of the LIA phase or in the correction factor algorithm that assumes a constant

value of tuning rate of the laser (GHz/mA) throughout the scan range.
5.3.2 Comparison with RAM method without nulling

Results without the background nulling are presented below for m = 0.2 and m = 0.7,
and for almost the same pressure and temperature values to show that accuracy of the

recovery of gas absorption lines is not compromised by the RAM nulling arrangement.
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Fig. 5.12: 10.13% CH, at 1.014 bar and 20.7°C, m = 0.2, & = 32° LIA tc = Ims, LIA
sens: RAM signal = 500uV
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Fig. 5.13: 10.13% CH, at 1.013 bar and 20.5°C, m = 0.7, @ = 32° LIA tc = Ims, LIA
sens: RAM signal =2mV

5.3.3 RAM method with background nulling for 1.02% CH,

Results for methane concentration of 1.02% in nitrogen balance are shown next to
demonstrate the accurate recovery of the absorption line shape for lower concentrations
using the RAM method. It is seen that for m = 0.2 the signal-to-noise ratio is poor due to
the etalon fringes that arise mainly from the gas cell. However, for m = 0.5 and m = 0.7,
the signal-to-noise ratio improves greatly. Recovery of gas absorption lines with good

accuracy is thus possible.
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5.3.4 Comparison with RAM method without nulling

Just as in the previous case, the result without nulling is presented for comparison that

shows that the nulling does not have any adverse effects on the data.
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Fig. 5.18: 1.02% CH, at 1.013 bar and 20.5°C, m = 0.7, @ = 32° LIA tc = Ims, LIA
sens: RAM signal =2mV
It is seen from these results that the absorption line can be recovered with high fidelity
using the RAM nulling technique. A comparison of results with and without RAM
nulling shows that the signal-to-noise ratio of the RAM nulled signals is not
compromised. The modulation index for the recovery of these signals was limited to m =
0.7. This is well below the optimum value of 2.0 for 1f detection. The correction factor
algorithm in its present form does not perform adequately for higher m-values. In the
next section results using the PDM are presented for m-values up to 2.2, where the effect
on the recovered line shapes and the inadequacy of the correction factor algorithm are
evident. However, as pointed out earlier a new algorithm is being developed that has
performed much better. This topic will not however be described here since it does not

form the central theme of this thesis.
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5.4 Experimental results using Phasor Decomposition

method with RAM nulling

This section presents detailed results of using the Phasor Decomposition method with
RAM nulling. A mathematical treatment of the process and a description of the signals
that are involved are presented. Two concentrations of methane are used and the
modulation index is varied from low to high values. It is demonstrated that the recovery
of line shape is achieved with good accuracy for m-values up to about 0.75 whereas for
higher m-values the current strategy of correction factors is not adequate. However the

validity of using the PDM with RAM nulling is clearly demonstrated.
5.4.1 Analytical Description of PDM with RAM nulling

Experimental results are presented in this section with the background RAM nulling
incorporated in to the calibration-free Phasor Decomposition Method (PDM). The PDM
was extended to detect 10.13% and 1.02% methane under ambient pressure and
temperature, and for increasing modulation indices.

To appreciate how the background RAM nulling affects the PDM it is necessary to
review the expressions for the signal. The signal on channel Y for non-nulled PDM has

been derived earlier in Eq. 2.7 and is reproduced below,

da(A)

Lpony =AI(4,) {1 - a(/ic).C.I} —I(/lC)7

Cl.oAcosy (5.1)

ﬂ’C

With the background nulling in place the direct IM term drops out and the channel Y

output is given by,

da(A)

[]_/‘ChYnulled == AI(ZL)a(ﬂL )Cl - I(z’L ) dT

.CloAcosy (5.2)

Z’L

The signal on the orthogonal channel X is unaffected by the nulling and is given by,
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oM\ o) sasiny (5.3)
di |,

c

IlfChX :_I(/lc)

Therefore, the full absorption-dependent signal is recovered from Eq. 5.2 and Eq. 5.3
and knowledge of v by,

I
VX — _ AI(A)a(A,).Cl (5.4)
tany

Toas = ]lfChYnulled -

The signals 7, ;¢ » 1, ;cpy a0d 1, /¢y 000 @€ shown in Fig. 5.19 and Fig. 5.20, for 10.13%

and 1.02% methane respectively, in which the effect of RAM nulling is clear.
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Fig. 5.19: Signal components used in PDM with RAM nulling for 10.13% methane at
1.095 bar pressure at 21.9°C and for modulation index of 0.75
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Fig. 5.20: Signal components used in PDM with RAM nulling for 1.02% methane at
1.082 bar pressure at 22.1°C, and for modulation index of 0.75

The normalization process is similar to that used in the RAM approach. A baseline fit to

off-line points either side of the line centre of the /,,,, signal is used for normalization.

This baseline is essentially the linear IM and is mathematically given by /, =AI(4.).

aseline

For low concentrations it is possible to use the non-nulled signal,/, ,,,, directly for

normalization. A comparison of normalization with and without baseline fit for 1.02%
methane is shown in Fig. 5.21 that shows that very little error is introduced if the
baseline fit is not used. This is not entirely unexpected since the non-nulled signal is
heavily dominated by the linear IM term. For low concentrations, the addition of the
small 1% derivative component to the linear IM background does not change the net
value greatly in the vicinity of the line centre because the 1% derivative component is

nearly zero in this region. Therefore, the I, signal itself can be used for

normalization. However for a concentration of 10.13% using the non-nulled signal
directly does not give accurate results as shown in Fig. 5.22. In addition to the error in
concentration there is also a shift in the peak position. These are both due to the
relatively high value of the 1% derivative component that significantly alters the

normalization signal and therefore the final value of the relative transmission.
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Fig. 5.21: Relative transmission for 1.02% methane at a pressure of 1.082 bar and

temperature of 22.1°C extracted by, (a) normalization by baseline fit to the signal at

OP; with the delay arm disconnected, and (b) by the signal at OP; with the delay arm

disconnected. m
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Fig. 5.22: Relative transmission for methane for concentration 10.13%, pressure

1.095 bar and temperature 21.9°C extracted by, (a) normalization by baseline fit to the

non-nulled signal at OP;, and (b) normalization by the non-nulled signal at OP,, for

m=10.75
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5.4.2 PDM with RAM nulling for 10.13%

Detailed results for 10.13% and 1.02% methane under ambient conditions of
temperature and pressure are shown next. The m-value has been varied from 0.2 to 2.2.
Accurate recovery of line shapes is possible for m-values up to about 0.7 with the
present correction factors. This limitation is being studied in greater detail by other
researchers within the group with promising initial results. Suitable algorithms have
been devised that successfully implement the necessary corrections up to the optimum
value of m=2. However, since the aim of this thesis is to investigate only the RAM
nulling technique the imperfect results have been retained since these do not signify

shortcomings of the nulling technique itself.
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Fig. 5.23: m=0.2, C=10.13%, P =1.099 bar, T =22°C, f=101.2 kHz, @ =-11.8°,
LIA tc = Ims, Mod voltage = 330.6 mV, LIA sens: AM_FM = 200uV, Sep FM =
200uV, Gas_OPI1 _break2 = 200uV
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Fig. 5.24: m = 0.5, C=10.13%, P =1.095 bar, T = 21.9°C, f=101.2 kHz, @ =-11.8°,
LIA tc = Ims, Mod voltage = 826 mV, LIA sens: AM_FM = 200uV, Sep_ FM = 200uV,
Gas_OP1_break2 = 500uV
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Fig. 5.25: m=0.75, C=10.13%, P=1.095 bar, T =21.9°C, f=101.2 kHz, ® =-11.8°,
LIA tc = Ims, Mod voltage = 1239 mV, LIA sens: AM_FM = 500uV, Sep FM =
500uV, Gas_OP1_break2 = ImV
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Relative Transmission

O'?sﬁﬁr}.e 1650.85 1650.8 1650.95 1651 1651.05 1651.1
A (i)
0.02 -
residicls
s}
-0.02 ' ' ' ' : !
16508 1650.85 1650.9 1650.95 1651 1651.05 1651.1
A (Fred

Fig. 5.26: m=1.0, C=10.13%, P =1.093 bar, T = 21.9°C, f=101.2 kHz, @ =-11.8°,
LIA tc = 1ms, Mod voltage = 1653 mV, LIA sens: AM_FM = 500uV, Sep_FM =
500uV, Gas_OP1 _break2 = ImV
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Fig. 5.27: m=1.5, C=10.13%, P =1.090 bar, T = 21.9°C, f=101.2 kHz, @ =-11.8°,
LIA tc = 1ms, Mod voltage = 2479 mV, LIA sens: AM_FM = 500uV, Sep_FM =
500uV, Gas_OP1 _break2 =2mV
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Fig. 5.28: m=2.2,C=10.13%, P=1.088 bar, T =22.0°C, f=101.2 kHz, ® =-11.8°,
LIA tc = Ims, Mod voltage = 3306 mV, LIA sens: AM_FM = 500uV, Sep FM =
500uV, Gas_OP1_break2 =2mV

These results show that beyond m = 0.75 there is a significant 2™ derivative
component in the residuals. This implies that for high m-values the linear IM-induced
2" derivatives of the line shape that are projected on to the RAM axis are not properly
accounted for. This results in significant errors in concentration as well as pressure
measurements for high m-values. The nature of the residuals is quite typical of such
plots. It is also noted that the fit is very good in regions away from the line centre.

The next section shows results for a similar set of experiments performed on a lower

concentration of gas where a consistent behaviour of signals is seen for high m-values.
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5.4.3 PDM with RAM nulling for 1.02%
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Fig. 5.29: m=0.2, C=1.02%, P=1.085 bar, T =21.9°C, f=101.2 kHz, ® =-15.98°,
LIA tc = Ims, Mod voltage = 330.6 mV, LIA sens: AM_FM = 50uV, Sep_ FM = 50uV,
Gas_OP1_break2 = 500uV
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Fig. 5.30: m= 0.5, C=1.02%, P=1.083 bar, T=22.1°C, f=101.2 kHz, ® =-15.98°,
LIA tc = Ims, Mod voltage = 826 mV, LIA sens: AM_FM = 50uV, Sep FM = 50uV,
Gas_OP1_break2 = ImV
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Fig. 5.31: m=0.75, C=1.02%, P = 1.082 bar, T =22.1°C, f=101.2 kHz, @ =-15.98°,
LIA tc = Ims, Mod voltage = 1239 mV, LIA sens: AM_FM = 100uV, Sep FM =
100uV, Gas_OP1_break2 =2mV
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Fig. 5.32: m=1.0, C=1.02%, P=1.080 bar, T =22.3°C, f=101.2 kHz, ® =-15.98°,
LIA tc = Ims, Mod voltage = 1653 mV, LIA sens: AM_FM = 100uV, Sep FM =
100uV, Gas_OP1_break2 =2mV
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Fig. 5.33: m=1.5, C=1.02%, P=1.078 bar, T =22.5°C, f=101.2 kHz, ® =-15.98°,
LIA tc = Ims, Mod voltage = 2479 mV, LIA sens: AM_FM = 100uV, Sep FM =
100uV, Gas_OP1_break2 = 5mV
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Fig. 5.34: m=2.2, C=1.02%, P=1.077 bar, T =22.6°C, f=101.2 kHz, ® =-15.98°,
LIA tc = Ims, Mod voltage = 3306 mV, LIA sens: AM_FM = 200uV, Sep FM =
200uV, Gas_OPI1 _break2 = 5mV
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5.4.4 Discussion of results

These results demonstrate that by incorporating RAM nulling in the system accurate
recovery of the absorption line shape is possible using the Phasor Decomposition
method. The main limitation of the present system is the presence of etalon fringes that
limits measurements of lower concentrations. It should be possible to eliminate these

with an optimized design of the gas cell.

At present accurate recovery of the line shape is not possible for high m-values that
actually optimize the signal level. This is slightly disappointing although initial results
with a new correction factor strategy that works up to m = 2.0, have shown a marked
improvement. It is expected that further work in this direction will lead to optimization
of the correction factor algorithm that in turn will significantly increase the SNR of the
RAM technique as well as the PDM and thereby make them competitive with traditional
1/ WMS techniques.

5.5 Comparison of signals for low concentration with

and without RAM nulling

The effect of RAM nulling is particularly evident for low concentrations as shown in
Fig. 5.35 in which the RAM signal is shown with and without background RAM nulling
for methane at a concentration of 0.1% . It is clearly seen from Fig. 5.35a that for the
measurement made with RAM nulling the low-level absorption-dependent signal
(evident from the values on the y-axis) is distinguishable against the background. As
pointed out earlier this signal can be further amplified if necessary. However this is not
the case for the measurement made without RAM nulling shown in Fig. 5.35b. It is clear
that the absorption dependent signal is almost indistinguishable against the high level of
sloping background signal. If this signal were to be used it would be nearly impossible
to correctly set up the LIA detection phase since the concentration-dependent signal is

obscured by the offline region dominated by the IM of the laser. Another set of results
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is shown in Fig. 5.36 and the normalization by the corresponding background is shown

in Fig. 5.37.
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Fig. 5.35: (a) RAM nulled and (b) non-nulled signals for C=0.1017%, P = 1.116 bar,
T=223°C, f=101 kHz, m = 0.7, @ = 33° LIA time constant = Ims, Mod voltage =
1156 mV, LIA sensitivity: RAM with nulling = 100uV, RAM without nulling = SmV
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Fig. 5.36: (a) RAM nulled and (b) non-nulled signals for C=0.1017%, P = 1.116 bar,
T=223°C, f=101 kHz, m = 0.7, @ = 33° LIA time constant = Ims, Mod voltage =
1156 mV, LIA sensitivity: RAM with nulling = 20uV, RAM without nulling = ImV
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Fig. 5.37: (a) RAM-nulled absorption signal normalized by a baseline fit, and (b)

Non-nulled signal normalized by baseline fit

The normalization process clearly shows that the baseline fitting to the non-nulled
signal is difficult due to the poor contrast between the non-absorbing spectral wings and
the actual absorption-dependent signal. The relative transmission recovered in this way
cannot be used for the extraction of concentration or pressure. The RAM-nulled signal is
much easier to recover and the baseline fitting is indeed easier. It should be noted
however that in practice the RAM-nulled case is not normalized by this baseline. This
has been done here only to illustrate the relative ease with which a baseline may be fitted
to the RAM-nulled signal if that is required. Such a baseline fitting may be useful in

removing the residual slope on the RAM-nulled signal.

These results clearly show that for low concentration levels the RAM nulling
technique helps to recover low level signal that are otherwise obscured by the
concentration-independent signal components due to the laser’s IM. However at such
signal levels the optical design of the system becomes important because etalon fringes
tend to become the dominant source of noise. Although the signal levels encountered

with RAM nulling are sufficiently large for digitization it is the preservation of the
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signal shape that is important in these applications. The etalon fringes that are evident in
Fig 5.35a and Fig 5.36a tend to mainly distort the shape of the absorption line shape.
Therefore careful attention needs to be paid to the optical design in order to fully exploit

the RAM nulling technique.

The dominant downward slope of the non-nulled signals in Fig 5.35b and Fig 5.36b is
due to the characteristic wavelength-dependent behaviour of the IM of this laser. The
upward slope on the RAM-nulled signals is a result of the interplay of the wavelength-
dependence of the IM and that of the couplers used in the system. This will be explored
in detail in the next chapter along with a strategy to minimize any residual slope on the

RAM-nulled signals.

5.6 Conclusion

Experimental results have been presented using the two calibration-free 1f WMS
techniques namely the RAM method and the PDM with RAM nulling incorporated in
them for 10.13% and 1.02% methane in nitrogen balance. Gas measurements for 1.02%
methane have been performed with ease at a very modest modulation frequency of 100
kHz. It is seen that for modulation indices above about 0.75 the recovery of the
absorption line shape is inaccurate. This is due to the fact that the Taylor series
approximation breaks down for high m-values. However the aim of this thesis was
specifically to demonstrate a technique to eliminate the 1/ RAM and extract a practical
signal normalization strategy. Concurrent research within the group has led to the
development of an improved correction-factor algorithm that can handle arbitrarily large
modulation indices. Initial results have been promising and it is expected that the
implementation of the RAM nulling technique in conjunction with the new algorithm

will enable accurate extraction of the absorption line shape for high modulation indices.

A comparison of signals with and without RAM nulling for low concentrations shows
that the actual absorption-dependent gas signal that is obscured by the laser’s IM in the
non-nulled case, can be recovered with RAM nulling in place. This shows the promise

that RAM nulling holds for low level gas detection. However, in the current system,
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etalon fringes arising from the parallel faces of the GRIN lenses in the gas cell are the
main limitation to high sensitivity and indeed prevent any meaningful study of
sensitivity in relation to detector or optical noise. A new gas cell, based on a con-focal
lens arrangement with superior anti-reflection coatings is being designed for more

effective suppression of the etalon effects.

In the course of these experiments it was observed that in the RAM method of signal
recovery, the background RAM-nulled output at OP; with or without gas, does not sit
exactly on a zero level but has a small sloping background signal. This is due to the
different wavelength dependencies of the signal paths taken by the two signal
components through the two couplers. The subtraction of the no-gas signal in the
numerator of the last term Eq. 4.11 puts the data on an exactly zero level before
normalization and calculation of the gas transmission. OP,, ¢4s can be obtained without
gas in the cell or from a curve fit to the off-line data in the OP,g4,, signal. However, this
observation is contrary to expectations, and is investigated in greater detail in chapter 6
through a mathematical model of the RAM nulling process that takes into account the
wavelength-dependencies of the linear IM and the fractional coupling ratios of the two
3dB couplers used in the setup. Three distinct experimental configurations with distinct
RAM nulling conditions are shown to exist. The simulated and experimental outputs for
these three configurations are shown to agree to a very good extent. The first of these
configurations gives an essentially zero baseline for the nulled signal. This makes it very
useful for automated systems since baseline fitting to the nulled signal is totally

eliminated.
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Chapter 6

Mathematical model of RAM nulling

6.1 Introduction - unexpected nature of nulled signals

The experimental results presented earlier adequately demonstrate the RAM nulling
technique to optically eliminate the concentration-independent 1/ background RAM. As
explained in detail earlier, the DFB laser output is symmetrically split in two parts, the

relative amplitudes of the two IM components are appropriately adjusted and they are
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recombined through a fiber-optic 3dB coupler so that in the absence of gas they cancel,
thereby giving rise to a zero signal in the absence of gas. In the presence of a gas the
differential absorption in the gas cell relative to the fiber delay line produces a
concentration-dependent imbalance at the output. It had been initially expected that for
an optimized nulling arrangement, the RAM nulled absorption signal would appear on a
perfectly zero baseline. However, repeated experiments have shown that there is a small
sloping non-zero baseline signal for all concentrations as borne out by Fig. 6.1 that

shows the concentration-dependent RAM component isolated from the IM-WM

component.
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Fig. 6.1: RAM nulled gas absorption signals for 10.13%, 1.02% and 0.1017% CH, at

ambient pressure and temperature showing the upward slope on signals.

For relatively strong absorption signals the sloping non-zero baseline is not
immediately obvious because the low post-detection amplifier gains do not accentuate
this feature adequately. It is only when the gain is increased for small absorptions that
the baseline becomes prominent. The presence of a non-zero baseline means that
contrary to initial expectations, the RAM nulling condition does not hold precisely over
the entire wavelength scan. This raises a fundamental question about the basic

understanding of the technique. In the preliminary mathematical treatment presented in
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Sec. 4.3, the interplay of the wavelength dependence of the coupling ratios of the 3-dB
coupler and that of the IM of the DFB laser were not considered in detail for the sake of
brevity and clarity, although it was recognized that they were expected to influence the
nature of signals.

Here, a slightly modified experimental setup is considered and a generalized
treatment of the RAM nulling technique is presented that explicitly takes into account
the wavelength dependence of the various terms. Three different possible experimental
configurations are analyzed and it is shown that of the four different input-output
configurations only three give rise to distinct expressions for the output, and of those
there is one configuration that leads to a precisely zero baseline throughout the
wavelength scan range of the laser. This is an important step forward with regard to the
RAM nulling technique for the following three reasons. First, although it is
straightforward, in principle, to remove the baseline through curve fitting and
subtraction, this may not necessarily be practical for systems intended for automated
real-time measurement. A second and more subtle but significant issue is that if the
nature of the wavelength-intensity (or equivalently, current-intensity) curve for a given
laser is significantly nonlinear over the scan range of the laser current, the baseline of
the signals shown in Fig. 6.1 that is influenced by the variation of the linear IM with
wavelength, will have greater curvature. This will further complicate the baseline fitting.
Recently some novel DFB laser structures for carbon monoxide sensing [1, 2], and
VCSELs [3, 4], for oxygen and other trace gas sensing have been reported in which the
lasers have been shown to have distinctly more nonlinear current-intensity
characteristics than a telecom DFB over their typical scan range. The variation of

AI(A) for such lasers can be expected to be significantly more nonlinear than a typical

telecom DFB. Finally, for noisy signals it is not easy to define suitable off-line regions
of the curve to which a polynomial fit can be made to obtain the trend of the
background.

Ideally one would like to avoid the process of baseline fitting and subtraction to
eliminate associated errors. A mathematical model of the RAM-nulling process [5], is

developed, and the generic nature of background signals due to the wavelength-
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dependence of the IM and that of the couplers is explained through simulations for the
distinct configurations. Finally experimental results are presented that agree with the

simulations to a good extent thereby validating the model.

6.2 Modeling of the RAM-nulled output

Figure 6.2 shows a simplified version of the RAM nulling setup in which only the
relevant components have been retained. The laser can be connected to either of the
input ports of the first coupler (therefore the greyed-out block at /P;), and for each
configuration, the output can be measured at either of the two output ports of the second

coupler (therefore the greyed-out port OP,).
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attenuator
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Fig. 6.2: Simplified experimental setup.

For the purpose of the model the two couplers are assumed to be identical. It is also
assumed that for each coupler the relative distribution of power from any one input to
the two outputs is the same for both input ports that is to say that each coupler is
symmetrical with regard to its input and output ports. It is easy to source such pairs of
couplers thanks to the highly mature manufacturing technology for various telecoms-

grade fiber-optic components. The fractional self-coupling ratio y,(4)and cross-
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coupling ratio y,(A) for each coupler denote the fraction of launched power retained in
the launch fiber, and that transferred to the coupled fiber respectively at the output of the
coupler. In accordance with the RAM technique of signal recovery, the lock-in phase
was set to isolate the IM-induced component of the signal from the IM-WM. Therefore
only the AI(A)term is considered in the analysis since the intensity-dependent 1*

derivative term is eliminated by phase-sensitive detection.

6.2.1 Configuration 1: DFB connected to IP, of coupler;; output taken
from OP; of coupler,

The RAM nulling condition is initially established with the gas cell evacuated, the
current ramp switched off and only the 100 kHz modulation applied to the laser current.

Throughout the analysisA/(4,), y,,and y,, denote respectively the IM amplitude, the

fractional cross-coupling and self-coupling values for the couplers at the starting

wavelength 4 . The losses for the two signal paths along the gas cell arm and the delay

fiber arm arise from insertion losses at the connectors, the propagation loss through the
cell and the fiber, and the attenuation due to the VOA. Therefore the signals
V5oAI(4,)and y,,AlI(4,) that emerge from OP; and OP; of coupler; arrive at /P; and /P

of coupler, having suffered usually unequal attenuation along their respective paths. For

the analysis, the attenuation (loss) factor through the gas cell arm is denoted by, . A

variable x is also defined as the ratio of the loss along the delay line arm to that along the
gas cell arm. The factor x can be varied by adjusting the attenuation factor of the
variable optical attenuator (VOA) to achieve perfect balance (and hence cancellation) of
the two IM signal components. It will be shown shortly that RAM nulling for each
input-output configuration requires a specific value of x that can be expressed in terms
of the fractional coupling ratios of the two couplers. It is also evident from the definition

of x that its value may be equal to, greater than or less than unity.
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The IM signals at the inputs of coupler, may therefore be written as,
IP, = o, y,,AI(4,)cos ot (6.1)
IP, =xa, y,)Al(4,)cos(wt+r)=-xa, y,,Al(4,)cos wt (6.2)

where, the phase shift of 7 is due to the appropriate arrangement of the modulation
frequency and fiber length given by L =c/2nf , where c is the speed of light, n is the
effective index of the fiber and L is the length of the fiber. The expression for the output

at OP; of coupler, with no gas in the cell and before the ramp is applied can be written

as,

OP,

1no gas

= VyolP, + y,yIP,

(6.3)
= (I=x)a, y,,y,0AL1(4,) cos wt

As explained earlier x will not be unity by default and the output in the absence of gas
will be non-zero. However by controlling the attenuation of the VOA the output can be

adjusted to be zero by satisfying the RAM nulling condition given by,
x=1 (6.4)

In other words, it is necessary and sufficient, in this case, to precisely balance the loss
through the two signal paths to ensure a zero output in the absence of gas. The
generalized expression for the output including the wavelength-dependence of the terms

when the current ramp to sweep the laser wavelength is switched on can be written as,

01)1 no gas = (1_ X) aL yl (ﬂ’c)yZ (ﬂ’c)N(ﬂ’C)COS ot (65)

Note that if the assumption regarding the two couplers being symmetric is valid, the
precisely established RAM nulling condition will hold throughout the scan and the
output for this configuration will be zero irrespective of the wavelength-dependence of

the other terms. In general, however, the nature of the output is determined by the value
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of x in conjunction withAI/(A,), y,(4.)and y,(4.). The cases for which x #1 denotes

partial nulling while that for which x =0 denotes no nulling, with the output being taken
with the delay fiber arm disconnected from coupler,. These distinct cases for each
configuration are discussed in the simulated results presented later. Note that the actual

signal OP, is ideally zero in this case and therefore no additional measurement or

no gas

baseline fitting to the OF, signal is necessary. It will become evident shortly that for

the other configurations the OP will not be zero, and therefore an additional

1no gas
measurement or baseline fitting will be necessary and associated inaccuracies will arise.

For signal normalization it is noted that with gas in the cell, the signal at the input /P,

—a(2,)Cl

of coupler, gets multiplied by e due to the gas absorption. The resulting

generalized output OP_ _for any value of x is given by,

1gas

OP = [e_a(%)c} - x] aL yl (ﬁ“c)yZ (EL)AI(AL) cos wt (66)

1gas

From Eq. 6.5 and Eq. 6.6 the factor x is eliminated since it is not practical (or necessary)
to determine its value experimentally. The relative transmission is given by,
OP,, . —OP

—a(4)Cl _ lgas lno gas
’ o By, GOAL (2, ) cos o (6.7)

Note that for the specific experimental configuration, if the VOA is adjusted so that

x=1, the OF, signal given by Eq. 6.5 becomes zero irrespective of the other terms in

no gas

the expression, and the two equations above reduce to,

OF,

lgas

=[e "M ~1]a, y,(4)3,(A)AI(A,) cos ot (6.8)
and,

OP
—a(4.)Cl _ lgas
¢ = Gy (A)AI(2 ) cos 69)
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The term «, y,(4.)y,(4,)AI(4,)1s simply the output at OP; with the delay fiber arm

disconnected from coupler; (i.e.x=0) and with no gas in the cell. Alternatively, a
baseline fit to the signal with the delay arm disconnected can be taken if it is not feasible
to take an actual “no-gas” signal. It is noted that this signal is heavily dominated by the
AI(A,) term which, for the DFB used, produces a monotonically varying, strong and
clean signal of high average value and it is very easy to fit a baseline to it making it a
convenient normalization signal. It is therefore clear that it is not necessary to separately
and accurately determine the values of o, ,AI(A4,), y,(4.)and y,(4.). It is reiterated that
a highly useful feature of this configuration is that the RAM nulled output is zero
irrespective of the wavelength-dependence of the IM and the couplers. This point will be
developed further at a later stage once the other experimental configurations have been

analyzed.

6.2.2 Configuration 2: DFB connected to IP, of coupler;; output taken
from OP; of coupler,

In the second distinct configuration the expressions for the signals at OP; and OP; of
coupler; and those for the signals at /P, and IP; of coupler, remain unchanged. The

output at OP; of coupler;, before the ramp is applied can be written as,

OP,

2no gas

= YioIP, = y,01F
= yoa, A(A,)cos ot — xya, o, AI(A,)cos ot (6.10)

= (¥1p = Xp5) @, AI(A,)cos t

The RAM nulling condition in this case is different, and is given by,

x=[y%j (6.11)
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The generalized expression for the output with the ramp applied and the gas cell empty

becomes,

OP,

2no gas

=y ()= x»;(A)] &, AI(A,)cos ot (6.12)

Note that the signal OP,, . can be obtained from a gas signal given by the next equation

no gas
by making a baseline fit to it if an actual no-gas signal is inconvenient to record. The

signal in the presence of gas in the cell is given by,
OP, o =1y (A)e " =23 (2], Al(4,) cos ot (6.13)

Using Eq. 6.12 and Eq. 6.13, the relative transmission is given by,

e—a(ﬂ(,)Cl _ OPZgas _OPZnagaS (614)

aLylz (/lc )AI(/?’( ) coswt

Again, «, )’12 (4.)AI(4,), is the output at OP, with the delay fiber arm disconnected and
the gas cell empty, and the same procedure for normalization can be followed. It is
pointed out that even if the RAM nulling condition given by Eq. 6.11 is precisely
satisfied, it cannot be assumed that the final output will be zero throughout the scan

unless 3,(4,) and y,(4,) are totally wavelength-independent. This is where
the AI(4,)— A curve (or equivalently A/(i,,,) —i,, ) becomes important. If the AI(4,)—4
curve for a given laser is highly nonlinear [3, 4], the linear IMA/(A,) , and therefore the

baseline, will have greater curvature and this will further complicate the baseline fitting.
However in the case of configuration 1 this would still not matter since the nulling
condition forces the baseline to be zero throughout the scan. For applications using such
lasers it would certainly be advantageous to have a configuration that will ensure a zero

background despite the variation of A/(4,) .
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6.2.3 Configuration 3: DFB connected to IP; of coupler;; output taken
from OP; of coupler,

In the final distinct configuration the expressions for the signals at OP, and OP; of
coupler; and those for the signals at /P, and IP; of coupler; are different. The signals at

IP; and IP; of coupler, before the ramp is applied may be written as,
IP, = y,,I(4,)cos ot (6.15)
IP, = —xa,y,,AlI(4,)cos ot (6.16)

The output at OP; of coupler; before the ramp is applied is given by,

OP,

1no gas

= YyolP, =y, IP
=a,yi, Al(4,)coswt — xa, v, Al(A,)coswt  (6.17)

= (y220 - x)ﬁzo)aL Al(A,)cos wt

For this configuration, the RAM nulling condition is slightly different from that for the

x=[y2° ym] (6.18)

The generalized expression for the output with the ramp applied and the gas cell empty

previous case, and is given by,

becomes,
OP,, g0 = [V2(A)—xy ()] a, AI(,)coswt (6.19)

Again, the signal OP; ,, 4,s can be obtained from a gas signal given by the next equation
by making a baseline fit to it if an actual no-gas signal is inconvenient to record. The

signal in the presence of gas in the cell is given by,
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OB, =[y;(A)e ™" —x (A)]e, Al(A,)cos t (6.20)

Using Eq. 6.19 and Eq. 6.20, the relative transmission is given by,

- O})lm)gas
5 (6.21)
o, y5(A,)AI(A,)cos wt

lgas

—a(2)Cl _q OR

The term ¢, yj (A4.)AI(A,)is the output at OP; with the delay fiber arm disconnected

and the gas cell empty, and the same procedure for normalization can be followed.

It was initially assumed that once the RAM nulling condition (Eq. 6.11 and Eq. 6.18)
is established, it would hold over the entire wavelength scan since the wavelength-
dependence of y,(4,)and y,(A, )over the very small tuning range of the laser (typically
0.4nm) is weak, and it is well known in modulation spectroscopy that the wavelength-
dependence of AI(A,) for a given DFB is strong. Therefore it was assumed that A/(A4))

would be the dominant factor and that nulling it at the starting wavelength would be
sufficient to ensure a zero background throughout. However, this assumption was
proved to be inaccurate by the distinct slope on the RAM nulled signals. Simulations of
the configurations are carried out to reveal the expected trend of signals for the DFB

used in the experiments.

6.3 Simulation of RAM nulled output

In order to simulate the RAM nulling situation it is necessary to obtain the variation of

the laser IM, AI(A)over the typical range of a wavelength scan, and also the variation of
the fractional coupling ratios of the 3-dB coupler. To estimate A/(A)from the DFB

output intensity /(1) , two approaches may be taken. These are as follows —

1. In the first approach, the mean laser current i, is varied in discrete steps over

a typical scan range. The current modulation of chosen amplitude is also
simultaneously applied. The photodiode voltage displayed on the

oscilloscope is recorded for every current step of SmA. These traces represent
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the simultaneous variation of the mean laser intensity as well as the
sinusoidal IM as a function of the mean laser current. From each trace the
mean intensity and the IM amplitude are obtained by simply extracting the
average and peak-to-peak value of each trace. Although this method of

measurement is accurate, it is rather tedious to perform.

2. The alternative method of estimating the variation of the IM is to obtain the
variation of the mean intensity over a current scan range and to fit a
polynomial to it to establish the functional dependence of the intensity on the
laser current. The variation of the IM is estimated programmatically by

assuming a constant current dither Ai, and evaluating the polynomial at

i iA% at discrete steps of i#,,to give the intensity excursion about each

value of the mean current. This gives an estimate of the nature of variation of
the IM as the current is ramped up. This method is more general and less

tedious to implement.

In accordance with the first method, Fig. 6.3 shows the output observed on the
oscilloscope as the mean laser current is varied over a range of 30-110mA, while the
current modulation amplitude is kept constant at 11.56mA, which corresponds to an m-
value of about 0.7 for the DFB laser used and for a pressure of approximately 1 bar. As
the mean laser current increases, there is an obvious increase of the mean laser intensity.
What is not immediately obvious is the variation of the IM. To clarify these points the

mean intensity and the IM amplitude are plotted separately as a function ofi, .

The variation of the average intensity,/ extracted from the sinusoidal variation of
intensity shown in Fig. 6.3 is plotted below in Fig. 6.4. The dependence of / on laser

current 7,,, 1s accurately represented by a cubic function, as borne out by the norm of

residues of quadratic and cubic polynomial fits.

It is important to ensure that all measurements are performed within the linear

operating range of the photo-detector since detector saturation, particular towards the

181



Chapter 6: Mathematical model of RAM nulling

end of the scan range, introduces artificial nonlinearity in the variation of [ that can

significantly change subsequent estimates and results.

Photodiode output (V)

FomA

0 1000 2000 3000 4000
Tndex

Fig. 6.3: Variation of the laser intensity over a typical scan range of the laser current

measured at the input of the gas cell for modulation current amplitude of 11.56mA
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2 8F y=-8.5e-005*x2 + 0.1*x - 1.6
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Fig. 6.4: Variation of the average intensity I over the current scan range directly

measured at the input of the gas cell, and quadratic and cubic fits.
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The experimentally determined variation of the IM is shown in Fig. 6.5 by extracting the
peak-to-peak value of each trace in Fig. 6.3. The variation of the IM is predominantly

linear as borne out by the close agreement between the linear and quadratic fits.

2 —
o * Al
g R e e *
1.95+ e — linear
~ fa— .
%0 TR S quadratic
1.9 E
1.85 | | | | | | | |
30 40 50 60 70 80 90 100 110
b

Linear: norm of residuals = 0.018491
0.05- Quadratic: norm of residuals = 0.018474

-0.05 -

I I I I I I I I I
30 40 50 60 70 80 90 100 110
b

Fig. 6.5: The linear variation of Al over a typical current scan range directly

measured at the input of the gas cell for modulation current amplitude of 11.56mA.

From the variation of the mean intensity shown in Fig. 6.4, the variation of the IM
amplitude may also be estimated programmatically as explained earlier. The result is
shown in Fig. 6.6 below. It is seen that the quadratic fit is only marginally better than the
linear fit. The norm of residues is understandably much smaller since this is a simulation

where measurement errors are minimized.

The nature of variation depicted in Fig. 6.5 and Fig. 6.6, as well as the actual values
are in close agreement. This justifies the use of programmatically estimating the
variation of A/(A)from the nature of the/—i,,curve that is easier to measure. It is
finally worth noting that the while/ increases over the scan Al(A)decreases. This

should be apparent from the signs of the coefficients of the cubic equation in Fig. 6.4.
This conclusion is also supported by the negative slope of the off-centre regions of the

non-nulled, RAM signals (as in Fig.5.1b) that is essentially due to the A/(A)term.
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Fig. 6.6: Programmatically estimated variation of Al over a typical scan range of the
laser current measured at the input of the gas cell for modulation current amplitude

of 11.56mA. The variation of Al is predominantly linear.

The laser wavelength at each mean current value was also measured using an Agilent
optical spectrum analyzer to correlate the laser current with the wavelength. The
approach of programmatically extracting the nature of variation of the IM from the
1(A)— A curve has been preferred for the simulations so that a comparison can be made
later between the DFB used and recently-reported laser structures with significantly
more nonlinear laser characteristics. Although actual experiments were not performed
because the group does not have access to such lasers, a reasonable comparison can still
be made by this method of simulating the variation of the IM from the nonlinear laser
characteristics.

The wavelength-dependent fractional coupling ratios are estimated next. For a phase-

matched case of a coupler the fractional coupling ratios y,(4) and y,(A) are given by [6-

12],

y,(A) = cos’[k(A)L, /2] (6.22)
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y,(A)=sin’[x(A)L, /2] (6.23)

where, x(A)is the wavelength-dependent coefficient of coupling between the two fibers,
and L, is the coupling length that denotes the length for complete power transfer from

one fiber to the other. It is reasonable to assume a phase-matched case since the
wavelength range scanned by the current ramp is a fraction of a nanometer. The
expression for the coupling coefficient for the case of coupling between two parallel

identical single mode fibers [8, 9] is given by,

o >
k(1) = lfe—(A+Bd1+Cd1) (6.24)
2 a
where, 5= n}-n2)/n’ (6.25)
and d,=d/a, where d, a, n| and n, represent the fiber core separation, core diameter,

core index and cladding index respectively. The parameters 4, B, and C are calculated

from a set of coefficients and the V-number of the fiber, and are given in Ref. [8, 9].

A=5.2789—-3.663V +0.384172 (6.262)
B=-0.7769+1.2252V —0.0152V'2 (6.26b)
C=—-0.0175-0.00647 —0.00097 2 (6.26¢)

Where, in the above equations, V' represents the V-number of the fiber and is given by,

V= 2% n —n (6.27)

It is reiterated here that if calculated values of y,(4)and y,(A) are to be used for signal

normalization to extract the relative transmission in an actual experiment, it would be

necessary to accurately determine the value ofx(A4). However, since the signal

normalization method described in the preceding section does not explicitly need these
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values, the exact values of the 3-dB coupler parameters are not required, and calculated
values may be used to simulate the nature of signals in order to illustrate the nulling
mechanism. For the purpose of the model, typical values of a 3-dB coupler designed to
operate at the centre wavelength of 1550nm have been assumed. For a typical telecom-
grade 3-dB coupler with n, =1.4532, n,=1.45, a=5um,and d =12um,the coupling
length, L, of the coupler is estimated by assuming that the coupler is a perfect 3-dB
coupler at the designed wavelength of 1550nm. By substituting this wavelength value,
K(Ayesign) can  be calculated. The coupling length L, is calculated using the

relation L, = 7/2x,,,,., - The length of the coupler must be half this value for it to be a 3-

dB coupler, and is constant for a given coupler. Assuming this coupler length it is now

possible to estimate the coupler’s response by re-calculating values of y,(A4)and
»,(A) from Eq. 6.22 and Eq. 6.23 for the wavelength range scanned by the laser current.
The variation of y,(41)and y,(A)over the wavelength range actually scanned by the

DFB laser used in the experiments is shown in Fig. 6.7a and Fig. 6.7b.
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Fig. 6.7: Variation of typical 3-dB coupler’s fractional coupling ratios (a) y»(7) and
(b) y1(%)
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The figure above shows the variation of fractional coupling ratio of a typical telecom-

grade fiber coupler over a typical scan range. The percentage changes in y,(4)and
¥,(A)over the wavelength range are only -0.046% and 0.0375% respectively, which

shows that the wavelength-dependence of the coupling coefficients is extremely weak in

comparison to that of A/(A)that changes by -14% which justifies the initial assumption

that the coupling ratios are constant.
6.4 Results of simulation and experiments

The simulated RAM nulled outputs and experimental data for the three experimental
configurations analyzed in Sec. 6.2.1 through Sec. 6.2.3 are shown in Fig. 6.8, Fig. 6.9
and Fig. 6.10. In each of these figures the three upper subplots show the simulated
outputs for three values of x for that configuration, while the lower subplots show the
corresponding experimental data. A representative absorption profile has been
superimposed on the simulated baselines to illustrate the situation better, but it has no

bearing on the nature of the baselines.

6.4.1 Comparison of simulation and experiments for the three

configurations

In this section the simulated and the experimental outputs for each of the three
configurations discussed earlier are compared.

For the first configuration it is seen from Fig. 6.8a and Fig. 6.8d that if the RAM
nulling condition is exactly satisfied for the first configuration given by Eq. 5.4, it is
indeed possible to achieve a perfectly zero baseline. The absorption signal can then be
selectively amplified to a greater desired extent without saturating the electronics.
However, any deviation from this condition will produce a non-zero and sloping
background as shown in Fig. 6.8e and Fig. 6.8f for two values of x nearly equal to 1. The

extent of the deviation from 1 determines the level of the background.
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Fig. 6.8: Simulation and experiments for configuration 1 - DFB connected to IP, of
coupler;; output from OP; of coupler,. Concentration 1.02%, pressure 1.038 bar and

temperature 19.2°C.

The signal A/(1) was shown to have a downward slope in Fig. 6.5, and the product
¥, (A)y,(A)is easily verified to slope downward since y,(4)and y,(A4)have slopes of

opposite sign. Therefore for the non-nulled cases the value of (1- x) determines the sign

of the signal, while A/(1), being the dominant factor by far, determines the magnitude

as well as the nonlinearity of the slope of the output signal. It is noted that the vertical
axes of the simulations do not represent actual signal values since certain assumptions
have been made regarding the ideal behaviour of the couplers, and the lock-in sensitivity
cannot be incorporated in the model. Experimental data is also plotted in the lower
subplots of the Fig. 6.8. A 1% mixture of methane in nitrogen was used for Fig. 6.8 and
Fig. 6.10, while methane of 0.1% concentration was used for Fig. 6.9. The modulation

index was chosen to be ~0.75. The signals recovered by the lock-in amplifier have been

scaled by the corresponding sensitivities.
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For the second and third configurations depicted in Fig. 6.9 and Fig. 6.10
respectively, the situation is different in an important respect. As explained earlier, it is
not possible, in these cases, to obtain a perfectly zero baseline even with perfect RAM
nulling. A residual slope will necessarily remain on the output signal. The variation of

¥,(A) and y, (A1) is seen to be dominant the closer the system is tuned to the RAM nulling

condition given by Eq. 6.11 and Eq. 6.18. As the system moves away from this

condition the A/(A)term again begins to dominate thereby producing the large offset.

The fourth configuration in which the DFB is connected to /P; of coupler; and the
output is measured at OP; of coupler; is identical to configuration 1 and is therefore not
treated separately. These simulations and the corresponding experimental results
pertaining to the three configurations clearly bring out the interplay between the
wavelength-dependence of the couplers and that of the IM of the laser, and demonstrate
that depending on the experimental configuration, a small residual slope may arise in the

RAM nulled signals.

6.4.2 Implications of mathematical model of RAM nulling for practical

applications

As a final demonstration of the practical utility of this analysis of the RAM nulling
system for future work, the projected behaviour of the system is investigated for a laser
source with significantly more nonlinear current-intensity characteristics than the DFB
that has been used in these experiments. Figure 6.11 shows a simulated representative
current-intensity curve of such a laser and the corresponding variation of
Al () extracted in the same way as for the DFB before. As pointed out earlier, VCSELs
have already been introduced for some years now and quantum cascade lasers (QCLs)
are playing an increasingly prominent role in mid-infrared gas sensing. It is pointed out
that the nature of the current-intensity curve is a not at all unrealistic, and is in fact a
very good representation of actual laser characteristics as borne out by some recent work

[1-4]. Clearly the AI(A)curve is significantly more nonlinear than that for a DFB since

the current-intensity curve is highly nonlinear too.
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Fig. 6.11: Simulated variation of (a) intensity vs current, (b) AI(2) vs A for a laser with

highly nonlinear laser characteristics
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Fig. 6.12: Simulated output for the perfectly nulled case for the three configurations

for highly nonlinear laser characteristics
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The output of the precisely nulled case for each of the three configurations is shown
in Fig. 6.12, in which the off-centre regions for only the first configuration are flat and
zero while for the other two configurations there is a significantly nonlinear baseline due

to the nature of the A/(A)curve. This makes it amply clear that the first configuration
can effectively cancel the effect of the significantly nonlinear variation of the A/(A4)

curve for a given laser. The important implication of the result of this simulation is that,
for future widely tunable 1f gas detection systems based on the new RAM technique
(and also PDM) and using long wavelength VCSELs or mid-infrared QCL sources, such
an experimental configuration should produce flat, zero-level nulled outputs that will
obviate the need for baseline fitting on the nulled signals. This result assumes even
greater significance when the normalization strategy discussed in Sec. 5.2.2 is
considered in conjunction with this result. It was shown that baseline fitting is not
necessary to obtain a normalization signal. The two results together ensure that the RAM
method with background nulling is a perfectly robust method for the recovery of
absolute gas absorption line shapes in field-deployable, stand-alone applications in

process control for the measurement of concentration and pressure.

6.5 FIR filtering to eliminate etalon fringes

In its present state the main problem that limits the RAM nulling method is the presence
of etalon fringes that corrupt the raw signal for low concentrations as shown by the
experimental RAM nulled absorption signal for a sample of methane in nitrogen balance
at a concentration of 0.1017% for the first configuration. These results were obtained
with the same gas cell (5.9 cm length) used for the previous results using 10% and 1%

methane.
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Fig. 6.13: Effect of FIR filtering on 0.1% CH, at 1.082 bar and 20.6°C, m = 0.75

The effect of the etalon fringes on the signal is obvious. The etalon fringes arise due to
the GRIN lenses within the gas cell. Although the lenses have anti-reflection coatings on
them the residual etalon fringes are not sufficiently suppressed and the raw data is
corrupted by noise to an appreciable extent. Clearly the recovery of the line shape is
very challenging and not as good as in the case for previous results with higher
concentrations. The fit is particularly poor towards the far end of the scan. Significant
errors will arise in the extraction of concentration and pressure in such cases.

The data was acquired using a digital oscilloscope with the averaging maximized but
clearly signal averaging on the oscilloscope alone is not sufficient for the recovery of a
clean signal. This is because the etalon fringes and the absorption signal have similar
time-domain variations, which causes the respective power spectral densities (PSDs) of
the digitized signals to nearly overlap. The etalon fringes can be considered to be a
classic case of deterministic frequency-domain noise which cannot be reduced by signal
averaging alone since a signal averager has very poor frequency-domain characteristics
and therefore poor frequency selectivity. Specialized digital filtering techniques are
required to eliminate such type of noise.

The discrete-time Fourier transform of the digitized data is computed using the

standard Fast Fourier Transform (FFT) algorithm in MATLAB, and the PSD of the
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acquired signal is shown in Fig. 6.14. The frequency axis is relative to an assumed
sampling frequency 5 kHz. The assumed sampling frequency is used only to form the x-
axis of the PSD and does not affect the filtering in any way. Therefore this value is
completely arbitrary and unimportant for the present application. For high spectral
resolution in the transform domain, and more effective filtering, the original data was

up-sampled by a factor of 4 to generate more data points.
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Fig. 6.14: Power spectral density (PSD) of the raw signal showing the nearly-
overlapping PSDs of the gas signal and the etalon fringes

From the plot of the PSD it is seen that the main signal content is accompanied by a
second nearly-overlapping peak. It is now clear why it is not trivial to filter out the noise
source. A Finite Impulse Response (FIR) digital filter [13, 14] with a very sharp roll-off
was used to filter out the fringes to the best possible extent without compromising the
peak depth. The sharpness of the roll-off of such a filter increases with the length of the
filter kernel. However, the MATLAB algorithm requires that the data to be filtered be at
least three times as long as the filter kernel. This required the original data to be re-

sampled to satisfy this requirement.
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The effect of FIR filtering on the raw data is shown in Fig 6.15a. Although the

filtering significantly improves the signal quality, the situation is still not ideal.

O -
- (@
= oaf
=
&
= o2t
=
5o
GRS Criginal data
“““ Criginal data filtered
_04 1 1 1 1 1 1
16508 1&650.85 1502 165025 1551 1651.05 1551.1
A i)
oy o1r — Criginal fringes (b)
= 005k Mdagnified fringes
E :
g O I "’Huh‘ﬂuﬂ'u."h‘ﬁ"lﬂ-'\.‘ Mg | -\'l-u'fl-'ﬁﬁ“',ﬁ u.‘-ﬁu'\w_ Vﬁl—n "n\.
o
CQ _005 1 1 1 1 1 1
1650.8  1650.85 18509  1650.25 1651 1651.05 1651.1
A fime)

Fig. 6.15: Effect of FIR filtering on 0.1% CH, at 1.082 bar and 20.6°C, m = 0.75

In Fig 6.15(b), the etalon fringes have been extracted from the signal using a high-pass
filter. The fringes are then magnified three times and added to the original signal. The
result is shown in Fig 6.16 in which the signal in green is the original signal with the
added corruption. The corrupted signal is filtered with the same filter. The FIR filter is
able to recover a relatively clean signal even in the presence of much stronger etalon
fringes although it is best to minimize the etalon fringes directly by better design of the

optics within the gas cell.
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Fig. 6.16: Effect of FIR filtering on 0.1% CH, at 1.082 bar and 20.6°C, m = 0.75

It is important to note that the wavelength referencing should be performed with the
filtered data and not with the raw data. This is because if the digital filter has a nonlinear
phase response, this can cause a significant delay in the discrete time domain. This in
turn causes a mismatch between minima of the filtered and unfiltered absorption lines.
The resultant wavelength mismatch is apt to confound the unsuspecting user. An FIR
filter has been preferred over an Infinite Impulse Response (IIR) filter because an FIR
filter has inherently linear phase response. It may however be preferable to use an IIR
filter in real-time applications because the computation speed of IIR filters is less than
that of FIR filters. This is because IIR filters use the method of recursion while FIR
filters use convolution to filter the data [13, 14]. The difference in computation time is
particularly noticeable if the kernel of the FIR filter is long and the number of data
points is large.

The final relative transmission profile is shown in Fig. 6.17 in which it is clear that
despite the etalon fringes it is still possible to extract useful information with fairly good
accuracy. It is expected that the power spectra can be better separated and the demands
on the digital filter relaxed by designing a longer gas cell that would give rise to etalon

fringes with a PSD that does not overlap with that of the actual gas absorption signal.
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Fig. 6.17: Recovery of gas absorption line shape for 0.1% CH, at 1.082 bar and
20.6°C, m=0.75

A set of results using the RAM method with 1/ RAM nulling are shown in Fig. 6.18
and Fig. 6.19 for a sample of methane at a concentration of 0.1%. It is clear that the
etalon fringes have a pronounced deleterious effect on the shape of the signals. The
magnitude of the actual concentration-dependent signal is large enough for it to be
digitized accurately. It may be concluded that concentration measurements can still be
made with good accuracy but there will be significant errors in the extraction of
pressure. The measurements have been restricted to an m-value of 0.7, although the
concentration-dependent amplitude of the RAM signals increases significantly for higher
m-values. This was done because for higher m-values, the correction factor strategy does
not perform well and the gas absorption line shape is not recovered accurately. A new
strategy to calculate correction factors for arbitrarily high m-values is being developed
within the group with promising initial results. It is expected that the incorporation of the
new algorithm will permit higher m-values to be used that will, in turn, produce
significantly higher signal levels. The effect of the etalon fringes would not be as severe

in that case. Moreover, it is reasonable to expect that a better optical design of the micro-
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optic gas cell should lead to greater suppression of the etalon fringes and enable accurate

extraction of gas parameters for lower concentrations.
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Fig. 6.18: Recovery of gas absorption line shape for 0.1% CH, at 1.043 bar and
23.6°C,m=0.7
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Fig. 6.19: Recovery of gas absorption line shape for 0.1% CH, at 1.116 bar and
22.6°C,m=10.7
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6.6 Conclusion

In the course of this discussion regarding the presence of an unexpected non-zero
slope on the RAM-nulled signals a detailed mathematical analysis of the RAM nulling
technique has been presented in which the wavelength-dependence of the linear IM and
the couplers were considered. It is shown, through simulations and experiments, that the
apparently anomalous slope on the output signals arises due to the wavelength-
dependence of the fiber-optic couplers and is therefore an inherent attribute of the
system. However it turns out that for one experimental configuration the absorption
signal appears on an essentially zero baseline. This has a three-fold significance for

practical industrial applications.

First, it is not necessary to fit baselines to the nulled signals to obtain the signals

OP, and OP

0 gas logas @ 10 Eq. 6.12 and Eq. 6.19. As explained in Sec. 5.2.2, baseline
fitting using non-absorbing spectral wings is an inconvenient requirement particularly
for stand-alone instruments because this requires the availability of well-isolated
absorption features and a sufficiently wide wavelength scan range. A separate problem
for practical systems is that, even for relatively strong absorption signals, etalon fringes
from the gas cell degrade the offline regions more than they do the actual absorption
signal. This makes identifying suitable off-line leading and trailing regions to obtain a
proper fit prone to errors which translate to systematic errors is the extraction of pressure
and concentration. The fact that for configuration 1, the gas signal appears on a zero

background obviates the need for baseline fitting and associated inaccuracies may be

avoided.

Second, 1/ WMS with RAM-nulling using recently-developed VCSEL sources, that
have much more nonlinear characteristics, should also benefit from the same
configuration since the IM for these lasers is expected to have greater wavelength-
dependence than the DFB laser used here. The RAM nulled signal using such lasers
would appear on a flat and zero baseline despite the wavelength-dependence of the laser

IM.

199



Chapter 6: Mathematical model of RAM nulling

Finally, this is also important for automatic closed-loop feedback control of the
nulling process (as opposed to manual tuning of the VOA) to dynamically compensate
for departures from an initially established nulled condition due to slow system drifts.
Feedback control can be used to re-establish the nulled condition by periodically
adjusting the relative signal strengths at the input of the second coupler to bring the
offline regions close to zero. To do this accurately, however, the value for the offline
region of the nulled output for perfect RAM nulling should be known a priori. For
configuration 1 this offline level is flat and zero. Therefore it is sufficient for the
feedback algorithm to try and bring the average value of the offline region of the RAM-
nulled gas absorption signal as close to zero as possible without having to take into
consideration any signal slope. For a sloping nulled signal it is not possible to define a
suitable offline region because such a signal will not have a flat region. It is therefore
clear that from the point of view of practical signal processing it is very useful to know

for which configuration the off-line background will be flat and zero.

Finally gas measurement 0.1017% methane at approximately atmospheric pressure
shows that the performance of the system is mainly affected by the etalon fringes due to
the gas cell. This makes it significantly more difficult to extract clean signals. For such
pressures that are expected for typical applications, the nearly overlapping PSDs of the
absorption and the fringes were resolved by a digital filtering technique using an FIR
filter. It has been possible to recover the absorption profile for 0.1017% methane with
reasonably good accuracy, although the digital filter required significant optimization. A
longer and optimized cell under test is expected to lead to smaller etalon fringes whose
PSD is spectrally well-separated from that of the absorption signal, thereby leading to

higher noise rejection with a digital filter.

In conclusion it may be said that the experimental results and the subsequent
mathematical model not only enhance the theoretical understanding of the RAM nulling
technique but also provides practical information that enables the selection of a
particular configuration of the experimental setup that simplifies signal recovery, post-

processing and extraction of information from experimental data.
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Chapter 7

Extension of RAM nulling to 2f WMS

7.1 Introduction

TDLS with 2f WMS has gained pre-eminence in various applications in industrial
processes in which quantitative information must be extracted about the gas [1-4]. Such

applications include combustion monitoring [5, 6], ratio thermometry [7-11], and flow
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measurement [12]. In such applications 2f WMS has been widely used to extract
information of gas concentration, pressure and temperature under harsh conditions. In 2f
WMS the concentration of a gas is proportional to the peak value of the 2f signal at line
centre. Temperature measurements are based on the ratio of the peak values of 2f signals
from two spectral features.

The most attractive feature of 2f detection in gas sensing applications is that the 2f
background RAM is almost zero, although signal interpretation is more involved than,
for instance, the previously described 1/ RAM technique. A 2f RAM component arises
because the power-current characteristics of current-modulated DFB lasers are nonlinear
to some extent. This implies that a symmetric sinusoidal current modulation does not
translate to a perfectly symmetric sinusoidal intensity modulation, and as a result, higher
order Fourier components of the intensity modulation (IM) appear. The nonlinear second
harmonic component of the IM produces the 2f residual amplitude modulation (RAM)
component and for most lasers, it is the only higher harmonic that has appreciable
intensity. The attribute of a nearly zero background seems to have outweighed the
inconvenient need for signal calibration. Traditionally, 2f WMS measurements have
required calibration of the detected signal. This is to say that before the system can be
used for the measurement of unknown gas concentrations it is necessary to establish a
unique, well-defined, stable and preferably linear relationship between the detected
electrical signal corresponding to known concentrations of the target gas. This relation,
which is equivalent to a look-up table, forms what is known as a calibration curve that is
specific to the particular instrument. The generation of the calibration curve requires the
accurate determination of system parameters by which the detected electrical signal must
be scaled in order to obtain a linear relationship between that signal and the gas
concentration. System parameters include the IM and WM characteristics of the laser,
the modulation index, optical coupling losses within the system and the optical-to-
electrical conversion gain and other amplifier gains. While laser characteristics are
usually very stable, other system parameters such as optical coupling losses are less
predictable and can lead to variable optical throughput and therefore variable output

signal levels. Additionally such systems not only require a careful initial characterization
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before field-deployment, but also periodic re-characterization to compensate for
calibration-drift. Changes to components such as the laser, the photodiode or the lock-in
amplifier will require the system to be re-calibrated because the electrical output signal
will also change and the previously established relation to the gas concentration will no
longer be valid. The need for calibration is therefore seen to be a distinctly non-trivial
problem for the deployment of stand-alone instruments in harsh or varying
environments.

Recently calibration-free 2/ WMS has been demonstrated and studied in detail for
concentration and temperature measurements of gases [10, 13-15], in which the 2f'signal
is normalized by the 1f RAM signal. For low concentrations the concentration-
dependent part of the 1/ RAM signal is negligible, and the signal is essentially the 1f
background RAM. If the laser is accurately characterized, the very stable relationship
between the 1/ RAM and the laser intensity can be established. It is then possible to use
the 1/ RAM to normalize the intensity-dependent 2f signal. Since system parameters that
are not related to the laser characteristics affect both harmonic components in the same
way, their effect cancels out and one is left with a robust normalization method

This technique does not rely on tuning the laser across an entire absorption feature
but over a small spectral region in the vicinity of the line centre [10]. This is essentially
because temperature and concentration can be extracted from the line-centre value of the
2f signal. In typical applications the varying pressure is measured by a separate pressure
gauge and the modulation current amplitude is adjusted to maintain the modulation
index at 2.2 because the variation of the peak 2f'signal value exhibits very slow variation
around this value. The fact that the 2f signal in the vicinity of the line centre is not
significantly affected by the distorting influence of the IM terms is an advantage. This 1f
normalization eliminates uncertainties in measurement due to laser power fluctuations
and varying optical coupling losses. It has been shown that by incorporating the
carefully-characterized IM and WM characteristics of the laser in to the theoretical
model for the 2f'signal, it is possible to directly compare the simulated theoretical model
and the experimental data without additional scaling of the signals. It is important to

make the distinction between characterization and calibration. While this approach does
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not require calibration, it does require an accurate laser characterization, which is not
difficult to do.

It is also important to note that for linearity of measurement in such applications, the
2f RAM either needs to be simulated and incorporated in the theoretical model, or
separately measured and subtracted from the 2f signal before 1f normalization is
performed. This is the only issue that needs to be addressed in an otherwise excellent
strategy for robust field-deployable measurement systems.

A different field of application is the widely tunable multi-species detection of trace
gases using new varieties of widely tunable, current-modulated lasers with significantly
more nonlinear current-intensity characteristics [16-18] that have been developed
recently. A single widely-tunable laser source such as a vertical-cavity surface-emitting
laser (VCSEL) is obviously more advantageous than several multiplexed lasers at
different wavelengths for simultaneous detection of several gas species. However, a
problem with performing WMS with such lasers is the varying 2f baseline that arises due
to the highly nonlinear current-intensity characteristics of these lasers. In gas sensing
applications that require calibration any shift of the 2f signals caused by systematic
baselines can lead to errors in measurement. Although 2f WMS is expected to show little
or no baseline this is not always the case with injection-current-modulated lasers in
general, and for high modulation indices in particular.

Figure 7.1 shows representative 2f signals obtained using the 1650nm DFB laser that
has been used in previous experiments. The signals for a low and high value of
modulation index obtained from a sample of 1.02% methane at ambient temperature and
pressure are shown. The precise value of the modulation index is not important at this
point. The 2fsignal for low modulation index appears on a zero background but for high
modulation index a distinct non-zero baseline appears. The 2f peak value in this case is
noticeably reduced by the 2f RAM. If the 2f peak height is measured relative to the zero
level without taking into account the shift caused by the 2f RAM, subsequent
calculations based on the peak value will be in error. Note that the broadening of the
signal for high modulation index is due to the linear IM and is not the focus of the

present discussion.
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Fig. 7.1: 2f signals obtained from the 1650.956nm line of a sample of methane at a
concentration of 1.02% under ambient conditions of temperature and pressure for low
and high modulation index. The appreciable signal offset due to the 2f RAM is

evident for the high modulation index

It is possible to tune the phase of the lock-in amplifier so that the detection axis is at
90° to the 2f RAM. This ensures that the detection axis is free of any projection of this
signal. However such an adjustment can move the detection axis significantly away from
the angle that maximizes the main 2™ derivative signal, thereby reducing the net 2f
signal peak that is recovered. It is therefore incorrect (besides being impractical for
industrial applications) to phase-tune the lock-in amplifier to force the 2f signal to
appear on a zero background. The correct approach is to subtract the baseline before
making any measurements. This can be achieved either by taking a “no gas” signal by
evacuating the test cell, or by using a second and identical reference cell with no gas in
it. In a real-life situation obtaining “no gas” signals is not practical. Although reference
cells have been widely used for this purpose, there are associated problems of
maintaining proper optical alignment and equal power coupling in to the two cells for

optimum baseline cancellation.
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Figure 7.2 shows 2f signals obtained from two near-infrared water vapour lines at
1430 nm recorded under ambient conditions. It is seen that for the higher modulation
voltage there is a noticeable non-zero baseline arising from the 2f RAM signal that
affects the smaller feature more than the larger one. Ratio thermometry applications
based on the ratio of the peak values of such a pair of lines is susceptible to errors due to
the 2f RAM.
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Fig. 7.2: 2f signals obtained from the 1430nm line of ambient water vapour under
ambient conditions of temperature and pressure for two high values of modulation
voltages. The effect of the offset due to the 2f RAM is more pronounced for the

weaker of the two features

The issue of significant 2f RAM is very well highlighted in a recent report of WMS
with a 2.3um VCSEL for the detection of carbon monoxide [19]. Figure 7.3 is a
reproduction of a figure presented in that study in which the experimental 2/ signal and
the theoretical signal based on HITRAN database are shown. The noticeable feature is
the significantly higher 2f background signal that has a much greater slope compared to
that shown in Fig. 7.1 and Fig. 7.2. For an isolated absorption line the authors have
incorporated a linear sloping baseline in the theory to compare with experimental data,

but for the detection of spectral lines of several gases over a wide scan range, the
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background had to be measured separately and subtracted, since baseline fitting over a

wide range was inconvenient.
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Fig.7.3: Significant 2f baseline in a WMS study using a 2.3um VCSEL. Data
courtesy of A. Hangauer et al, Opt. Lett., Vol. 33, No. 14, 2008

A separate measurement of the background signal requires a reference cell to be used.
As mentioned earlier, maintaining alignment of optics in industrial applications can be
very challenging and it is not trivial to ensure that equal power levels are directed
through the reference cell and the test cell. Periodic realignment of the system to
maintain equal power levels and therefore equal background levels may also be
impractical in the field.

It appears that in measurements using such lasers the primary advantage of 2f WMS,
which is its nearly zero background, is considerably diminished in value. In this context,
a method to eliminate the 2f background RAM would clearly be a significant advantage
in WMS applications with widely tunable lasers for the detection of multiple gas
species, as well as for real-time quantitative 2f WMS for the measurement of gas
parameters.

In this chapter the origin of the 2f background is discussed qualitatively and
mathematically. A simple and robust method to optically eliminate the 2f background
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RAM is then proposed and demonstrated. This is achieved by extending the fiber-optic
1/ RAM nulling technique [20], to the 2f regime. It is demonstrated that the 2f RAM
nulling can be performed robustly over a wide range of modulation indices, including
the m =2.2 point that maximizes the 2f signal. Next, the Phasor Decomposition method
(PDM) [21], developed by previous researchers and discussed earlier is also extended to
2f WMS to isolate the main 2™ derivative signal from the distorting influence of the
signal due to the predominantly linear IM. Finally a calibration-free 2f WMS technique
with 2f background RAM nulling and signal normalization by the 2f RAM is proposed
and mathematically analyzed. This strategy is distinct from the 2f calibration-free
technique mentioned earlier in that, this method incorporates 2f RAM nulling,
normalization by the 2f RAM instead of the 1 RAM and the use of the Phasor
Decomposition method to isolate the main 2™ derivative signal from the main distorting

signal arising from the 1/ RAM.
7.2 Origin of 2f Residual Amplitude Modulation

In the discussion of the process of signal generation in WMS in chapter 2, it was
explained that for injection-current-modulated semiconductor diode lasers, the
predominantly linear IM separated by a phase angle y, from the synchronous WM,
interacts with a gas absorption line to give rise to various concentration-dependent IM-
WM terms that become progressively smaller at increasingly higher harmonics of the

modulation frequency, f, [13, 23]. However since the output intensity of these lasers

does not vary linearly with the injection current, a sinusoidal current modulation at a
frequency f, does not translate to a perfectly sinusoidal IM. Therefore IM components
at higher harmonics will also be produced in accordance with the theory of Fourier
expansion. Concentration-independent 1f and 2f background signals solely due to the

linear and nonlinear IM (Al,(A1)and Al,(A) respectively) also exist, and these are

referred to as the 1f'and 2/ RAM respectively. The nonlinear IM is usually much smaller

than the linear IM while higher harmonics are not even discussed because they are
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negligibly small. The relative levels of the linear and nonlinear IM are dependent on the
degree of nonlinearity of the intensity-current characteristics of the laser, its WM
efficiency (GHz/mA), and the modulation index used for a given application. The
variation of the linear and nonlinear IM for a typical telecom-grade laser has been
reported in the literature [13], where it has been shown that while the linear IM varies
linearly with modulation index, the nonlinear IM increases as a quadratic function.
Therefore for high modulation indices the nonlinear IM may not be insignificant. It
should be noted however, that such behaviour is highly specific to a particular laser
diode. Therefore each laser diode must be characterized individually. The mathematical
formulation presented next considers a generalized case of an injection-current
modulated laser diode with linear and nonlinear IM. The WM is however assumed to be
linear as in all treatments of WMS.

The origin of the 2f RAM becomes clear if a nonlinear IM term A/, (1), at twice the

modulation frequency is included in the Taylor series treatment of the signal generation
process [21, 22], in a manner analogous to Fourier analysis [7, 10, 13-15]. The phase

difference between the linear IM and the WM is denoted by i/, as before, and a phase
difference, y, is assumed between the nonlinear IM and the linear IM. The expression

for the total intensity may be written as,
I=1(A)+ Al (A)cosat+ Al (A)cosLat+y,) (7.1)

Using the same Taylor series expansion used in chapter 4 for the RAM technique, the
expression for the intensity that results from the interaction of the intensity modulated

laser and the spectrally-modulated absorption profile is given by,
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- [1(/1)+ AL (A)cos ot + AL () cos(2a)t+1//2)}|:1—a(/’t).C.l

_da(}) o 1dad) 2 2,
Ji C.LOA.cos(awt—y,) STRPTE LCL(OA) cos (wt—y,) (7.2)
1da(d) _
T3 g, C.L(SA) cos’ (ot v,)

where, the Taylor series expansion of the absorption profile has been limited to the third

order term. The expression may be written as,

y B C |
~| Ty + AL (A) cos @t + AL (L) cosQat +y7,) || 1= a(2).Cl

out

2 3
d’ a(l)

_da(d)

a7 ClOA.cos(wt—y,)—

CL(6A) {cosLart — y+1F (7.3)

1
4 y b

| d a(/i)
24

C.L(6A) {3cos(at — v,)+cos(Bat —3y,)}
a b

The various 2f terms produced by the interactions of the two sets of terms are given by,

dz“(f) CL(SA) cos(2at —2y,) (7.4)

Term A3a = —%I(/%)

da(/l)

Term B2 = Al (A Cl(oA)cosLat—y,) (7.5)
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3
TermB4a = —%AI1 A1) ddO;(;%) CL(6A) cosQat — v,) (7.6)
3
Term B4b = —A%SAI1 @) ddO;(f) C.1L(SA) cos(Qet — 3w,) (7.7)
Term C1 = AL (A -a(A)Cl]cosLat+y,) (7.8)
2
TermC3b = — % AL ¢ d”;ff) CI(SA)* cos2at +y,) (7.9)

The first term is the main 2/ term that contains the 2™ derivative of the line shape. All
other terms comprise the various IM-WM terms arising as a result of the interaction of
the linear and nonlinear IM with the various Taylor series components of the spectrally
modulated transmission. It is seen that the 1% and 3™ derivatives of the absorption line
appear due to the presence of the linear IM. These comprise the terms B2, B4a and B4b
in Eq. 7.5, Eq. 7.6 and Eq. 7.7 respectively. In a typical telecom grade DFB laser the
variation of the IM is predominantly linear with current (wavelength). The nonlinear IM
term at twice the modulation frequency becomes apparent only for high modulation
indices that cause large intensity excursions around the slowly-varying local intensity
value set by the ramp voltage. The nonlinear IM is manifest as the 2/ background RAM,
a concentration-dependent IM-WM term that follows the absorption line shape and a
concentration-dependent 2" derivative component that is much smaller than the main
intensity-dependent 2™ derivative component. The first two components collectively
comprise the term C1 Eq. 7.8, while the last component is given by the term C3b in Eq.
7.9 respectively.

It is often convenient to pictorially represent the various signal components. A phasor
diagram is shown in Fig. 7.4 that shows the relative orientation of the various signal
components. It should be noted that no attempt has been made to scale the lengths of the
phasors to accurately represent relative signal strengths. In the phasor diagram the thin
black line (dash-dot) acts as an imaginary (but not arbitrary) reference phasor with

respect to which all the other phasors are oriented. This line represents the direction
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along which the phasors representing the main 2™ derivative term (term A3a) and the
linear IM-induced terms (terms B2, B4a and B4b) would have been oriented if the IM-
WM phase difference had been zero. It is essentially the non-zero value of y, that shifts
the linear IM-induced phasors from this reference position. The nonlinear IM-induced

terms would also be aligned along this line if y, is zero.

— — - Y
— —
-_ c1
_—— - AL (D)1 - a(A)].Cl cos2t +,)
fAl L(2) & “(’1) CI(E)’ cosat+yry)
C3b
B4b Pl AL (A)——— & a(ﬁ) Cl(§/1) cos(2at — )
AL (A) “( )cz(&) cos(2at — 3y, Bila
——AI (1) d“(’u CL(8A) cos(2t — )
A3a
B2
11(/1)d “(’1) CUSA) cosat —2yr,)

v X

Fig. 7.4: Phasor diagram depicting some of the 2" harmonic signal components that
arise due to the interaction of the linear and the nonlinear IM with the spectrally-
modulated absorption feature. Note that the lengths of the phasors do not represent

the relative strengths of the components.

Phase-sensitive detection of the main 2f signal is equivalent to aligning the X-axis of
the lock-in amplifier with the main 2™ derivative component. It is understandably not
possible, in general, to totally isolate the 2™ derivative signal from projections of the
other IM-WM signal components. When the detection axis of the LIA (X axis in this
case) is fully aligned with the 2" derivative signal (term A3a) other signal components
are also projected on to it. The dominant projection is that of the 1% derivative

component given by term B2 scaled by cosy, . The effect of this projection is to cause
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significant distortion of the main 2f signal. For high m-values this distortion can be very
significant. Projections of the 3 derivative component are generally negligible in
comparison to the other terms. It was pointed out in Sec. 7.1 that in calibration-free 2f
WMS applications the emphasis is on line centre measurements for which the effect of
the small 3" derivative signal component is usually negligible. The projections of the
nonlinear IM-induced terms C1 and C3b need to be considered as well. The 2f
background RAM given by term C1 affects the whole signal since it forms a non-zero
baseline, the effect of which is to vertically shift the 2f signal. The effect of the
concentration-dependent term C3b is most pronounced at line centre since it has the
same form as the main 2™ derivative signal although its amplitude is much smaller. The
point to note is that the extent of these projections is dependent on the values of the two

angles y,andy,. If the y and y, are small the magnitude of the projected signals will

be larger and will significantly affect the recovery of the main 2f'signal.

It should now be clear why efforts to adjust the LIA phase to obtain perfectly
symmetric 2f signals or to force the 2f signal to appear on a zero level are fundamentally
flawed although the method works in particular cases. The first approach involves
moving the detection axis (i.e. X-axis) away from the position shown in Fig. 7.4 that
maximizes the 2f signal peak, to an angle at which the projection of the 1% derivative
signal adds to the 2™ derivative signal in such a way as to artificially produce symmetric
troughs of the 2™ derivative signal. Although an appropriately chosen phase does lead to
symmetric troughs, it will necessarily reduce the peak value of the signal. Similarly
phase-tuning to force the 2f signal to appear on a zero background implies orientating
the detection axis at right angles to the 2f RAM phasor. Again, the intentional
misalignment of the detection axis leads to a reduction of the 2f peak value since only a
projection of the full 2f'signal is recovered. This element of uncertainty about the choice
of the detection phase is often noticeable in reports on 2f WMS although the effect is not
very severe for most applications using telecom-grade DFB lasers and for low m-values.
The ambiguity of the choice of the correct detection phase has a greater effect for

experiments with high m-values and particularly for lasers with either poor WM
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efficiency or highly nonlinear power-current characteristics. This is simply because for
such lasers significantly high levels of both linear as well as nonlinear IM are produced.
This is also very pronounced for measurements at high pressures at which the gas line
broadens out considerably. In order to maximize the 2f signal by maintaining the
optimum m-value, the amplitude of current modulation needs to be increased. As a
consequence the levels of the linear and the nonlinear IM also increase significantly and
the 2f signal is heavily distorted [10]. This issue of the effect of the detection phase on
the 2f signal will be discussed again in the next section after the technique to eliminate
the 2/ RAM has been demonstrated.

It should be noted that the magnitude of the 2f RAM (and indeed the 1/ RAM) is
dependent on the WM efficiency (GHz/mA) of the particular laser. A laser with high
WM efficiency will require less drive current to achieve a particular m-value, and the
associated IM will also be less. This will in turn cause less signal distortion due to the
linear IM and less offset due to the nonlinear IM. The linear and nonlinear IM-WM

phase shifts, y, andy,, will also influence how the 2f RAM affects the main o

derivative signal. If the 2/ RAM component and the 2" derivative signal are mutually

orthogonal (i.e.2y, +y, =90°), it is possible to phase-tune the LIA to simultaneously

maximize the 2™ derivative term and recover it in isolation from the 2f RAM. However,
it is impractical to depend on such a special condition to be fulfilled since WMS for gas
detection uses off-the-shelf lasers whose IM and WM characteristics are widely variable
and are certainly not tailored to suit a particular application. It should be noted, however,
that such a special situation can be arranged by adjusting the modulation frequency to

vary y, (and y, in turn). However for high m-values it is the linear IM-induced

distortion that causes distortion of the 2™ derivative signal, which may be more
pronounced than the 2f RAM. As will be shown shortly, it is desirable and possible to
eliminate this distortion by using the PDM approach. However if the 2" derivative and
the 2f RAM terms are first arranged to be orthogonal (by adjusting the modulation
frequency) and then the PDM is applied, the effect is a full projection of the 2f RAM on

to the recovered 2™ derivative signal. The initial orthogonal arrangement of the o
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derivative and the 2f RAM therefore presents no advantage if the 1% derivative distortion

needs to be eliminated. In such applications the 2f RAM nulling is particularly useful.
7.3 Elimination of the 2f background RAM

This section describes the elimination of the 2f RAM background. The experimental
arrangement and conditions are discussed first, followed by results that demonstrate the

robust cancellation of the 2f RAM.
7.3.1 Experimental arrangement for 2f RAM nulling

Figure 7.5 shows the same basic experimental system [20], which was originally used

to eliminate the 1/’ background RAM.

Gas cell

3 dB coupler, Lock-in amplifier

M 1P, Photodiode
AL )cos 2wt TP, A Q
-AL;(A.)cos 2wt
g ‘M’ Oscilloscope m
Ramp
‘_

3 dB coupler,;

T rigger

+ 10.) SMF28 oA
Yy | |
VOA - variable optical attenuator ———N
M PC - polarization controller
Modulation

AL (A)cos w,t +Alx(4.)cos 2wt
Fig. 7.5: Generic RAM nulling experimental setup used for 2f RAM nulling

It should be noted that the RAM nulling configuration is generic because the choice
of the fiber length and modulation frequency is flexible. Therefore the same
configuration can be used to eliminate the nonlinear IM-induced background RAM as

well. This is achieved by introducing a m phase shift between the two nonlinear IM
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components, precisely balancing their relative intensities and recombining them. As
explained earlier in Sec. 4.2, the delay line acts as a m phase-shifter for a suitable
combination of the modulation frequency and fiber delay length. Therefore, the same
fiber length can be used for this purpose if the modulation frequency is chosen to be f,/2

instead of f,, so that the relation, L=c/2n(2f,,)is satisfied, where n and L are the

effective index and length of the fiber respectively. Note that unlike the linear IM, it is
not straightforward to identify the nonlinear IM on the photo-detector output displayed
on the oscilloscope by mere visual inspection. The IM signal detected by the photo-
detector is a combination of both the linear and nonlinear IM, with the stronger linear
IM masking the weaker nonlinear IM. The two components are not separately detectable
from the photo-detector data captured directly in the time-domain unless harmonic
detection is used. Therefore it is not possible to show the frequency-tuning of the system
to gradually reach the RAM nulling point as depicted in Fig. 4.2 for 1/ RAM nulling.
However, the presence of a nonlinear IM component can be detected if harmonic
detection using an LIA is performed with or without gas in the cell. The presence of any
dc offsets on the signals on either lock-in channel proves the existence of the nonlinear
IM. Alternatively, if a lock-in amplifier is not available, a discrete Fourier transform
(DFT) algorithm may be applied to the time-domain intensity modulated output of the
photo-detector in the absence of gas to reveal the power spectral density (PSD) of the
data. The existence of a signal at 2f,, in the absence of gas in the cell is an indicator of a
nonlinear IM component. Note that this approach to identify the 2/ RAM requires the
gas cell to be evacuated because the presence of gas will produce a 2f component that

will be indistinguishable from the 2f RAM on the PSD.
7.3.2 Experimental demonstration of 2f RAM nulling

The 2 RAM nulling technique is demonstrated by experimental results shown in Fig.
7.6 and Fig. 7.7 for methane. The modulation frequency, f,,, was set to 50.7 kHz for L of
lkm so that 2f,, satisfies the nulling condition. The modulation voltage is varied from

1000mV to 3500mV to cover a wide range of modulation indices.
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Fig. 7.6: Variation of 2f signals with the modulation voltage detected on the two lock-
in amplifier channels for methane at a concentration of 1.02 %, at a pressure of 0.552
bar and temperature of 17.4 C. The increasing 2f RAM is manifest as a dc offset on
both signals, particularly for high modulation voltages

Figure 7.6 shows the 2™ derivative and the dominant 1* derivative IM-WM signal
detected on channel X and channel Y of the LIA respectively, for concentration of
1.02% methane in nitrogen balance, at 0.552 bar and 17.4°C. The delay fiber has been
disconnected from coupler,, and standard 2f detection is performed without any
background nulling. The phase of the lock-in amplifier was initially set to maximize the
peak value of the 2f signal on channel X for the lowest modulation voltage and no
further adjustments were made to it. The signal shown in Fig. 7.6a is predominantly due
to the main 2™ derivative signal given by term A3a along with distorting projections of

the 1% derivative term B2 scaled by cosy,. A small projection of the 2f RAM given by

terms C1 and C3b are also present. The signal in Fig. 7.6b is predominantly due to the

1% derivative term B2 scaled by siny;, in this case. The projection of the 2 RAM given

by terms C1 and C3b is much greater on this signal.
As the modulation voltage (equivalently modulation index, m from here on) is

increased, an increasing dc offset is observed on the signal in Fig. 7.6b. This is the 2f
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background RAM arising due to the increasing nonlinear IM componentAl,(4). As

explained earlier, this is the only way to detect a significantly high nonlinear IM. It
should be noted that for high m-values there is also a noticeable dc shift on the 2fsignal
due to a projection of the 2f RAM on to channel X (Fig. 7.6a). As pointed out earlier,
unless the 2f RAM and the 2™ derivative terms are exactly orthogonal

(i.e.2y, +w, =90° in Fig. 7.4) the 2f signal cannot be maximized and simultaneously

totally isolated from a projection of the 2f RAM. This signal offset will introduce
significant error in concentration and temperature measurements that are based on the
peak height [13-15], particularly for lower gas concentrations. The concentration-
dependent 1% derivative signal component near the line centre in Fig. 7.6b is
predominantly due to the linear IM-induced term B2, and increases monotonically with
m. The 2f'signal on channel X in Fig. 7.6a (given by term A3a) initially increases with m
but eventually decreases according to the well-established 2f theory [2]. The m-value of
2.2 that maximizes the 2f signal was clearly reached and exceeded during this process
although no effort was made to identify the corresponding voltage. The asymmetry of
the troughs, however, increases monotonically because it is caused by a projection of the
1* derivative linear IM-induced IM-WM signal on channel Y.

Figure 7.7 demonstrates 2/ RAM nulling with the signals obtained for the same gas
composition maintained under the same conditions as before. To achieve 2f RAM
nulling the delay line is connected to coupler,. If the length of the fiber and the
modulation frequency are appropriately chosen the two nonlinear IM-induced 2f RAM
components arrive at coupler, at anti-phase and are cancelled at the output in exactly the
same way as the linear IM components are cancelled in 1/ RAM nulling. The RAM

nulling condition for the 2f'signal is given by,

L (7.10)

_ C
~2n(2f,)

220



Chapter 7: Extension of RAM nulling to 2f WMS

w107 () Ch X <102 (D) Ch}
4r E
N 1000m ¥ fmi 02)
3t i 2L - 2000m ¥ fm—2.04)
¢ 2000V fm~3.0F)
Fi - 2500m¥ fm~3.55)
2t H 2
x
= Lol .y
=Rt R =B
= FHH R ] = A2
S il L RN DI o\
= T B = T
:% LRRRTE T I LS F :% et
so -1f ih g ¥ So -1F
“ Vi U =
2t trilr ,‘q‘r )
- Y _
I EY
Hy
-3t s 2
_4 1 1 1 _4 1 1 1
2000 4000 [s1elnle 2000 2000 4000 SO00 2000
Tndex Trrcdex

Fig. 7.7: Demonstration of 2f RAM nulling. The signals are recorded under
conditions identical to those in Fig. 7.6. The only modification is that the fiber delay

line has been connected to coupler; in this case.

Since a fixed length of fiber (1 km) was used, the modulation frequency was changed to
50.7 kHz. The 2fbackground is therefore eliminated as seen in the offline regions in Fig.
7.7b. Note that for the sake of clarity, only the regions close to the line centre have been
shown although the nulling is rigorously valid and equally effective for the entire scan
range. As a direct consequence, the 2f signal in Fig. 7.7a also does not exhibit any
spurious dc shift. The 2f signal on channel X and the linear IM-dominated signal on
channel Y therefore appear on a perfectly zero baseline. Clearly the nulling is effective
over a wide range of m-values, including those well over the value of 2.2 that maximizes
the 2f signal. The signal on channel Y increases monotonically with m as in the previous
case. The behaviour of the 2f signal on channel X is much clearer and the same
comments regarding the monotonic behaviour of the trough asymmetry apply.

The fact that the RAM nulling is rigorously valid over a wide range of m-values and
over the entire scan range is important for widely-tunable lasers such as some of the
newly developed VCSELs and other DFB lasers [16-19] for which a varying baseline

over a wide spectral region can be a problem. Data for the range of m-values were
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recorded over a six-hour period during which no adjustment to the system was
necessary, which demonstrates the potential for long-term stability of the system.

The effectiveness of the RAM nulling technique is further validated by the results
shown in Fig. 7.8 and Fig. 7.9 that show the main 2" derivative signal and the linear IM-

induced signal over a wider range of applied modulation indices.
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Fig. 7.8: RAM nulled 2f signals on Ch X of LIA as a function of modulation voltage —

Concentration = 1.02%, pressure = 1.004bar, temperature = 20.3°C,
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Fig. 7.9: RAM nulled 2f signals on Ch Y of LIA as a function of modulation voltage —

Concentration = 1.02%, pressure = 1.004bar, temperature = 20.3°C,
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The gas composition was 1.02% methane in nitrogen at a pressure of 1.004 bar and
temperature of 20.3°C. The modulation voltage was varied over a very wide range. It is
observed that the peak value of the 2f signal on channel X continues to increase with the
modulation voltage, reaches a peak for about 2480mV and then decreases. This
behaviour is typical of the 2f signal in WMS. The very effective RAM nulling ensures
that the 2/ RAM does not cause any dc offset on the signals on either channel.

The cancellation of the 2f background RAM also simplifies LIA phase-tuning to
maximize the 2f signal. As mentioned earlier, there is a temptation in WMS to phase-
tune the LIA to obtain symmetric 2f signals without regard for the 2f RAM-induced
baseline [19]. This was shown earlier in Fig. 7.3 in which the experimental signal is seen
to have symmetric troughs despite the sloping 2f baseline. Such arbitrary adjustment of
the phase is not advisable since optimizing the 2f symmetry reduces the 2f peak
considerably. This is shown in Fig. 7.10 in which the 2f signals recovered on channel X
and channel Y are shown for a sample of 10.13% methane in nitrogen under ambient

conditions of temperature and pressure.
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Fig. 7.10: Effect of phase-tuning the LIA to obtain symmetric 2f signals. (a) Channel
X and (b) Channel Y of LIA. Data shown is for a sample of 10.13% methane in
nitrogen balance at 1.004 bar and 23.7 C.
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The signals corresponding to three values of the LIA phase are shown. It is seen that
for ¢ =92°the 2f signal on channel X is maximized. The asymmetry of the troughs is

also maximized due to a projection of the linear IM-induced 1* derivative signal. The
complementary projection of the linear IM-induced 1* derivative signal is recovered on
channel Y. When the LIA phase is varied to optimize the symmetry of the main 2f signal
on channel X, the corresponding 2f peak reduces considerably. This is because phase-
tuning the LIA to obtain symmetric 2f signal troughs is equivalent to moving the X axis
away from the angle that maximizes the 2f signal. This leads to the recovery of only a
projection of the full 2/ signal on channel X, while its complementary projection (that is
normally not recovered) is superimposed on the signal on channel Y and only serves to
distort the linear IM-induced 1 derivative signal. Along with the projection of the 2™
derivative signal on channel X, projections of the 1% derivative signal are also recovered.
It is possible for the 1% derivative to add to the 2™ derivative in such a way that the
asymmetry of the troughs of the 2" derivative is removed. Therefore although it may
seem natural to adjust the phase to obtain symmetric 2" derivative signals, this is not the
correct approach. For high sensitivity applications such a trade-off is not only
unnecessary but also fundamentally incorrect.

Figure 7.11 shows the channel X signal from a preliminary experiment on two closely
spaced water vapour absorption lines around 1430nm. The LIA phase has intentionally
been adjusted to optimize the symmetry of the peaks to underline the problem of using
this approach. The 2 RAM is seen to significantly offset the true value of the smaller of
the two 2f signal peaks for high values of modulation voltage. The signal on the
orthogonal channel Y shown in Fig. 7.12 does not resemble the 1% derivative IM signal
because the 1% derivative signal is distorted by an appreciable complementary projection
of the 2™ derivative signal to the point that it almost resembles a 2f signal. This clearly

implies that a sizable portion of the 2f signal is not recovered on channel X.
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Fig. 7.11: Channel X 2f signals for varying modulation current for two water vapour
lines at 1430nm showing the 2f RAM. LIA phase adjusted to optimize symmetry of
troughs
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The ideal approach in recovering the 2f signal is to implement 2f RAM nulling to totally
eliminate the background, maximize the 2f peak by phase-tuning and finally extend the
Phasor Decomposition method to the 2f regime to decouple the main 2™ derivative
signal from the distorting influence of the linear IM-induced 1* derivative signal. This is

discussed in the next section.

7.4 Application of Phasor Decomposition to 2f WMS
with 2f RAM nulling

The possibility of applying the PDM to 2f WMS in order to extract the full 2™ derivative
signal is suggested by the non-zero phase difference between the various 2f terms. In
order to use the PDM the LIA is phase-tuned so that channel X recovers the full 2™
derivative component along with the distorting projection of the linear IM-induced 1*
derivative IM-WM component and the nonlinear IM-induced component. Channel Y
therefore recovers complementary projections of the various IM-WM terms and the
nonlinear IM-induced component, but not the main 2f signal. The relative values of the

projections depend on the values ofy, and y, that are in turn dependent on the operating

conditions of the laser.

The signal on channel X of the lock-in amplifier can be written as,

da(A)
dA

d za(f) CL(SA) —%All (1)

Liv==4 D5

C.l.oAcosy,

+ {Alz (A) = AL(A)a(A).Cl— %AIZ (A) d20;(f) CIL(SA) } cos2y, +y,)  (7.11)

d

3
d “(f) CI(SA’ cosy, — %All(/i)

d’a(d
) ;3 ).C.l.(M)3 cosy,

_ L

while, the signal on channel Y can be written as,
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1y = Lo,y 220 d'a(2)

CLoAsiny, + % AI(2) CL(5A) siny,

L AL ()= AL (A)a(2).Cl-L AL (1)@ ‘a(A) CLA) tsinQy, +v,)  (1.12)
4 2

d’a(A ,
—%AII WA 151y siny,
The orientation of the various signal components is similar to that for the 1/ PDM. The

predominant 2™ derivative term can be isolated from the main linear IM-induced 1

derivative component by applying the relation,

_ IchY
[2/'_[chx+tam//l (7.13)

After some simple trigonometric manipulation the generalized expression for the 2f

signal recovered after applying the PDM is given by,

I, =- 11(,1)d “(’1) CIL(5AY - Az(z)d “(’1)

C.L(SA) cos v,
(7.14)

ld a(ﬂ’) Cl(§ )2 Sll’l(l//1+l//2)
4 qr siny,

-AL(A)|1-a(1).Cl-
It is noted that the application of Eq. 7.13 does not eliminate all other terms. As is
evident from Eq. 7.14 there are some terms that are inevitably recovered along with the
main 2™ derivative term. However the main distortion caused by the 1* derivative signal

is eliminated.

Under specific operating conditions it may be possible to simplify this expression
further. The linear IM-induced 3" derivative signal component is much weaker than the

intensity-dependent 2™ derivative term. In any case for 2f measurements at line-centre,
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the contribution of the 3" derivative term is negligible because it is weak and zero-
valued at line-centre. Therefore this term can in general be neglected. If 2 RAM nulling

is also implemented the nonlinear IM term A/,(A4) in Eq. 7.14 drops out, and the

expression can be simplified to,

2
d d‘;(f) CL(SA)

sz = _%I(/l)
(7.15)

1d°a(R) > | sin(y, +y,)
+AL(A)| a(D)Cl+ e CL(5A) sy

Not all 2f WMS applications require operation at very high modulation indices. If low
m-values are used then the nonlinear IM is also negligible. In such a case the result of
the PDM analysis leads to the extraction of the full 2" derivative signal, and the

expression is given by,

d 2“(2/1) CL(SL) (7.16)

I, = —iz(z) -

Note that in this form the signal still requires calibration to get around the dependence
on the laser intensity term. This can be achieved either in the traditional way of using a
reference gas cell if that is convenient, or the 1f/~normalization method [13-15] may be
used.

The decoupling of the 2™ derivative signal for high modulation indices is shown in
Fig. 7.13. The signals appear on a zero background because 2/ RAM nulling has been
performed. Therefore this situation corresponds to that depicted by Eq. 7.15. The data
shown is for methane at a concentration of 1.02% in nitrogen balance, at a pressure of
1.002 bar and temperature of 20.3°C, and for high m-values corresponding to
modulation voltages of 2480mV and 3306mV. The LIA is appropriately phase-tuned to
fully align channel X with the second derivative signal. This is achieved by simply
maximizing the signal obtained on channel X. The two signals on channel X and channel

Y correspond to the expressions given by Eq. 7.11 and Eq. 7.12 respectively.
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Fig 7.13: Phasor Decomposition of RAM-nulled 2f signals for the 1650.956nm line of
methane (C=1.02 %, P =1.002 bar, T = 20.3°C) for modulation voltage of (a) 2480
mV and (b) 3306mV

The 2™ derivative signal is extracted next by applying the PDM formula given by Eq.
7.13 as explained earlier. The 2f signal recovered on channel X, the distorting IM-WM
signal recovered on channel Y and the decoupled 2f signal are shown, clearly
demonstrating that the effect of the predominant linear IM-induced distortion has been
eliminated. The signal for the modulation voltages of 3306 mV is slightly less than that
for 2480mV because for 3306 mV at the modulation frequency of 50.7 kHz the m-value
is greater than 2.2.

The small discrepancy in the peak is mainly due to the concentration-dependent 2f

RAM term given by Al,(A)a(4).Cl in Eq. 7.15 that is not negligible for such high

modulation indices. It should be noted that the effect of these terms are specific to the
laser used. The IM and WM characteristics of DFB lasers are known to vary
significantly. They also depend on the specific operating conditions such as modulation

frequency.

7.5 Calibration-free 2f WMS with RAM nulling
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The expression for the 2f signal after applying the PDM given by Eq. 7.15 may be
simplified further by making certain assumptions that are valid under typical operating

conditions of a particular application. For typical DFB lasers the magnitude of A/, (A4)1s
much smaller than the intensity /(1)as shown earlier. Therefore, the nonlinear IM-

induced 2™ derivative term may be neglected in comparison to the intensity-dependent
2" derivative term. The 2f signal is then heavily dominated by the conventional 2"
derivative along with a small nonlinear IM-induced RAM signal that follows the
absorption line shape.

Under these assumptions, the 2f signal may be written as,

pE

a(l) 2 sin(y, +y,)
12 Cl(oA) +N2(l)a(ﬁ)C.IW (7.17)

L, =41}

However it is important to note that even in this present form, the signal requires
calibration because of three reasons. First and most important, the net intensity
impinging on the photo-detector is liable to vary due to variations in optical coupling
through the system. Second, different lasers will have different output powers and the 2f
signal from a given concentration of gas will therefore change if the laser is changed.
Finally, the LIA gain applied to the electrical signal is also liable to vary depending on
the optical-to-electrical conversion efficiency. Therefore for calibration-free operation a
suitable normalization signal must be obtained.

Such a signal can be extracted from the channel Y signal given by Eq. 7.12 if it is
noted that the only difference that the 2/ RAM nulling makes to this expression is the

elimination of the direct nonlinear IM term A/, (4). Therefore if the non-nulled signal on

channel Y given by Eq. 7.12 is subtracted from that with 2f RAM nulling in place, the
background signal due to A/, (4) can be recovered. The 2fRAM is therefore given by,

IchYanulled =1,y =AL(A)sin2y, +y,) (7.18)

For an isolated line this signal can also be obtained by making a baseline fit to the signal

on channel Y, but as pointed out in earlier chapters also, this may be inconvenient in

230



Chapter 7: Extension of RAM nulling to 2f WMS

congested spectral regions. Note that in a practical instrument the signal through the
delay line can be connected to coupler, through a fiber-optic switch that can be
electrically controlled to make or break the connection. This presents a very easy and
repeatable way to obtain the nulled and non-nulled channel Y signal without having to
physically disconnect fiber-optic connections that can lead to variations in the coupled
power and degrade performance. It should be noted that although such switches have
issues regarding their repeatability, it is not necessary to perform the switching
frequently. This is because a fully fiber-coupled system is very stable in terms of
coupled power, which implies that once the system has been nulled and the
normalization signal has been initially obtained, subsequent measurements of the

normalization signal need only be made after long intervals.

The 2™ derivative signal normalized by the 2f RAM is therefore given by,

| e
MoosinQu, +y,) | 4ALA) dAR

2 Sin(l/ll + l/lz)
ClL(OA)y +a(A)Cl R v (7.19)

Note that for a constant m-value (and therefore A/, (1)), the normalized 2f signal varies

linearly with concentration as well as the value of the 2™ derivative of the line shape.
The cell length, which is essentially the distance between the laser and the photo-
detector, is known in a given application while all the other factors that appear in Eq.
7.19 are parameters of the laser that can be carefully characterized and are constant. The
phase value,y,, can easily be determined from a PDM analysis of the 1f signals, which
was found to be about 39° at a modulation frequency of 50.7 kHz. The value of v, will
have to be determined separately for the given laser. This is done by least squares fitting
of the experimentally obtained IM to a sum of appropriately weighted contributions of

sinusoids at the frequencies f'and 2f with appropriate phase values. The value of y, can

be estimated in this way as has been demonstrated in other reports [13].

The normalization of the 2fsignal by the 2f RAM is shown in Fig. 7.14 and Fig. 7.15.
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Fig. 7.14: Ch Y 2f signal without 2f RAM nulling for increasing values of

modulation indices

Figure 7.14 shows the IM-WM signal component recovered on channel Y of the LIA
for increasing values of modulation index. The baseline fit to the signal is shown that
represents the 2/ RAM component. The main 2f signal on channel X is shown in Fig.
7.15a. The 2f signal with the 2 RAM eliminated and then normalized by the 2 RAM
(baseline fits in Fig. 7.14) is shown in Fig 7.15b. The normalized signal decreases as the
modulation index increases because the 2f RAM background increases. However in
typical 2f calibration-free applications [13-15] an m-value of 2.2 is maintained to

maximize the signal. The variation of the 2f signal in the vicinity of the m = 2.2 point is

very small and therefore this is not a problem.
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Fig. 7.15: (a) Ch X 2f signal and (b) 2f signal normalized by 2f RAM for

increasing values of modulation indices

7.6 Estimating linear and nonlinear IM

It is useful to estimate the relative variation of the intensity, linear IM and nonlinear IM
with modulation voltage for the 1650nm DFB laser that has been used for these
experiments. To extract these parameters the polynomial fit to the current-intensity
curve obtained in Sec. 6.3 and shown in Fig. 6.4 is used and the programmatic approach
is taken. In a manner similar to that for estimating the linear IM, a sinusoidal variation of
the current amplitude is first considered. The corresponding modulation of the intensity
around a local value of current is obtained by evaluating the polynomial at every value
of the modulated current. One period of the sinusoidal variation of the IM is thus

obtained and is shown in Fig. 7.16 for increasing values of the sinusoidal modulation

current amplitude.
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Fig. 7.16: Modulated intensity corresponding to sinusoidal current modulation of
increasing amplitude obtained programmatically. (a) The excellent sinusoidal fit
shows that the IM is predominantly linear (b) Residue shows a much smaller 2f IM

component whose amplitude increases with the amplitude of the modulation current

A sinusoidal fit to the IM is obtained and is plotted (solid line) along with the
corresponding curve for the IM (dotted line). The residue after the sinusoidal fit is
shown in the lower plot which clearly shows a sinusoidal component at twice the applied
frequency. The amplitude of this residual signal represents the nonlinear IM that is seen

to increase with the amplitude of the modulation current.

The programmatically extracted variation of the linear IM, nonlinear IM, linear IM
index (M; = Al;/I) and the nonlinear IM index (M, = AL/I) as a function of the
modulation current amplitude are shown in Fig. 7.17 for a typical scan range of the laser
current. As the modulation current amplitude is increased the overall level of the linear
as well as the nonlinear IM at any given value of mean laser current increases in
magnitude. This is understandable since larger current modulation about the mean value
causes larger intensity excursions. However, as the current is ramped up the amplitude
of the linear IM decreases due to the nature of the power-current characteristics of the

laser as discussed earlier in chapter 5 as well.
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Fig. 7.17: Programmatically estimated variation of (a) linear IM, (b) nonlinear
IM, (c) linear IM index, and (d) nonlinear IM index as a function of amplitude of

current modulation

The linear IM index decreases across the scan. The slope is steep towards the left
because of the greater nonlinearity of the power-current characteristics near the
threshold current of the DFB laser. In comparison the nonlinear IM index does not vary
significantly over the scan range of the current. Ideally the laser should be temperature-

tuned so that it can be operated in the linear region of the characteristic curve.

It is instructive to examine the consistency of the variation of the IM index of the
laser obtained experimentally. To do this the same experiment described in Sec. 6.3 for
the simulation of RAM nulling is performed. The current ramp is switched off. The laser
current is sinusoidally modulated with constant amplitude of modulation current and the
photo-detector output captured by the oscilloscope is recorded at increasing values of the
mean laser current that is manually varied in discrete steps. The values of the mean
intensity and the IM are extracted by simply determining the mean and the peak-to-peak
value of the modulated intensity captured on the oscilloscope. This process is repeated at

various points within the system.
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Figure 7.18 shows the variation of intensity and the linear IM at various locations

within the system as the laser current is varied in steps of SmA over a typical scan range.
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Fig. 7.18: Variation of intensity and linear IM of the 1650nm DFB at various

locations within the system for modulation current of 11.56 mA

The variation of the intensity is understandably far more dominant than that of the IM.
The values of I and Al at the input of the gas cell are almost equal to the values of the
corresponding quantities at the input of the delay fiber. This is because the laser output
is symmetrically split by the first 3dB coupler. However these values at the output of the
gas cell and the delay fiber are lower by the different attenuation factors through the gas
cell and the fiber. Note that the actual measured values are liable to vary depending on
the physical connections of the fiber connectors, and therefore these measurements have

poor repeatability.
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Fig. 7.19: Variation of the intensity modulation index, M; = AI/I, with laser current
at various locations within the system showing a consistent variation across the

current scan range for modulation current of 11.56 mA

However, it is observed that although the values of 1 and Al vary considerably at
different locations in the system, the linear IM index M; remains constant as shown in
Fig. 7.19. The consistency of these measurements implies that the nonlinear IM index
must also be at least as consistent since it is very intimately linked to the linear IM
index. Therefore if these parameters are accurately determined by careful laser
characterization, they can be treated as constants for that laser operating under
conditions that are specific and optimized for a given application. This is further
demonstrated by Fig. 7.20 and Fig. 7.21. These results were obtained by performing the
same experiment under the same operating conditions but on a different day with the
only difference being the significantly different levels of coupled power evident from

the much larger values of I and Al at all locations.
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Fig. 7.20: Variation of intensity and linear IM of the 1650nm DFB laser at various

points in the system for modulation current of 11.56 mA
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Fig. 7.21: Variation of the amplitude modulation index, M = Al/l, at various points
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The influence of variable fiber connections is seen in Fig. 7.20 in which the values of I
and Al at the output of the fiber are greater than those at its input. This is physically
impossible and is due to the variation in power coupled to the photo-detector. However,
when the linear IM index is plotted the same consistent behaviour at various locations is
observed as shown in Fig. 7.21. Comparison with Fig. 7.19 shows remarkable
consistency between the measurements performed with significantly different conditions
of power coupling on two days.

This discussion and the results help to show that if the laser is accurately
characterized then the laser’s linear and nonlinear IM parameters may be treated as
systematic constants that do not vary significantly for a given laser under known
conditions of modulation. Therefore either the linear or the nonlinear IM may be used

for the purpose of normalizing the 2f'signal.
7.7 Conclusion

In this chapter a conceptually simple and operationally robust method is
demonstrated to eliminate the 2f RAM. This is achieved by extending the 1/ RAM
nulling technique to the 2f regime. This only requires the modulation frequency to be
changed to half the value for a given length of delay line. The Phasor Decomposition
method i1s used next to decouple the 2" derivative signal from the predominant
distorting component due to the linear IM-induced. Recent evidence of significant 2f
RAM in VCSEL-based WMS [19], strongly suggest that this technique will prove useful
for existing widely tunable multi-component gas analysis using lasers with highly
nonlinear characteristics. The inconvenient step of separately fitting a baseline can then
be dispensed with. The robust nulling at high m-values is also directly applicable to
recently-proposed calibration-free quantitative 2f WMS [13-15], for ratio thermometry
applications. In such applications, the 2f background RAM needs to be measured
separately and subtracted, and therefore the RAM nulling is expected to be useful for
such applications. Finally an alternative normalization technique that uses the 2f RAM

background is discussed that can be used for quantitative calibration-free 2/ WMS.
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Chapter 8

Conclusion and Future work

8.1 Conclusion

The work presented in this thesis was specifically focussed on the development of a
fiber-optic technique to eliminate the background residual amplitude modulation (RAM)
in 1% harmonic wavelength modulation spectroscopy. This is a significant step in
alleviating the problem of saturation of the detection electronics by the high

concentration-independent background signal.
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It had been shown by previous research within this group that accurate recovery of
gas absorption lines using the new 1f calibration-free RAM technique [1, 2] and Phasor
Decomposition Method [3, 4] are viable alternatives to conventional 1f WMS techniques
that require calibration. These techniques have been used to measure concentration,
pressure and temperature of methane under various operational conditions [5, 6]. The
most attractive feature of these techniques is that the absorption line shapes can be
directly recovered and gas parameters can be extracted from them using appropriate
least-squares fitting algorithms. The next logical step therefore was to optimize the 1f
calibration-free RAM and PDM techniques and make them competitive with the
conventional 1fand 2f WMS strategies.

The first step in this direction is to eliminate the background RAM due to the linear
IM of the laser. In chapter 4 a fiber-optic RAM nulling technique to optically eliminate
the background 1f RAM has been successfully implemented [7] and explored in detail
[8]. It has been shown that the 1/ RAM that severely limits the sensitivity of both the 1f
calibration techniques can be optically eliminated. This is achieved by splitting the
output of the DFB laser in to two symmetric parts, directing one part through the gas cell
and the other through a fiber delay line of appropriate length that introduces a phase shift
of m between the linear IM components on the two arms. When the two components are
recombined the two anti-phase IM components cancel, thereby eliminating the
background RAM. However, the superposition of two optical signals leads to the
problem of significant interference noise. The optical interference noise was robustly
minimized by a two-fold approach as explained in Sec. 4.2. First it was ensured that the
delay line of 1km was much longer than the coherence length of the DFB laser that is
known to be about 47m. Since the mutual coherence function reduces sharply as the path
difference between the two optical fields increases, no stable interference was observed
but there was significantly high interference noise. This was then drastically reduced by
using two polarization controllers to obtain orthogonal polarization states of the two
optical fields. The small residual interference noise was totally eliminated when the laser
modulation was applied that resulted in a further reduction of the coherence length of the

laser. This conclusively demonstrated that the optical interference noise does not limit
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detection sensitivity. The main source of noise is the etalon fringes that arise from the

arrangement of GRIN lenses (and later con-focal C lenses) within the gas cell.

The incorporation of RAM nulling in both 1f calibration-free techniques was then
demonstrated in chapter 5 with methane at a concentration of 10.13% and 1.02% in
nitrogen balance at ambient temperature and pressure. It was shown that the absorption
line can be recovered with high accuracy for modulation indices up to about 0.75. For
higher m-values the higher order cross modulation terms become significant and the
correction factor algorithm does not work adequately. A general approach for
implementing correction factors for high m-values is being investigated and is briefly

outlined later.

The practical issue of devising a robust and convenient signal normalization method
was also addressed. It was shown that a baseline fit to the output signal with the delay
arm disconnected can be used to normalize the nulled signal. In a practical system a
fiber-optic switch can be used to disrupt the nulling process and thereby allow the
normalization signal to be obtained without having to physically disconnect the delay
arm. Alternatively, the normalization signal can be obtained by using a fiber tap coupler
inserted between the gas cell and the system output coupler, provided the relationship
between the tap output and main output of the system at OP; in Fig. 4.1 is known and
stable over the required wavelength range. It was also shown that for low concentrations
the non-nulled signal itself can be used to normalize the nulled signal without
introducing significant error in measurement. This is much more convenient than having
to fit a baseline before normalization since any baseline fitting requires user-intervention
that may not be practical in industrial deployment of these sensors. The issue of
cancellation of optical interference noise by maintaining orthogonal polarization states
of the two signals is also a requirement that can be realistically fulfilled. Polarization
maintaining fibers are becoming increasingly affordable and can be used in a real system
instead of the manual polarization controllers that have been used for the laboratory
demonstrations. Electronically controlled variable optical attenuators are also readily

available that can be operated by appropriate hardware interfaces controlled by software.
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These practical aspects are highlighted to convey the message that the RAM nulling
setup can be engineered into a compact, robust and remotely operated stand-alone

instrument for field applications.

The RAM nulling technique was also incorporated in the PDM which is another very
useful 1f calibration-free technique for the recovery of gas absorption lines. The PDM is

particularly useful when the IM-WM phase shifty , is small. In such a case the RAM

method suffers from the drawback of being able to directly recover only a very small

projection of the RAM signal (factor of siny down) on to one of the lock-in amplifier

axes. The PDM on the other hand can recover the full RAM signal. The elimination of
the high background RAM signal is therefore of great importance for the PDM as well.

In the initial work the RAM signals with background nulling showed an unexpected
non-zero sloping baseline that required an additional baseline fitting and subtraction that
was clearly inconvenient besides being impractical for automated measurements. This
artefact was thoroughly investigated and it was found to be caused by the weak
wavelength-dependence of the fiber couplers. It was shown that for a particular
configuration of the RAM nulling setup the wavelength-dependence of one coupler can
be made to cancel that of the other. This result together with the earlier conclusion that
the normalization process does not require any baseline fitting makes it easier to
automate the whole process of line shape recovery using the RAM method with

background nulling.

Finally, the RAM nulling technique was extended to the 2f detection regime in
chapter 6. The background signal in 2 WMS signal is usually negligible, which is the
reason why it is not discussed in most treatments of WMS. However even with the
1650nm DFB laser a significant baseline was observed for the modulation index value of
2.2 that is known to maximize the 2f signal. The same RAM nulling setup was used to
cancel the nonlinear IM that essentially causes the 2f RAM. This merely involved
changing the modulation frequency to 50 kHz instead of 100 kHz for the same length of
fiber. The 2f RAM nulling was precise and performed robustly for a wide range of high
modulation index values. This should be useful to widely tunable 2f WMS for the
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detection of multiple gas species. Over the last few years novel lasers with significantly
more nonlinear power-current characteristics have been developed and used in gas
sensing [9-11]. In a recent report of 2f WMS [12] the 2f'signal has been shown to have a
high baseline that complicates the process of extraction of information. Such
applications should benefit from the 2f RAM nulling technique. A different application
is the recently-proposed calibration-free 2f WMS [13, 14]. These experiments involve
making line-centre measurements of 2f signals and normalizing them by the 1f'signal for
the extraction of gas concentration and temperature. A separate measurement of the 2f
RAM followed by its subtraction from the concentration-dependent 2f signal is
necessary to maintain linearity of measurement. It is envisaged that the real-time nature
of 2f RAM nulling scheme will facilitate real-time measurements in such applications.
An alternative to 1f normalization is also proposed in which the 2f RAM itself can be
used to normalize the 2f signal. This would obviate the need to switch back and forth
between detection harmonics to recover the main signal and the normalization signal,
and the cancellation of the respective gain factors of the whole detection process would

then be exact.

The main limitation of the system in its present form is the presence of etalon fringes
arising from within the micro-optic gas cell. It is possible to design the system better to
suppress the fringes to a greater degree, although it is acknowledged that this can be
very challenging. However, the absolute absorption line shape can be recovered with
good accuracy for gas concentration levels that are sufficiently low for the system to be
useful in many applications. The main idea of RAM nulling can however be
implemented using the scheme of balanced—detection proposed by Hobbs [15] and Zhu
[16].

In summary it may be said that a robust fiber-optic 1f RAM nulling scheme has been
devised and demonstrated that can optically eliminate the high background RAM signal
that places severe limits on the detection sensitivity for 1f detection. This technique
significantly enhances the two 1f calibration-free techniques namely the RAM method

[1], and the Phasor Decomposition method [4], devised by previous researchers. These

247



Chapter 8: Conclusion and Future Work

1f calibration-free techniques in conjunction with RAM nulling allow for the direct
recovery of absolute gas absorption line shapes with high sensitivity from which
concentration and pressure can be directly recovered by a straightforward least squares
fitting approach. Through a wavelength-dependent analysis of the whole system it was
shown that small residual signal slopes can be eliminated through proper choice of fiber-
optic components and the experimental configuration. This is important if this technique
is used with the new types of lasers (such as VCSELs and other structures [9-12]) that
have significantly nonlinear power-current characteristics. The generic RAM nulling
technique was also applied to 2f WMS for the elimination of the 2f RAM that
complicates signal recovery in conventional 2f WMS [12] and in particular for the newly

proposed calibration-free 2 WMS strategy [13, 14].

The demonstration of the RAM nulling technique and the combination of all of these
elements represents a significant advancement of the field of quantitative calibration-
free 1f WMS for the recovery of gas absorption line shapes for industrial process control
applications. The next logical steps would be to optimize the performance of every
aspect of the design of the sensor by studying the IM and WM characteristics of the
DFB lasers under different conditions of modulation to select the most suitable operating
conditions. Several aspects of instrumentation also need to be addressed after a thorough

survey of the recent advances in electronics and fiber-optics.

8.2 Future work

The 1f calibration-free WMS technique with RAM nulling that has been
demonstrated has the potential to be optimized further. An important aspect of the RAM
nulling technique is that it is a generic technique. It should therefore be possible to use it
in various modulation spectroscopy applications with different types of current-
modulated lasers. Some of the aspects that can potentially lead to better performance of

the sensor are discussed in this section.
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8.2.1 Variation of the RAM and the 1* derivative signals with modulation
frequency

All the experimental results presented in this thesis are for an operating frequency of 100
kHz. It has been observed that the raw voltage signal values obtained at the output of the
lock-in amplifier with the RAM method are smaller than the 1% derivative component
that is used in conventional 1f WMS measurements. This is shown in Fig 8.1 in which
the RAM signal and the 1% derivative signal are shown for a modulation frequency of
100 kHz and for varying modulation indices. A close inspection of Fig 8.1 reveals that
the concentration-dependent RAM signal is much smaller than the positive or negative
peak of the 1% derivative signal. For the accurate extraction of concentration and
pressure using the calibration-free RAM technique in particular, it is critical that this raw
signal is recovered with high signal-to-noise ratio. The relative magnitude of signals is

therefore the first and most obvious issue that needs to be addressed.
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Fig. 8.1: If RAM and 1" derivative terms for a modulation frequency of 100 kHz and

for increasing modulation index

The WM efficiency (GHz/mA) of a typical telecom-grade DFB laser decreases as the
modulation frequency is increased while the IM-WM phase shift y approaches the 90°
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separation point. This implies that a particular amplitude of current modulation will
produce less FM at higher frequencies but the level of IM that is dictated by the power-
current characteristics should remain constant. Additionally as y approaches 90° the full
RAM signal is projected on the channel X of the lock-in amplifier. For a sufficiently
high frequency the recovered RAM signal should therefore become comparable with the
1** derivative signal. If this is achieved the attribute of calibration-free direct recovery of
absorption lines would make the RAM technique highly competitive with conventional

1f WMS techniques that require calibration.

The effect of increasing the modulation frequency on the RAM signal and the 1
derivative signal is shown in Fig. 8.1 through Fig. 8.5. It is seen that the RAM signal
(background and concentration-dependent RAM) increases as a whole, and for high
values of modulation frequency the concentration-dependent RAM signal becomes

comparable to the amplitude of the 1% derivative signal.
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Fig. 8.5: If RAM and 1" derivative terms for a modulation frequency of 1 MHz and

for increasing modulation index

A systematic study needs to be carried out to identify an optimum frequency and
modulation index to fully exploit this behaviour of the RAM signals and make this
approach competitive. The dependence of the tuning rate (GHz/mA) on the modulation
frequency needs to be considered to ensure that signals for the same modulation index
are compared at different frequencies. The variation of the IM-WM phase shift with
frequency must also be considered when phase-tuning the lock-in amplifier. A thorough
study of these aspects is being carried out by other researchers within the group and the

encouraging results await publication.
8.2.2 Scope for RAM nulling at high modulation frequencies

The preliminary results in the previous section show that although the concentration-
dependent RAM signal increases as the frequency increases, the background RAM
increases significantly as well. The RAM nulling technique should be useful in
eliminating this background and thereby help to negate criticism of the RAM method
with respect to this drawback. Once an optimum value of the modulation frequency is
identified, the RAM nulling technique may be tailored to eliminate the background to

increase the sensitivity further. However, an important practical issue that needs to be
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considered is that the fiber delay length varies inversely as the modulation frequency.
For high frequencies the required delay length may approach the coherence length of the
laser and optical interference noise may become a severe problem if this issue is not
addressed. However the suppression of the optical interference noise by the combination
of the laser modulation and the polarization controllers has been demonstrated to be very
robust. Fig. 4.9 suggests that the mutual coherence function should rapidly decay to
small values if the delay length is only about five times the coherence length of the laser.
In these experiments the 1km length of fiber that has been used is much longer than the
coherence length of the laser which is about 47m. This suggests that even if the fiber
length is reduced by a factor of 5 the optical interference noise should not be
catastrophic and it should be possible to minimize it. If this found to be the case, RAM
nulling can be realized at high frequencies without significantly compromising the

signal-to-noise of the system.
8.2.3 Implementation of RAM nulling at mid-infrared wavelengths

Mid-infrared gas sensing has the significant advantage of offering much higher
sensitivity since the fundamental absorption lines that lie in this region are stronger than
the near-IR overtone lines by an order of magnitude. Lasers and photo-detectors in this
operating region are now widely available. However the optical fiber technology is not
yet as advanced as it is in the near-IR region. The best mid-IR fibers have typical
attenuation of 0.1dB/m [17]. This precludes the use of long lengths of these fibers in any
application. The RAM nulling technique requires a long length of fiber and does not
appear to be well suited for extension in to the mid-IR. However operation at high
modulation frequencies significantly reduces the length of fiber required. If shorter
lengths of fiber that are still larger than the coherence length of the source can be used it
may be possible to implement RAM nulling at mid-IR wavelengths as well. A fiber
length of 100m would have a loss of 10dB. It is worth pointing out that in many
experiments with the 1650nm laser the gas signal required to be attenuated by as much
as 10dB to maintain linearity of detection. Despite this, sufficiently clean signals were

detectable. The mid-IR absorption lines that are stronger by an order of magnitude may
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offset this loss so that RAM nulling may be viable. With the current mid-IR fiber
technology such a scheme may seem to be mere speculation. However this short
discussion goes to show that RAM nulling in the mid-IR is limited only by material
issues that are likely to be addressed in future with realistic hope of breakthroughs being

made in mid-IR fiber technology.

8.2.4 Correction factors for accurate recovery of line shape for high

modulation indices

As shown in chapter 5 the results using the calibration-free RAM technique and PDM
for modulation indices beyond about 0.75 have large errors in them. This is due to the
fact that the algorithm used to obtain the correction factors for these results is not
optimized to handle high values of modulation index. However it is well known that a
modulation index of 2 is optimum for 1f detection. A generalized algorithm that can
handle arbitrarily large values of modulation indices is expected to be a significant
addition to these techniques. Investigation of this aspect is also being carried out by

other researchers within the group and the initial results have been very promising.
8.2.5 WMS with gas cell placed outside the RAM nulling setup

An interesting effect is observed if the gas cell is placed at the output of the RAM
nulling setup as shown in Fig. 8.6. It can be rigorously proved that if the RAM nulling
condition is satisfied for a particular harmonic of the modulation frequency, all signal
components at that harmonic and its odd multiples are precisely cancelled at the output
of the gas cell. To be specific, if the 1 RAM nulling is arranged then signal components
at all odd harmonics (1f, 3f, 5f etc) are found to be absent at the output of the gas cell.
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Fig. 8.6: Experimental for WMS with the cell placed outside the RAM nulling setup

This is shown in Fig. 8.7 where RAM nulling is satisfied for the 1*' harmonic. The
predominant signal component is the 2f component while the odd harmonic components
are almost zero. A small 1f component is due to the intentional imprecise adjustment of

the RAM nulling condition.
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Fig. 8.7: Cancellation of odd harmonic signal components with the gas cell placed
outside the nulling setup and with the 1f RAM nulling condition satisfied

This configuration has not yet been fully explored but it might be useful in a
difference frequency generation system [18] in which the RAM technique has recently
been applied.
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8.3 Conclusion

In conclusion it may be said that the successful demonstration of the RAM nulling
technique and its incorporation in to the two 1f calibration-free WMS techniques is a
significant advancement of the field of industrial gas sensing. There is much scope for
improvement and optimization of this technique in terms of detection sensitivity and
noise reduction. However, despite the many complex issues and potential pitfalls, there
is reason to be optimistic about the prospect of realizing 1f calibration-free direct
recovery of absorption line shapes with detection sensitivity that rivals (and possibly
exceeds) that of conventional 1/ and 2f WMS techniques that suffer from the drawback

of requiring calibration.

256



Chapter 8: Conclusion and Future Work

8.4 References

1.

K. Duffin, A. J. McGettrick, W. Johnstone, G. Stewart, D. G. Moodie, “Tunable
diode laser spectroscopy with wavelength modulation: a calibration-free
approach to the recovery of absolute gas absorption line shapes”, IEEE J. of
Lightwav. Technol., Vol. 25, No.10, pp 3114-3125, October 2007

K. Duffin, “Wavelength modulation spectroscopy with tunable diode lasers: A
calibration-free approach to the recovery of absolute gas absorption line shapes,”

Ph.D. Thesis, Dept. of EEE, Univ. Strathclyde, Glasgow, Scotland, 2007.

A. J. McGettrick, “Wavelength modulation spectroscopy with tunable diode
lasers: A calibration-free approach to the recovery of absolute gas absorption line
shapes,” Ph.D. Thesis, Dept. of EEE, Univ. Strathclyde, Glasgow, Scotland,
2007.

. A.J. McGettrick, K. Duffin, W. Johnstone, G. Stewart, D. G. Moodie, “Tunable

diode laser spectroscopy with wavelength modulation: a phasor decomposition
method for calibration-free measurements gas concentration and pressure”, IEEE

J. Lightwav. Technol., Vol. 26, No. 4, pp 432-440, 15 February 2008

W. Johnstone, A. J. McGettrick, K. Duffin, A. Cheung, G. Stewart, “Tunable
diode laser spectroscopy for industrial process applications: system

characterization in conventional and new approaches,” IEEE Sensors J. 8 (7),

1079-1088 (2008).

A. J. McGettrick, W. Johnstone, R. Cunningham, J. D. Black, “Tunable diode
laser spectroscopy with wavelength modulation: calibration-free measurements

of gas compositions at elevated temperatures and varying pressure,” IEEE J.

Lightwav. Technol., 27 (15), 3150-3161 (2009).

. A. L. Chakraborty, K. Ruxton, W. Johnstone, M. Lengden, K. Duffin,

“Elimination of residual amplitude modulation in tunable diode laser wavelength

257



Chapter 8: Conclusion and Future Work

10.

1.

12.

13.

14.

modulation spectroscopy using an optical fiber delay line,” Opt. Exp. 17 (12) ,
9602 (2009).

A. L. Chakraborty, K. Ruxton and W. Johnstone, “Influence of the wavelength-
dependence of fiber couplers on the background signal in wavelength modulation
spectroscopy with RAM-nulling”, Opt. Exp. Vol. 18, Issue 1, pp. 267-280
(2010).

C. Lauer, M. Orstiefer, R. Shau, J. Rosskopf, G. Bohm, E. Ronneberg, F.
Kohleer, M. C. Amann “80°C continuous-wave operation of 2.01um wavelength
InGaAlAs-InP vertical-cavity surface-emitting lasers,” IEEE Photon. Tech. Lett.
16, 2209-2211 (2004).

J. M. Ostermann, F. Rinaldi, P. Debernardi, R. Michalzik, “VCSELs with
enhanced single-mode power and stabilized polarization for oxygen sensing,”

IEEE Photon. Tech. Lett. 17, 2256-2258 (2005).

T. Sato, M. Mitsuhara, N. Nunoya, T. Fujisawa, K. Kasaya, F. Kano, Y. Kondo,
“2.33um wavelength distributed feedback lasers with InAs-Ings3Gaga7As
multiple quantum wells on InP substrates,” IEEE Photon. Tech. Lett. 20, 1045-
1047 (2008).

A. Hangauer, J. Chen, R. Strzoda, M. Orstiefer, M. —C. Amann, “Wavelength
modulation spectroscopy with a widely tunable InP-based 2.3 um vertical-cavity

surface-emitting laser”, Opt. Lett., 33, 1566-1568, (2008).

H. Li, G. B. Rieker, X. Liu, J. B. Jeffries, R. K. Hanson, “Extension of
wavelength-modulation spectroscopy to large modulation depth for diode laser

absorption measurements in high-pressure gases,” Appl. Opt. 45, 1052-1061
(2006)

G. B. Rieker, J. B. Jeffries, R. K. Hanson, “Calibration-free wavelength-
modulation spectroscopy for measurements of gas temperature and concentration

in harsh environments,” Appl. Opt. 48 (29), 5546-5559 (2009)

258



Chapter 8: Conclusion and Future Work
15. P. C. Hobbs, “Ultra-sensitive laser measurements without tears,” Appl. Opt. 36
(4), 903-920 (1997)

16. X. Zhu, D. T. Cassidy, “Electronic subtractor for trace gas detection with
InGaAsP diode lasers,” Appl. Opt. 34 (36), 5546-5559 (1995)

17. http://www.iguide-irphotonics.com/

18. I. Armstrong, W. Johnstone, K. Duffin, M. Lengden, A. L. Chakraborty, K.
Ruxton “Detection of CH4 in the Mid-IR using Difference Frequency Generation
with Tunable Diode Laser Spectroscopy”, in press IEEE J. Lightwav. Technol.

259



Chapter 9: Extras

Appendix A: MATLAB program for RAM-nulling

% RAM Nulling program
% developed by Arup Lal Chakraborty, 2007-2010
% Steps -

% 1. Input Theory Tile

% 2. Input resonator file for wavelength referencing

% 3. Input OP1 _gas signal

% 4. Input OP1_nogas signal which is a baseline fit to OP1 _gas using...

% program developed by Dr Michael Lengden

% 5. Input OP1_nogas_break2 signal which is the baseline fit to the...
% OP1_gas signal with the delay arm disconnected
% For low gas concentrations a baseline fit is not necessary.

% 6. Calculate wavelength-referenced absorption profile
% 7. Finally, apply 2nd and 4th order corrections for high modulation
indices

clc;close all;clear;format long;

% Digital filter design

N =6; Rp = 0.01; Rs = 90; Wn = 0.005;
[bl1 al] = ellip(N,Rp,Rs,Wn);

% Set limits for data truncation

11 = 1000;

12 = 9000;

% AAEAAXAAXAAXAAAAAIAAXAAXAAXAAAAXAAIAAAXAAXAAXAAXAAXAAXAAAAAAAhAhAhhhiikx
% PART 1 - Read in experimental signals

% xxxxxxxxxxxxxxx

% Theory fTile
[filename, pathname, filterindex] = uigetfile("*.*", "Step 1: Input
theory data file");
if ~(isequal (fFilename,0) && isequal(pathname,0))
theoryfile = xlsread(strcat(pathname, filename));

waves = theoryfile(:,1); waves = waves(3:end);
waves = waves(:);

amps = theoryfile(:,2); amps = amps(3:end);
amps = amps(:);

cd(pathname);

end

% Resonator data file
[filename, pathname, filterindex] = uigetfile("*.*", "Step 2: Input
Resonator file®);
if ~(isequal (fFilename,0) && isequal(pathname,0))
res = dImread(strcat(pathname, filename));
N1 = 3; Rpl = 0.01; Rsl = 90; Wnl = 0.01 ; % use a "softer” filter
for resonator trace
ellip(N1,Rpl,Rs1,Wnl);

[b_res a_res]
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res = res(11:12);

res = filtfilt(b_res,a res,res);

res = res(:);

% Peak identification

diff_res = diff(res);

peak = [1; % vector of peaks of res

for n = 1:length(diff_res)-1

if ( ne(sign(diff_res(n)),sign(diff_res(n+l))) &&

(diff_res(n)>diff_res(n+l)) )
peak = [peak n+1];
end
end
peak = peak(:)
% Peak identif
cd(pathname);

ication end

end

% Plot resonator output and its peaks

fl = figure;

index = 1l:length(res);

subplot(211);

plot(index,res, index(peak),res(peak), "ro");
title("Resonator output and the peaks®);

% Input O/P1 Gas
[filename, pathname, filterindex] = uigetfile("*.*",
gas file");
if ~(isequal (filename,0) && isequal(pathname,0))
OP1 gas = dImread(strcat(pathname,filename));
OP1 gas = OP1 gas(11:12);
LIA _sens_gas = str2num(char(inputdlg(" Input 0/P1
volts: ")));
cd(pathname);
end

% Input O/P1 NO Gas - baseline fit

[filename, pathname, filterindex] = uigetfile("*.*",

baseline fit for OP1 gas");

if ~(isequal(filename,0) && isequal(pathname,0))
OP1 _nogas = dImread(strcat(pathname,filename));
OP1 nogas = OP1 nogas(11:12);
cd(pathname)

end

% Input O/P1 No Gas Break Arm 2
[filename, pathname, filterindex] = uigetfile("*.*",
0/P1 no gas break arm2 file®);
if ~(isequal (fFilename,0) && isequal(pathname,0))
OP1 _nogas_break2
OP1 _nogas_break2
OP1_nogas_break?2
LIA_sens_nogas_break?2
sensitivity in volts: %)));
cd(pathname);

OP1_nogas_break2(11:12);

end

"Step 3: Input OP1

gas sensitivity in

"Step 4: Input

"Step 5: Input

dimread(strcat(pathname, filename));
filtfilt(bl,al,0P1 nogas break2(:));

str2num(char (inputdlg(® Input 0/P1 no gas
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% Actual Wavelength Referencing

clear K_Index Line_Cent _Wave Q Index Line_Cent_Index errorl
closest_peak Res_Peak Wave

clear leftside rightside Res Peak Wave x P_res YYY Theory Cent_freq
wavelength frequencies Line_Cent_frequency

% Find the line centre wavelength of the THEORY plot
Line_Cent_freq = (3e8/waves(find(amps == min(amps))));
% Freq of line centre

% Find the line centre index from the experimental plot

Line_Cent_Index = find(OP1l_gas == min(OP1_gas));
% Index of gas minimum
Line_Cent_Index = Line_Cent_Index(1); % ignore double values

[errorl, closest peak] min(abs(peak - Line_Cent_Index));

% peak closest to Line_Cent_Index

delta f = 0.4275; % FSR of fiber ring resonator

% Convert zero-crossing indices to frequencies

Res Peak freq = [1;

Res Peak freq(closest_peak)= 150000;

leftside = Line_Cent_freq + ((closest peak) -
(1:closest _peak))*delta T;

rightside = Line_Cent_freq -

([ (closest_peak+1):length(peak)] -
closest_peak)*delta_fT;

[leftside rightside];

Res Peak freq(:);

Res Peak freq
Res Peak freq

% 2nd order poly fit to interpolate between the resonator frequencies

x_res = (1:1ength(OP1_gas));
P_res = polyfit(peak(:),Res Peak freq(:),2);
frequencies = polyval(P_res, X res);

% Extract values of polynomial fit at each increment x

% Shift polyfit to match the expt file at line centre

Theory_Cent_freq = 3e8./waves(find(amps == min(amps)));

shift = Theory Cent_freq -
frequencies(Line_Cent Index);

frequencies = frequencies + shift;

wavelength = 3e8./frequencies;

0 e e e e e e e e
% *

% PART 2 - Calculation of Absorption

% AEAEAAAAAAAAAXAAAXAAAXAXAAAXAAAXAAAAAAAXAAAAA AKX AAAAAXK

nulled_output = (OP1_gas(:) -
OP1_nogas(:))*(LIA_sens_gas/LIA_sens_nogas_break?);

-nulled_output(:)./0P1 _nogas break2(:);

1 - absorption;

absorption
transmission
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figure;

plot(waves,amps, "b"); hold on;
plot(wavelength,transmission, "r");

xlabel ("\bf\lambda (nm)");ylabel("Relative Transmission");
title("\bfExperimental Results®);

legend("Theory”, "Expt");

% AEAEAAAAAAAAAAAAAAAAXAAAXAAAAXAAAAAAXAXAAAXAAAXAAAAAAAXAAAAAAAAAAAXX

% PART 3 - 2ND AND 4TH ORDER CORRECTIONS

% Enter current dither size (mA)

current_dither_size = str2double(char(inputdlg("Enter current dither
amplitude (mA peak)®)));

% Enter delta_nu/delta_i (Ghz/mA)

del _nu_del i = str2double(char(inputdlig(" Input delta nu/delta_l
in GHz/mA: ")));
del _nu = del_nu_del i * current_dither_size * 1e9;

corrected_transmission(:,1) = transmission;

for c = 1:4

% Calculate HWHM of the original distorted AM trace

L(c) = (1 + min(corrected_transmission(:,c)))/2; %
Calculates the FWHM amplitude

[M(c),N(S)] = min(abs(corrected_transmission(:,c) - L(c)));: %
Find nearest value to calculated FWHM

FWHM_freq(c) = frequencies(N(c)); % frequency at

the point of inflection of the absorption profile
% Calculate HWHM magnitude as frequency difference between
FWHM_freq and line centre
line_cent_index(c)=
find(corrected_transmission(:,c)==min(corrected_transmission(:,c)));
line_cent_freq(c) frequencies(line_cent_index(c));
line_cent_freq(c) line_cent freq(l);

HWHM(c) abs(FWHM_freq(c) - line_cent _freq(c));
% Calculate 2nd and 4th order correction factor
delta(:,c) = (frequencies-line_cent_freq(c))./HWHM(c);
B(:,c) = (3.*(delta(:,c)-"2)-
1). /((1+(delta(.,c) n2))-"2);
D(:,0) (5.*(delta(:,c).")-
(10-*(delta(:,c)-A2))+1)-/((1+(delta(:,c)-A2))-A4);
m(c) = (del_nu/HWHM(c));

correction_factor(:,c) =
(1.7(1+(0.25*(M(c)"2). *B(-,C))+((0 125*(m(c)™4)) -*D(:,¢))));
corrected_transmission(:,(c+1)) = (1
corrected_transm|SS|on(.,1)) *correctlon_factor(.,c),
corrected_transmission(:, (ct+l))=1-corrected_transmission(:,(c+1l));
% convert back to relative transmission
end

% Comparison of nth order corrections

fig2 = figure;
plot(waves,amps, "b");hold on;grid on;

263



Chapter 9: Extras

plot(wavelength,corrected_transmission(:,1), °c
plot(wavelength,corrected_transmission(:,2), °g
plot(wavelength,corrected_transmission(:,3), "k~
plot(wavelength,corrected_transmission(:,4), "y
plot(wavelength,corrected_transmission(:,5), “r")
xlabel ("\lambda (nm)");ylabel("Transmission®);
legend("theory®, “0th","1st", "2nd", "3rd", “4th");
title("Comparison of nth order corrections®);

min_corrected_signals min(corrected_transmission,[],1);
error (min(amps) -
(min_corrected_signals))/min(amps) * 100;

[min_error min_error_index] min(abs(error));
best_iteration_index min_error_index - 1
error_for_best_iteration error(min_error_index)

% Saving best iteration result

[filename, pathname, filterindex] = uiputfile("*.dat", "Save best

iteration result as...");

if ~(isequal (filename,0) && isequal(pathname,0))

dimwrite(strcat(pathname, filename), [wavelength”

corrected_transmission(:,min_error_index)], "delimiter”,"\n", "precisi

on®,"%.6F");

end

fig2 = figure;

plot(waves,amps, "b");hold on;grid on;
plot(wavelength,corrected_transmission(:,5), "r");
legend("Theory”, "Expt™);
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Appendix B: MATLAB program for PDM with RAM-nulling

% PDM with RAM Nulling program
% developed by Arup Lal Chakraborty, 2007-2010
% Steps -

% 1. Input Theory file

% 2. Input resonator file for wavelength referencing

% 3. Input sep_FM signal

% 4. Input AM_FM signal

% 5. Input OP1 nogas_break2 signal which is the baseline fit to the...
% OP1 gas signal with the delay arm disconnected

% For low gas concetrations a baseline fit is not necessary.

% 6. Calculate wavelength-referenced absorption profile
% 7. Finally, apply 2nd and 4th order corrections for high modulation
indices

close all;clc;clear all;format long;
N =6; Rp = 0.01; Rs = 90; Wn = 0.005 ;
[bl1 al] = ellip(N,Rp,Rs,Wn);

11 = 1000;

12 = 9000;

% B o o R o R R R R R R R R R AR S e S o R R o S A R R AR R e R R R e e e o
% PART 1 - Read iIn experimental OP1l signals

%

% Theory file
[Ffilename,pathname, filterindex] = uigetfile("*.*","Step 2:Input theory
file™);
if ~(isequal (filename,0) && isequal(pathname,0))
g = xlIsread(strcat(pathname,filename));
waves = g(:,1);waves = waves(3:end);
amps = g(:,2);amps = amps(3:end);
clear g
cd(pathname)
end

% Resonator file

[filename,pathname, filterindex] = uigetfile("™*.*","Step 1:Input
resonator file");

if ~(isequal (filename,0) && isequal(pathname,0))

res = dImread(strcat(pathname,filename));
N1 = 3; Rpl = 0.01; Rsl = 90; Wnl = 0.1 ;

[b_res a_res] = ellip(N1,Rpl,Rsl1,Wnl);

res = res(11:12);

res = filtfilt(b_res,a res,res);

res = res(:);

1 = figure;

index = 1l:length(res);
plot(index,res, "b");hold on;
xhim([1 8001]);
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% Peak identification
diff_res = diff(res);
peak ;
for n = 1:length(diff_res)-1
if ( ne(sign(diff_res(n)),sign(diff_res(n+l))) && (diff_res(n)
> diff_res(n+l)) )
peak = [peak n+1];

end
end
peak = peak(:);
% Eliminate spurious peaks at the bottom
newpeak = [];
threshold = res(peak(1))/2;
for n = 1:length(peak)
if (res(peak(n)) > threshold)
newpeak = [newpeak peak(n)];
plot(index(newpeak),res(newpeak), "r.");pause(0.005);
end
end
legend("Resonator output”,"Peaks");
cd(pathname) ;
end

% Sep_FM - Channel Y

[filename,pathname,filterindex] = uigetfile("*.*","Step 4:Input sep FM
(chY/ch2) file:");

if ~(isequal (filename,0) && isequal(pathname,0))

sep_FM = dImread(strcat(pathname, filename));

sep_FM = sep_FM(11:12);

X = sep_FM;

P = 4;

Q=1;

x = resample(x,P,Q); % upsample by factor P/Q

fs = 1000; % assumed sampling
frequency

fft_points = 4096; % no of points in computing the DFT - higher
value gives better resolution
% Actual DFT calculation

X = fft(x,fft_points);

Pxx = (X.*conj (X)/fft_points);

Pxx(1) = O; % First term is just sum of
all terms - dc term

Pxx = Pxx/max(Pxx) ;

L = fs/fft_points*(0:fft_points/2 - 1)"; % frequency axis

% Plot PSD of input sequence

figure;

plot(f,Pxx(1:fft_points/2),".-");grid on;hold on;
title("\bfPower spectral density");xlabel("Frequency (Hz)")

N = 8000; % Blength of FIR filter -
the longer the better

fc = 0.4; % cut off frequency (Hz) -
inspect PSD and choose value

wn = fc/(fs/2); % normalized cutoff
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b _fir = firl(N,wn); % actual filter
coefficients

% Filter frequency response

[H_ fir w_fir] freqz(b_fir,1,4096);

H_Ffir_mag = abs(H_fir);
H fir_phase = unwrap(angle(H_fir)*180/pi);
f _fir = w_Ffir/*pi)*fs;

plot(f_fir,H_fir_mag,"g--");
xhim([-1 5]);
% Filter input sequence
filtered_x = Filtfilt(b_fir,1,x);
% Plot result
figure;hold on;
plot(x,"b");plot(Filtered x," m");
legend("Original ™, "Filtered”);
title("\bfFIR filtering - original and filtered");
cd(pathname)
end
% Downsample to original sequence length
sep_FM = resample(filtered_x,Q,P);

% AM_FM - channel X
[filename,pathname, filterindex] = uigetfile("*.*","Step 5:Input AM_FM
(chX/chl) file:");

if ~(isequal (filename,0) && isequal(pathname,0)) % check
for Cancel
AM_FM dimread(strcat(pathname, filename));

AM_FM AM_FM(11:12);

X = AM_FM;

P =4;

Q =1;

X = resample(X,P,Q); % upsample by factor P/Q

fs = 1000; % assumed sampling
frequency

fft_points = 4096; % no of points in computing

the DFT - higher value gives better resolution
% Actual DFT calculation

X = fft(x, fft_points);

Pxx = (X.*conj (X)/fft_points);

Pxx(1) = 0; % first term is just sum of
all terms - dc term

Pxx = Pxx/max(Pxx) ;

f = fs/fft_points*(0: Fft_points/2 - 1)"; % frequency axis

% Plot PSD of input sequence

figure;

plot(f,Pxx(1:fft_points/2),".-");grid on;hold on;
title("\bfPower spectral density");xlabel("Frequency (Hz)")

N = 8000; % length of FIR Filter -
the longer the better

fc = 0.4; % cut off frequency (Hz) -
inspect PSD and choose value

wn = fc/(fs/2); % normalized cutoff

b_fir = firl(N,wn); % actual Ffilter
coefficients
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% Fillter frequency response
[H_fir w_fir] freqz(b_fir,1,4096);

H_fir_mag = abs(H_fir);
H_fir_phase = unwrap(angle(H_fir)*180/pi);
T_fir = w_Fir/(2*pi)*fs;

plot(f_fir,H fir_mag,"g.-");
xhim([-1 5]);
% Filter input sequence
filtered_x = Filtfilt(b_fir,1,x);
% Plot result
figure;hold on;
plot(x,“b");plot(Ffiltered_x, m");
legend("Original ™, "Filtered®);
title("\bfFIR filtering - original and filtered");
cd(pathname);

end

AM_FM = resample(filtered_x,Q,P);

% NoGas_OPl1l chl to normalise
[filename,pathname,filterindex] = uigetfile("*.*","Step 7:Input no gas
OP1 chl file:");

if ~(isequal (filename,0) && isequal(pathname,0)) % check
for Cancel
OP1_nogas = dImread(strcat(pathname, filename));

% OP1 nogas = OP1 nogas(l1:12);
OP1_nogas filtfilt(bl,al,0P1 nogas);
cd(pathname)

end

% Get sensitivities

sep_FM sens = str2num(char(inputdlg(” Input sep FM sensitivity in
volts©)));
AM_FM_sens = sep_FM_sens; %

Sensitivities will necessarily be equal
OP1 _nogas_sens = str2num(char(inputdlg(” Input O/P1 no gas sensitivity
in volts™)));

2 = figure;
plot(sep_FM*sep FM _sens, "b");hold on;
plot(AM_FM*AM_FM_sens, "r");
plot(OP1_nogas*OP1_nogas_sens,"g");

O FxAFdxAxxAx  CALCULATION OF PHI - AM/WM PHASE SHIFT kst
%
% Locate +ive & -ive peaks on ch Y to calculate AM/WM phase shift

vl = min(sep_FM); % amplitude of negative peak of
sep_FM = yi

y1l index = find(sep_FM == y1); % index of neg peak

y2 = max(sep_FM); % amplitude of positive peak of
sep FM = y2

y2 _index = find(sep_FM == y2); % index of pos peak
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% Calculate x1, x2 corresponding to indices for y2 and y2 - note
"corresponding"

min_AM_FM = AM_FM(y2_index); % not necessarily min (or
max)of AM_FM_amps. ..
max_AM_FM = AM_FM(y1l_index); % ...min (or max) of sep_FM

% Therefore, x1 and x2...

x1 = max_AM_FM(1);

X2 = min_AM_FM(2);

% FINALLY...Calculate phi = AM_WM_phase_shift

phi = atand((abs(y2)+abs(yl))/abs((x1-x2)))

% _____________________________________________________________________

% Callculate direct absorption signal using phasor decomposition method
AM_whole = AM_FM + sep_FM./tand(phi);
figure;plot(AM_whole);

% Quick Baseline for AM_whole

figure;

plot(AM_whole);

hold on;

index = 1:length(AM_whole);

index = index(:);

fitx [index(1:10); index(end-10:end)];
fity [AM_whole(1:10) ;AM_whole(end-10:end)];
pol = polyfit(fitx,fity,1);
AM_whole_fit = polyval(pol,index);

hold on;

plot(AM_whole_Fit,"r");
baseline_AM_whole = AM_whole_fit;

% Saving AM_whole to get baseline

[filename, pathname, filterindex] = uiputfile("AM whole.dat", "Save
AM_whole as...");

if ~(isequal (filename,0) && isequal(pathname,0))

dimwrite(strcat(pathname, filename),AM whole, "delimiter”,"\n", "precision
", "%.6F7);
end

% New Wavelength Referencing

clear Line_Cent_freq Line_Cent_Index errorl closest _peak Res Peak freq
clear x_res P_res Theory Cent_freq wavelength frequencies shift

% Convert zero-crossing indices to frequencies

Res_Peak freq = zeros(size(peak)); % initialize for for-end
loop
Res Peak freq(l) = 1; % ANY arbitrary initial frequency
value
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% Construct frequency scale with actual frequency SPACING (not VALUES)
for n = 1:length(peak)-1
Res_Peak_freq(n+l) = Res_Peak freq(n) - 0.4275;
end
% Fit polynomial to get functional dependence

X_res = (1:1ength(AM_whole));
P_res = polyfit(peak(:),Res Peak freq(:),2);
frequencies = polyval(P_res, x res); % Extract values of polynomial

fit at each increment Xx
% Shift frequency values to theoretical line centre

nu_zero = 3e8/waves(find(amps == min(amps)));

% Find the line centre index from the experimental plot
Line_Cent_Index = find(AM_whole == min(AM_whole)); % gas minimum
index

Line _Cent_Index = Line_Cent_Index(1); % check for double
value

shift = nu_zero - frequencies(Line_Cent_Index);

frequencies = frequencies + shift; % actual
frequencies

wavelength = 3e8./frequencies; % actual
wavelength

wavelength = wavelength(:);

frequencies = 3e8./(wavelength*le-9);

= = — -
2 = figure;

plot(wavelength,sep FM*sep FM_sens, "b");hold on;
plot(wavelength,AM_FM*AM_FM_sens, "r-);
plot(wavelength,OP1_nogas*OP1l_nogas_sens,"g:");

% Baseline to AM_whole

[filename, pathname, filterindex] = uigetfile("*.*", "Input baseline

fit for AM_whole...");

if ~(isequal (filename,0) && isequal(pathname,0))
baseline_AM_whole = dImread(strcat(pathname,filename));
cd(pathname)

end

figure;plot(wavelength,AM_whole,wavelength,baseline_AM_whole);

%
% PART 2 - Calculation of Absorption

% KAEAAAXAAXAAAAXAAAAAXAAXAAAAAAXAAAAAAAXAAAAAAAAAhhAAAXhhhkiki
nulled_output (AM_whole-baseline_AM whole)*AM_FM_sens;;
absorption -nulled_output./(0OP1_nogas*OP1l_nogas_sens);
transmission 1 - absorption;

% Interpolate theory plot
amps = interpl(waves,amps,wavelength);

figure;
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subplot(3,1,[1 2]);hold on;

plot(wavelength,amps, "b");
plot(wavelength,transmission, "r");

xlabel ("\bf\lambda (nm)");ylabel("Relative Transmission");
title("\bfExperimental Results®);

legend("Theory”, "Expt");

xim([1650.8 1651.1]);

subplot(313);
plot(wavelength,transmission - amps);
x1im([1650.8 1651.1]);

% AEAEAAAAAAAAAXAAAAAAAXAAAXAAAAXAAAXAAAAXAAAAAAAAAAAAAAAAXAK

% PART 3 - 2ND AND 4TH ORDER CORRECTIONS
%
clear corrected_transmission correction_factor L M N line_cent_index
line _cent_freq HWHM

clear delta B D m correction_factor

% Enter current dither size (mA)

current_dither_size = str2double(char(inputdlg("Enter current
dither amplitude (mA peak)*)));

% Enter delta _nu/delta_i (Ghz/mA)

del_nu_del _1i = str2double(char(inputdlg(” Input
delta_nu/delta_ 1 in GHz/mA: %)));
del _nu = del _nu_del i * current _dither_size * 1e9;
corrected_transmission(:,1) = transmission;
for ¢ = 1:4

% Calculate HWHM of the original distorted AM trace

L(c) =@+

min(corrected_transmission(:,c)))/2; % Calculates the FWHM amplitude

[M(c).N(c)] =
min(abs(corrected_transmission(:,c) - L(c))); % Find nearest value to
calculated FWHM

FWHM_freq(c) = frequencies(N(c)); % frequency at
the point of inflection of the absorption profile

% Calculate HWHM magnitude as frequency difference between
FWHM_freq and line centre

line_cent_index(c) =
find(corrected_transmission(:,c)==min(corrected_transmission(:,c)));

line_cent_freq(c) frequencies(line_cent_index(c));

line_cent_freq(c) line_cent_freq(l);

HWHM(c) abs(FWHM_freq(c) -
line_cent freq(c));

% Calculate 2nd and 4th order correction factor

delta(:,c) = (frequencies-
line_cent_freq(c)) ./HWHM(C);

B(:,c) = (3.*(delta(:,c).-"2)-
1)./7((1+(delta(:,c)-"2))-"2);

D(:,c) = (b.*(delta(:,c)-M)-

(10.*(delta(:,c).~2))+1)./((1+(delta(:,c).~2)) . ) ;
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m(c) = (del_nu/HWHM(c));
correction_factor(:,c) =
(1.7(1+(0.25*(m(c)"2) .*B(:,c))+((0- 125*(m(0)’\4)) *D(=.c))));
corrected_transmission(:,(c+t1)) = (1 -
corrected_transmission(:,1)).*correction_factor(:,c);
corrected_transmission(:,(c+l)) = 1 -
corrected_transmission(:,(c+1l)); % convert back to relative
transmission
end
% Comparison of nth order corrections
fig2 = figure;
plot(wavelength,amps, "b");hold on;
plot(wavelength,corrected_transmission(:,1), °"c");
plot(wavelength,corrected_transmission(:,2), "g");
plot(wavelength,corrected_transmission(:,3), "k");
plot(wavelength,corrected_transmission(:,4), "vy");
plot(wavelength,corrected_transmission(:,5), “r");
xlabel ("\bf\lambda (nm)");ylabel("\bf Relative Transmission");
legend(" theory®, "Oth","1st", "2nd", "3rd", "4th");
title("\bfExperimental results for 10.13% CH_4 - PDM RAM-nullled - m =
0.2%);

min_corrected_signals min(corrected_transmission,[],1);
error (min(amps) -
(min_corrected_signals))/min(amps) * 100;

[min_error min_error_index] = min(abs(error));
best_iteration_index min_error_index - 1
error_for_best_iteration error(min_error_index)

% Saving uncorrected result

[filename, pathname, filterindex] = uiputfile("uncorrected result.dat”,

"Save uncorrected result as...");

if ~(isequal (filename,0) && isequal(pathname,0))
dimwrite(strcat(pathname, filename), [wavelength

corrected_transmission(:,1)], "delimiter®,"\n", "precision”, "%.6T");

end

% Saving best iteration result

[filename, pathname, Ffilterindex] =

uiputfile("corrected_best_iteration.dat®, "Save best iteration result

as...");

if (|sequal(fllename 0) && isequal(pathname,0))
dimwrite(strcat(pathname, filename), [wavelength

corrected_transmission(:,min_error_index)], "delimiter”,"\n", "precision”

, %.6F");

end

figure;

subplot(3,1,[1 2]);hold on;

plot(wavelength,amps, "b");
plot(wavelength,corrected_transmission(:,4),"r");

xlabel ("\bf\lambda (nm)");ylabel("Relative Transmission®);
title("\bfExperimental Results®);

legend("Theory”", "Expt");
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x1im([1650.8 1651.1]);

subplot(313);
plot(wavelength,corrected_transmission(:,4)- amps);
xim([1650.8 1651.1]);

% % END OF PROGRAM
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