Old Dominion University

ODU Digital Commons

Electrical & Computer Engineering Theses &

Electrical & Computer Engineerin
Disssertations P g g

Summer 2010

Simultaneous Higher Harmonic Detection and
Extraction of Information From Oxygen Spectra

Karan Dineshchandra Mohan
Old Dominion University

Follow this and additional works at: https://digitalcommons.odu.edu/ece etds

b Part of the Electrical and Computer Engineering Commons, and the Optics Commons

Recommended Citation

Mohan, Karan D.. "Simultaneous Higher Harmonic Detection and Extraction of Information From Oxygen Spectra” (2010). Doctor of
Philosophy (PhD), dissertation, Electrical/ Computer Engineering, Old Dominion University, DOI: 10.25777/gc9e-8338
https://digitalcommons.odu.edu/ece_etds/110

This Dissertation is brought to you for free and open access by the Electrical & Computer Engineering at ODU Digital Commons. It has been accepted
for inclusion in Electrical & Computer Engineering Theses & Disssertations by an authorized administrator of ODU Digital Commons. For more

information, please contact digitalcommons@odu.edu.


https://digitalcommons.odu.edu?utm_source=digitalcommons.odu.edu%2Fece_etds%2F110&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/ece_etds?utm_source=digitalcommons.odu.edu%2Fece_etds%2F110&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/ece_etds?utm_source=digitalcommons.odu.edu%2Fece_etds%2F110&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/ece?utm_source=digitalcommons.odu.edu%2Fece_etds%2F110&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/ece_etds?utm_source=digitalcommons.odu.edu%2Fece_etds%2F110&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=digitalcommons.odu.edu%2Fece_etds%2F110&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/204?utm_source=digitalcommons.odu.edu%2Fece_etds%2F110&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.odu.edu/ece_etds/110?utm_source=digitalcommons.odu.edu%2Fece_etds%2F110&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@odu.edu

SIMULTANEOUS HIGHER HARMONIC DETECTION AND

EXTRACTION OF INFORMATION FROM OXYGEN SPECTRA
by
Karan Dineshchandra Mohan

B.S.E.E. May 2004, Old Dominion University
M.E.E.E. August 2008, Old Dominion University

A Dissertation Submitted to the Faculty of Old Dominion University
in Partial Fulfillment of the Requirements for the Degree of
DOCTORATE OF PHILOSOPHY
ELECTRICAL & COMPUTER ENGINEERING
OLD DOMINION UNIVERSITY

August 2010

Approved by:

Aglin Dharamsi (Director)

I\@éunir Laroussi (Member)

Zia-ur Rahman (Member)

Leposava Vuskovic (Member)



ABSTRACT

SIMULTANEOUS HIGHER HARMONIC DETECTION AND
EXTRACTION OF INFORMATION FROM OXYGEN SPECTRA

Karan Dineshchandra Mohan

Old Dominion University, 2010
Advisor: Dr. Amin Dharamsi

Wavelength Modulation Spectroscopy (WMS) is a highly sensitive technique that
utifizes synchronous detection at the N-th harmonics of a modulating frequency, by
modulating the laser beam used to probe a gaseous species. The advantage of this
technique lies in the greater effective signal-to-noise ratio one obtains as a direct
consequence of the larger amount of structure present in the higher harmonics, and thus a
greater amount of information that can be obtained from that structure. We present the
development of a novel technique where data at multiple harmonics is obtained
simultaneously, rather than sequentially. This removes the susceptibility of the
experiment to changes in the environment, when one is collecting data at different
harmonics. The experimental setup is discussed, and results are presented illustrating that
the new method does not introduce any distortions to, nor lose any structure present, in
the previous, sequential setup for WMS.

We also utilize higher harmonic detection with wavelength modulation
spectroscopy to compare the sensitivity of signals to the lineshape profile used when
modeling experimental results. Transition profiles that are very similar when measured
with direct absorption and lower detection orders, are more differentiated at higher
harmonics. The effects of increasing modulation index as well as higher optical

pathlengths are investigated. The latter of these investigations results in novel optical



pathlength saturation effects, which a model assuming the Voigt lineshape function is
able to more accurately predict than a model using the Lorentzian profile. Furthermore,
the sensitivity provided by the derivative structure of WMS signals is used to resolve
weak spectra, that are otherwise indiscernible at direct absorption .wi.th tile resolutions
available,

We also present a method, using Shannon’s principles, to quantify the amount of
information, in bits or nats, that one obtains when increasing the precision of a
measurement of some parameter in a distribution of photons. The calculation is presented
for antenna array radiation patterns, as well as for experimental wavelength modulation
spectroscopy signals. Finally, we quantify the information lost and associated heat

generated when a lineshape function is measured with a finite reselution spectrometer.
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CHAPTER L. INTRODUCTION

Every process of measurement inevitably leads to a perturbation of the medium
being s.t.uc.lied. éy measu.ring.so&le [;rop;erfy of a target, .thc measuring device ends up
distorting that target in some manner. This becomes particularly critical when one is
investigating highly sensitive phenomena, such as those on the atomic or molecular scale.
Thus, it has always been an important goal to find a method of measurement that
provides the least disturbance — fortunately, this is provided by light. Photons, being
massless, provide the “lightest touch™ in many experiments, and absorption and emission
processes have become some of the most preferred sources of information for
characterization of any medium or process that absorbs or emits photons. One particular
application, for example, is the convenient characterization of a gaseous species by
probing its spectral absorption or emission prefile,

Such methods have been successfully utilized to identify different species, and
make precise non-intrusive measurements of their temperature and velocity distributions,
pressure, density, and other physical parameters. Spectral techniques have even enabled
the study of the molecular and atomic structure of the gaseous medium being probed.
Optical sensing techniques furthermore allow one to probe regions that are unreachable,
such as terrestrial or higher earth atmospheres, or hostile environments. This allows for
many industrial applications, such as determination and control of reactants in a
processing environment, as would be necessary in microelectronics, for example.

Applications are also widespread in environmental monitoring and protection or national

Joumnal model used for this dissertation is Applied Physics B: Lasers & Optics



security, where the methods can be used for the detection of pollutants, particulate matter
or hazardous chemicals. Optical sensing methods provide a novel, precise, minimally
intrusive method for the investigation of gaseous substances.

The greater the precision of these measurement techniques, the faster the
advancements in industry and research utilizing these methods will be. However, often
times, such advancement is limited by the need to balance costs with accuracy.
Furthermore, certain apparatuses may or may not be compatible with the environment
they are intended for. Thus, there arises a need for different and efficient methods of
optical sensing. One such method, which is the focus of this research, is Wavelength
Modulation Spectroscopy (WMS), where a probing laser is modulated as it passes
through the target, and synchronous demodulation is performed at the receiving detector,
The advantage of this technique arises from the rich structure due to the derivative-like
behavior of higher harmonic WMS signals, resulting in turning points and zero crossings.
In this work, we develop a novel wavelength modulation spectroscopy method whereby
multiple harmonics are detected simultaneously, compared to previous sequential
detection methods. We investigate the sensitivity of WMS signals at higher harmonics to
differences in the theoretical modeling, and study the effects of modulation index and
high optical pathlengths on the ability to reselve spectra in atmospheric oxygen.

There are many questions that arise in such measurements. One such important
question, but less frequently asked, is *What is the maximum amount of information —~ in
bits — that one can extract from a measurement of some parameter?” An answer to this
question must first begin with the quantification of the amount of information in a

particular measurement. Understanding how to do so would allow one to optimize an



experimental setup for extraction of maximum information. We propose a method to
quantify the amount of information one obtains in such measurements, by investigating

radiation profiles in space and frequency.

1.1 BACKGROUND & MOTIVATION

Over the last couple of decades, the advent of diode lasers has resulted in a surge
in their use as optical probes in laser spectroscopy. In particular, their low cost,
compactness and tunability at various near-infrared and infrared wavelengths make them
ideal for probing gaseous molecules with vibrational-rotational transitions. Furthermore,
these lasers have generally stable operation at room temperature, are fiber-optic
compatible (allowing their light to be channeled to difficult-to-reach locations), and can
be easily tuned by adjusting the injection current or temperature. Due to these
advantages, among many others, semiconductor-based laser spectroscopy finds use in
many applications such as environmental monitoring, atmospheric sciences and materials
processing.

Over the last decade, one such application of diode lasers has been Wavelength
Modulation Spectroscopy (WMS). In WMS, the radiated frequency of the laser is
sinusoidally modulated. The signal on a photodetector, after the modulated beam passes
through a gaseous absorbing medium, is one that varies at the harmonics of the
modulation frequency, ©n. One can then demodulate the signal with a lock-in amplifier at
those harmonics of the modulation frequency, Nw,. By doing so, one is able to eliminate
the majority of noise, except in a narrow bandwidth around the detection frequency. Such

techniques have been successfully utilized to study various gases and their properties, by



investigating the features of the WMS signals. Examples include, but are not limited to,
the measurement of temperature, line strengths, collision broadening and shock wave
effects in atmospheric oxygen [2-7], carbon dioxide [8-10] and hydrogen sulfide [11].

Most of these applications, however, have focused on the commonly used second
harmonic (2f) detection. It is well known that higher harmonic WMS signals provide a
greater degree of structure in the form of turning points and zero crossings, and can
therefore provide more sensitive probes for some of the above mentioned applications [2-
6]. However, the behavior of WMS signals is generally complex, and simply going to
higher harmenics is thus not always feasible. For example, higher harmonic signals have
a lower magnitude, and in the presence of noise would be difficult to resolve. This can be
countered by increasing the modulation index, but doing so broadens the signal, which
would cause loss of features as well. Thus, one has to find an optimal set of conditions
that allows for the maximum gain in information about the gaseous medium being
studied.

Furthermore, the previous methods have focused on a sequential collection of
data, where cach harmonic signal is collected independently. This lends itself to
engineering difficulties, such as time-limitations and changes in the target that can occur
on the time-scales required for collection of each harmonic. Therefore, there arises a
necessity to develop detection apparatus that simultaneously collect signals at the
different harmonics. This eliminates uncertainties that would arise due to a changing
environment, which would otherwise be present when one performs sequential
measurements. In addition, the detection of various harmonic signals simultaneously may

possibly allow for a more efficient removal of distortions and noise. For example, when



one performs a particular series of sequential measurements N=1,2,3...8, each set of data
is associated with an independent noise pattern obtained at the time of each measurement.
However, if one utilized simultaneous detection of those eight harmonics, it is
conceivable that they would be able to more efficiently reduce the noise, since the noise
pattern would now be expected to be the same across the eight signals. This possibly
allows for a fundamental gain in information when using simultaneous instead of
sequential detection.

An aspect of the technique described in the references above that has not been
investigated before is the quantification of information that one obtains from a
wavelength modulation spectroscopy experiment. As every real measurement is
associated with some distortion, there is always an uncertainty in the quantity being
measured. For example, if one is estimating the temperature from the Doppler linewidth
of a spectral profile, then any uncertainty in the measurement of the profile will translate
to an uncertainty in the temperature. Such imprecisions in the measurement of the profile
would commonly arise from distortions due to noise or limited resolution of the
apparatus. This uncertainty can, however, be reduced by an improvement in the
apparatus, or by processing the data. According to Shannon [12-13], this reduction in
uncertainty can be quantified as a gain in the amount of information obtained about the
parameter being measured. Such quantification, as applied to radiation patterns in space
and frequency, as well as to WMS signals, has been described in references [1,14-19].

The work described in this dissertation investigates the use of simultaneous higher
harmonic wavelength modulation spectroscopy in the study of atmospheric oxygen [19].

In particular, we probe near-infrared optical transitions in the oxygen A-band.



Measurements of various line parameters of the oxygen A-band have been vital tools in
atmospheric sensing. For example, the Stratospheric Aerosol and Gas Experiment il
(SAGE T} instrument, which was a part of NASA’s Earth Observing System -of
satellites, used the oxygen A-band to measure temperature and pressure profiles of the
stratospheric and mesospheric levels of the atmosphere [20]. Likewise, the Atmospheric
Chemistry Experiment-Measurement of Aerosol Extinction in the Stratosphere and
Troposphere Retrieved by Occultation (ACE — MAESTRO) instrument, on the Canadian
SCISAT satellite, also utilizes the oxygen A-band to determine temperature and pressure
profiles in the atmosphere [21]. Hence, techniques to observe and accurately characterize
spectral profiles of transitions in the oxygen A-band play an important role in

atmospheric sensing.

The A-band is composed of transitions between the rotational energy levels of the

zeroth vibrational quanta (0 - 0) of the ground electronic “triplet” state ( X 32;) to the

first excited electronic “singlet” state (bIE; }. Transitions in this band are spin forbidden

and electric-dipole forbidden, but are magnetic dipole driven, making them fairly weak.
However, due to the high optical pathlengths available in the atmosphere, which enables
greater absorption by the species, the oxygen A-band transitions have been studied since

the early 1920s [22-23].

1.2 SUMMARY OF WORK DONE
We performed simultaneous wavelength modulation spectroscopy experiments on

transitions in the oxygen A-band, using tunable vertical cavity semiconductor emitting



lasers [5,19]. This involved modulating the injection current driving the laser, which
resulted in a wavelength modulation of the output of the laser. The beam was then passed
through a multi-pass cell based on the design of Altman [24], where-the optical
pathlength could be varied. The output beam was then detected on a silicon photodetector
operating in the photoconductive mode, and the output signal was fed into National
Instruments Labview. A virtual Lock-In Amplifier program performs simultaneous phase
sensitive demodulation of the signal at multiple harmonics of the modulation frequency.
This additional element of signal processing makes WMS different from conventional
direct absorption spectroscopy, and provides additional structure that makes a WMS
signal sensitive to fine features that are otherwise difficult to detect. The experimental
data are then compared to theoretical models, which assume different lineshape profiles.
We find that higher harmonic WMS signals are sensitive to the type of lineshape profile
assumed in the theory, and allow one to distinguish between profiles that may not be
easily achievable with conventional spectroscopy. We investigate the effects of changing
the modulation index, as well as the optical pathlength, and discover features that allow
an even more sensitive probing of the lineshape profile.

A theoretical background is provided in Chapter II. We begin by reviewing the
interaction of light with matter by looking at a semi-classical treatment of the interaction
of an electric field with the hydrogen atom. We illustrate, through animations that were
obtained from quantum mechanical calculations, the behavior of the hydrogen atom when
it absorbs or emits a photon for different transitions. This is followed by a brief
discussion of the structure of the oxygen A-band, and we present a derivation of the

general equations of absorption of light by matter. A description of lineshape profiles that



we use in the theoretical modeling in this work is then provided. Finally, we describe the
theory of wavelength modulation spectroscopy, detailing the cases of pure frequency
modulation and frequency with amplitude modulation, as well as-the effect of high
optical pathlengths.

Chapter III presents the experimental results, as well as theoretical modeling, of
the experiments done on two oxygen A-band transitions. We describe the development of
the simultaneous WMS apparatus, and present results comparing the output of our new
simultaneous detection mechanism to the previous sequential detection method. We then
investigate the sensitivity of WMS signals to the type of lineshape profile used in the
theoretical modeling, by matching the output of models to experimental data. We
investigate the sensitivity at different harmonics, as well as different optical pathlengths
and modulation indices, and suggest that higher harmonic detection allows for a more
sensitive characterization of the lineshape profile. Experimental results are also provided
that show higher harmonic WMS signals as a sensitive probe for the resolution of weak
spectra, that are otherwise not visible with direct absorption.

In Chapter 1V, the quantification of information in distributions of photons in
space, as well as frequency, is discussed. First, the results of theoretical calculations for
the measurements of parameters in an antenna array by detecting its radiation patterns are
presented. The argument is extended to wavelength modulation spectroscopy signals, and
present results that suggest the rich structure of higher harmonic signals, which make
them more sensitive to changes in the parameters, allow for the extraction of more
information about those parameters. We conclude by providing a summary of our work in

Chapter V, and give a brief outline of the possible future direction of this work.



CHAPTER 11. THEORETICAL DEVELOPMENT

2.1 THE INTERACTION OF LIGHT WITH MATTER
2.1.1 Quantum Antennas

We begin by reviewing the fundamental theory behind the absorption or emission
of light by an atom. One fascinating consequence of our modern understanding of
quantum mechanics and electromagnetism (a field more properly described as quantum
electrodynamics), is the realization that the whole spectrum of electromagnetic radiation
is generated by the same process that governs the radiation from and reception by the
common antennas for radio and TV signals. This includes all wavelengths from the
ultrashort (with wavelengths in the sub-Angstrom range) such as gamma rays, x-rays,
ultraviolet and visible radiation, through infrared, microwave and very long wavelengths
(literally Ionger than thousands of kilometers).

Generally speaking, an antenna is a body that emits or absorbs electromagnetic
radiation. This definition makes every object an antenna, as every object will emit or
absorb electromagnetic radiation at some particular frequency based on its atomic,
molecular or crystal structure. This property of absorption and emission at a particular
frequency gives an element its “electromagnetic fingerprint.”” By studying the spectral
composition of the radiation that a body (essentially an antenna) emits, we can decode the
“fingerprint” and identify its composition — the well known technique of spectroscopy.
As the process of radiation depends on the atomic or molecular structure, we start by
studying the process at the lowest level possible, i.e. the atomic level. In this section, we

outline a calculation, using quantum mechanics, of the wavefunction of a Hydrogen atom
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interacting with electromagnetic radiation. Having obtained the wavefunction, we will
then produce plots illustrating the evolution of the probability density cloud of the
electron-as the atom: absorbs or emits a photon.

The concept of radiation in quantum mechanics involves the interference of
stationary states. These stationary states are stable “orbits” of the electron in an atom,
described by probability densities that are characterized by wave functions and energies.
As the electron transitions from one state to another, the difference in energy is related to
the absorption or emission of radiation, of frequency £, by Af = E, — E,; where E> and E;
are the energies of the upper and lower states, respectively, and 4 is Plank’s constant. In
this process of “hopping” from one state to another, the electrons form a time-dependent
coherent interference state between the wavefunctions of the orbitals involved [25].

To appreciate the essence of this process, we will use a semi-classical approach
and consider the interaction of classically described electromagnetic radiation with a
quantum mechanical Hydrogen atom. While the case chosen is the simplest possible, the
- physical understanding developed is easily extendable to more complex systems,
including the A-band of molecular oxygen studied in this dissertation. We apply time-
dependent perturbation theory with a small disturbance to the atom (in the form of
electromagnetic radiation), and then calculate, using quantum mechanics, the transition
probabilities between states involved in the emission or absorption of radiation.

Let us begin by considering the Hamiltonian of a freely orbiting electron in an
ij

atom: H = P +V(r), where p represents the momentum {and therefore kinetic energy),
m

while ¥ represents the potential energy. The Hamiltonian, in general, is an operator
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related to the total energy of the system through an eingenvalue-cigenfunction equation
given by:

- H-W(FN=E-Y§F (1a)
where W(7,t) is the wavefunction of the electron, and |‘1"(1?‘,.t‘)|2 gives the probability

density function of the electron.
Writing the momentum and energy operators explicitly gives us the more familiar

time-dependent Schrédinger equation (See, for example, Ref. [26-27]):
hz 2 - — — . a —
——VYFEO+V(FEW(FO=ih—Y(F.0 (1b)
2m ot

where the momentum operator is given by p = —ihV and the energy operator E = ihd/ ot .

Solving (1), with the appropriate functional forms for the potential ¥, gives us the
wavefunction of an electron In an atom, which can then be used to determine the
probability density function and energies of the stationary states.

In the presence of electromagnetic radiation, however, the Hamiltonian will be
perturbed, giving:

H=H'+H (2)
where H' is the stationary Hamiltonian in the absence of any disturbance (as given
above), and A’ is the perturbing term due to the electromagnetic field. Note that when
writing the Hamiltonian as (2), we have assumed the contribution due to the disturbance
to be much smaller than the stationary Hamiltonian term. While this first order
approximation will be sufficient in understanding the behavior of an atom as it absorbs or

emits a photon, it only applies to cases where the interacting electromagnetic field has
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very low intensity. Recognizing that in the process of emission or absorption, that the
wavefunction of the electron is given by a time-varying superposition of the stationary

states involved [26-27], we define the total wavefunction as:

W70 =S e Dy, (Fe 3)

L . . .
where  (Fle * "is the wavefunction of the n-th stationary energy level in the atom,

with energy E,. Since the stationary state wavefunctions are well known, our problem of
finding the wavefunction of a Hydrogen atom interacting with an electromagnetic wave
reduces to determining c,f?) — the probability amplitude of finding the atom in state n
(The probability of finding the atom in state n is given by |c.(1)|%).

Substituting equations (2) and (3) into (1) gives:
0 - -iE,,: - _ —i£n: . - —iE,f:
H Y e, 0w, [Pe " |+ D c, )y, (Fle’ =:h5; Yy, (Pt (4a)
which, when expanded and using the energy operator, gives:
[Z ¢, (HH’ %(F)e_hw) * HI(Z N0 %(F)e_;HJ

= f*‘{Z & Ow, e J + [ch (r)ihﬁyf,,(r)e'if"'J
' p ot )

We identify the first and last terms to be identical for stationary states, since H'¥ = E¥,

g
with EW = ihaa—t . This further simplifies (4b} to:

f-‘f{Zc‘n(r) %(F)ef"'}ff'[&(r) wn(ﬁ)e‘iﬂ"’] (4c)
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Keeping in mind the orthonormality of stationary states, we multiply equation
(4c) by the complex conjugate of the wavefunction of some stationary state k, and

integrate over all space:

fh[zé,, e s (F)w,,(f')df] (Z e, 0" [y, (F)df-]
ih[zén(r>e*‘*'*‘ﬁ")’5*~}

“y s L(EJ:_E-:)F - 3 _
e ()= c, et [y FYH' v, (Fd7

{ch O (F)H'w,,(F)dFJ

(3)
Consider now, the specific case of a transition from some initial state, n=/, fo a
final state, £=2. Equation (5) therefore becomes:
ihé, (1) = ¢,(1)e’™ H, (1) (6)
where @y is the frequency of the transition given by ayp=(E,-E)/h, and H,, isthe
perturbation matrix element, defined as:
Hy = fwz (FYH'(7, 0y (F)dr Q)
¢2(t) may now be found by solving the differential equation (6). We proceed by
making two assumptions:
1. Initially, all atoms are in the lower energy state 1. Therefore:
c(t=0)=Lc,(t=0)=0 (8a)
2. Since we have a weak absorption or emission case (i.e. low intensity
electromagnetic radiation), then for a short time after the initial condition, most of
the atoms are assumed to still be in the initial state 1. Thus:

a)=Le,(f)=0 for small >0 (8h)
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In light of these assumptions, equation (6b) reduces to:
: 1 Fenf r
& () =—e™ H}, (1) ©)
ih

The solution of this simple differential equation, using the initial conditions (8a), is:

ey =~ [ Hy ()t (10)
ih;

¢;(1) can be calculated from conservation of probability | cl(!‘)‘2 +|(:2(t)]2 =1. Knowing the
functional form of the perturbation Hamiltonian term, H'(¥,t), we can determine c;(2} and
(1), as well as the total wavefunction ¥, (7,7).

As it stands, the above treatment is general and applies to any weak perturbation
on an atom that can be described by equation (2). We now proceed to determine H'(r 1),
for a specific case of interest to us: the interaction of electromagnetic radiation with an

atom. Assume that the atom interacts with a plane electromagnetic wave, described by

the magnetic vector potential:

A(F,1) = 24, sin (ky — or) (11)

The total Hamiltonian of an electron in the presence of this field is given by [26-27]:

=P |y (12a)
2m ’

where ¢ is the electronic charge. Expanding (12a), (being careful not to commute

operators):

2 2
M i o
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We can identify the first two terms as the stationary state Hamiltonian, while the
remaining terms form the perturbing Hamilionian. Again, using the low-intensity

approximation, the third term may be assumed to be much smaller than the rest: -

.'.H‘=~E%(ﬁ-2+ﬁ-ﬁ) (13a)

In operator form, we further simplify (13a)

(4-V)y =—2L(i p)y (13b)

where we have used the Coulomb gauge, V-4=0, assuming the atom to be in a source
free region and ignoring relativistic effects. Upon substitution of (11} into (13), and

expanding using Euler’s formula, our perturbing Hamiltonian is given by:

=94 p)= - 4, sin(hky — 1),
i m

s H'(F ) = _ﬁ A, [er'(ﬂy-—ww) _ pmithmen ]pz

(14)
Hence, the perturbation matrix element, equation (7), becomes:
i A i * =y kv = A —10 *oon -
Hy, =22 [y (P)e™ p.y, (I —2=e™ [yi(F)e py, (P (15)
2im 2im

We now have an explicit expression that describes the interaction of light with
matter. The perturbation matrix element given by (15) can be used in conjunction with

equations (10} and (3) to determine the wavefunction of an atom interacting with
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electromagnetic radiation. While equation (15) is complete for describing the interaction
above, we expand the exponential term in the integral to further appreciate the emission

or absorption process:

Hy, = e (e o) [y ) p v, (P

e R |G AGY

+ higher order terms (16)

Let us examine the two terms separately. The momentum operator is related to the
stationary state Hamiltonian and position operators by the commutation relation [26]:

[z,H,]=zH, Hz—%pz (17)

Substituting (17) into the first integral of (16), we obtain:

L m : —iat o —
HY) =L B e oo ) aH -~ Ho2h, ()

B ) Y, Ho )

=T () E, - E,) o Pre, o

= —iw, Ay sin(ot) [y, (Fgzy, (F)dF

(18)
We also recognize that the electric and magnetic fields, in a source free region, are
related to the vector potential by:
E=- 2] ., B=Vxd (19)
a

Using equations (19) and (11), we can easily simplify (18) to:

H =—j ”E sin{e#)(gz),, (20)
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The term (gz),, can be identified as an electric dipole moment oriented along the z-
direction [28]. Furthermore, the potential energy of an electric dipole in an electric field
is —p-E, where B is the electric dipole moment. Hence, the first term in the expansion

{16) corresponds to an electric dipole interaction between the electromagnetic wave and

the atom. Now consider the second term in (16), which we rewrite as:

Ak { v i\ e .
Y == o 1) [y (Fhypa (P
m

A cos(wh)k ¢ 4 . .
= _q_ﬂ_;r(.__)w J.y/k(r)%(ypz —zp, +Ip. +zpy)1;/n(r)d?'

_ _%C;jﬂk fs®bp. -, )y, Py
*%C;;(M [ . + 20, ), )

(21a)
The terms in parentheses of the first integral can be recognized as the x component of a

cross product of the position vector and momentum:

(20 A, cos{wt)k e =

A, cos{w)k .o _
= -GN () )Ly, ()
2m

(21b)

where L, is the x component of angular momentum. In addition, the amplitude of the

magnetic dipole moment of a current loop of area, a, and amplitude, 7, is given by

p=la=L =4 yvr=9 I From (19), the amplitude of the magnetic field
2mr 2m 2m

component of the electromagnetic wave in (11) is given by B, = k4, . Therefore, equation
(21b) can be written as:

H' =B, cos(a)(x.),, -
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The potential energy of a magnetic dipole in an external magnetic is given by the well
known expression U =—ji- B [28]. Hence, the perturbation matrix element given by

(21c) describes a magnetic dipele interaction between the electromagnetic radiation and
the atom.
The second term in equation (21a) can be manipulated in a manner similar to (18):

- ARONDD) [ Yo, P
2m

_ GAR O () o Y )
2m

N G
2Zm

+ P v, [ o I

H = qanAgk cos(or) [, ) vz (F)dr

"2k _
"7 =

(21d)

Again, we recognize that the potential energy of an electric quadrupole in an external

oFE oF
electromagnetic field is given by —%ZZ(Sx,.xj —rzé'y.) 8xj =—%ZZQU P ~ , where
P : N X
Q, 1s the electric quadrupole moment [28]. Equation (21d) therefore reduces to:
H'};f"’) =q&(EJ cos(mt)(yz)kn (21e)
@\ Oy o

Thus, the second term in equation (2la) represents the interaction of an electric
quadrupole moment with the electromagnetic wave. The second term in equation (16)
therefore represents a combination of magnetic dipole and electric quadrupole transitions.

Given initial and final stationary state wavefunctions, we can determine which
transitions are allowed from (16)-(21), t.e. “selection rules”. Consider, for example,

transitions in the Hydrogen atom. By symmetry arguments, it can be shown [26] that the
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electric dipole transition, given by equation (20), vanishes except when A/ =11 and
Am = 0 (for a field polarized in the z-direction) or Am =+1 (for a field polarizedinx or y
direction); where / and m-are the angular momentum and magnetic quantum numbers
respectively. Likewise, the selection rules for a magnetic dipole transition (equation
(21¢)) are A/ = 0 and Am =21, while the electric quadrupole transition (equation (21¢))
requires A/ =0,£2 and Am=0,£1,+2 . The magnetic dipole and electric quadrupole
matrix elements vanish when the electric dipole matrix element is non-zero, and vice
versa (hence the commonly used term, “forbidden transitions,” for the former two [26]).
The relative strengths of the different transition types can also be estimated from the
matrix elements, with the electric dipole being three orders of magnitude stronger than
the magnetic dipole and electric quadrupole transitions.

Examples of these transitions are illustrated in Figures 1 and 2 below, which plot
the evolution of the electron’s probability density function during absorption of a photon.
Figure 1 is an electric dipole transition that occurs between the 1s and 2p” states. Like a
classical electric dipole antenna, the probability density (i.e. “charge cloud™) oscillates
vertically along the z-axis. Similarly, figure 2 illustrates a magnetic dipole transition that
occurs between the 2p° to 3p' state. In this case, the probability density undergoes a

rotation similar to a classical magnetic dipole antenna (i.e. current loop).
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Fig. 1: Evolution of the electron probability density function for an electric dipole tramsition in the
Hydrogen atom (1s = 2p” transition). The electronic charge distribution oscillates in a manner similar to a
classical electric dipole antenna. While these figures illustrate absorption of a photon, the same behavior

occurs (in reverse) during emission.

Fig. 2: Evolution of the electron probability density function for a magnetic dipole transition in the
Hydrogen atom (2p° = Zi,pl transition). The electronic charge distribution rotates in a manner similar to a

classical magnetic dipole antenna (e.g. current loop).
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An evaluation of the matrix elements also allows one to determine the Einstein

Rate coefficients (discussed in an upcoming section). From equation (15), the general
“form of the perturbation matrix element may be deduced as H', =ae”™ +a,e™ .

Substituting this expression into equation (10a) gives:
— 1 l ey =}t e+ )t
oty=— (e +a,e dat
ih

A :—O:]'__..._ 1— Han-o) @, 1— (e +oo)r (22)
Cz(t) ﬁ(mo—m){ € }+h(a)0+a)){ e } _

In the limit that @ = e, the second term rapidly oscillates to zero leaving one the

resonant first term. The probability of the upper state is therefore:

z o, t{og—ao &, * —ilan—a}
= - il -
e, (0) h(wo_w){ e }h(wo_w){ e '
3 2
44 it —1hhant 1
:m{z_(‘?a tet )}zm{2—2005(rﬁ&?ﬂ}
2 .2
(4 »
o (t)z zfxl_sm—2
e = ey 23)

A * p— —_ . - L
where ¢, = —% Ia,r/k(r) p.w,.(r)dr for an electric dipole transition, and Aw =@, —@.
im

Note that the above probability is calculated assuming “sharp” energy levels, i.e. a
single, well-defined value of wo. However, due to the Heisenberg uncertainty principle,
the energy levels are broadened and, as a result, there is a probability density g(wo) of the
transition frequency. Hence, the average probability [26,29-30] that the atom is in state 2

is given by:
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a 2 .2
2\ _ oy sint(z (v, —v))
ertl )= = 2w

a,’ “1 (sin(x) Y o
[

The Einstein absorption coefficient, Bj,, is related to the rate of absorption

dN
[26,29-30] by d; = B,N,g(v)p, , where N, is the population of state i and p, =1 €E,’

is the energy density of the incoming electromagnetic radiation. Thus, we can equate the

occupation probability of N; from this equation to (24), obtaining:

2
x
B,gmp =22 g o)

g

g 1 lf3"12
B, =2>——-

2
g p N (25)

where g; and g, are the degeneracies of the two states. We obtain the Einstein

Spontaneous Emission coefficient, A,;, from the relationship [26,29-30]:

Za e O 26
B, & z 20
giving:
3 2
A21:322r _1“9']_ (27)
A p, h

Table 1 presents A, values calculated for some commeon transitions in atomic
Hydrogen, averaged across the [ and m states for arbitrarily polarized electromagnetic
radiation [30]. The values are compared to tabulated data (from experimental and

astrophysical observations [31]), and are within 0.15%.
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Calculated vs. Measured A21 coefficients in Atomic Hydrogen

Spectral  Transition Az Az Yo
Series (nen) (Calculated) (s')  (Tabulated) (s') Difference
Lyman - o 2-1 4.692 x 10° 4.699 x 10° 0.15
Lyman - B 3-1 5.567x 107 5.575 x 10’ 0.14
Lyman - y 4-1 1.277 x 10’ 1.278 x 107 0.08
Balmer - o 32 4.407 x 107 4410 x 107 0.07
Balmer - f 4-2 8.414 x 10° 8.419 x 10° 0.06

Table 1: Calculated Spontaneous Emission coelficients for trunsitions in atomic Hydrogen, compared with

Tabulated data from Ref. [31]

2.1.2 Absorption and Emission of Light

The absorption or emission process on the atomic level was investigated in the
previous section. While the interaction of a single atom with electromagnetic radiation
was addressed, the application of probabilities implies that the results apply to large
collections of individual atoms or molecules. We will now discuss briefly the
amplification or attenvation of light by a collection of atoms or molecules in a general
system, whether in solid, liquids or gaseous state.

We introduced Einstein’s coefficients in the previous section, which are
calculated from the probabilities of transitions between energy levels. These coefficients
allow us to determine the rate at which the populations of the energy levels change, and
therefore the rate of absorption or emission of light. We first consider, as Einstein did
[32], a case of a two-level optical medium at equilibrium with thermal radiation. The
populations of the energy levels are given by [29,32]:

dN,
di
dN,

7=+A21N2 + B, p(VIN, — B, p(V)N, (28)

=—AyN, - B, p(MN, + B, p(V)N,
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where A;; is defined as the Einstein Spontaneous Emission Coefficient, B, is the
Stimulated Emission Coefficient and B,;; is the Absorption Coefficient. N; and N are the
populations of the lower and upper energy levels respectively, while pfv) is the spectral

energy density of thermal radiation.

At equilibrium, the rate of change must be zero. Therefore:

dN dN
dtz =—A, N, =B, p(v)N, + B,,p(v)N, = _7;,{]' =0

which results in

___ Bypv)

Ny
Ny Ay + B, p(v) (29a)

Since the system is at thermal equilibrium, we apply classical Beltzmann statistics:

Ny _ & e __ Bup() (29b)

N g Ay + By p(v)
where g, and g; are the degeneracies of the upper and lower states, respectively. From
(29b), we obtain:

Ay
B, B2 gimiiy ~B,, (30a)

1

pv) =

However, at thermal equilibrium, the spectral energy density is given by the well known

expression of Planck [29]:

2
piy =22 v (30)

3 ehv;"i‘?' - 1

We can therefore obtain relationships between the three coefficients:
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Azl - 8ﬂf1v3 Blz =& (31)
B, ¢’ B, g

which we used in our determination of the spontaneous emission coefficient from
transition matrix efements (equation (26)). The above approach was initiaily used by
Einstein to determine the spectral energy density of blackbody radiation {32].

Let us now consider interaction of the medium with a coherent light source, i.e. a

laser, instead of thermal radiation. The spectral width in this case is very narrow and may

therefore be approximated by p(v) = p,5(v'~v), where p, is the energy density of the

probing beam. Furthermore, we note that since the energy levels are not “sharp™ as
described above, the absorption or emission frequency v must instead be defined by a
probability density gfv}. Hence, the rate equations (28), averaged over this probability
density and narrow spectral width become {29]:

an,
dt- =—A4,N,~ B, pgV)N, + B,p.g(v)N, (32)

The energy density of electromagnetic radiation is o, = //¢, where [ is intensity. From

(32), we can now determine the change in intensity of light as a result of the change in
population, in a segmenit of the medium of length 4z and area A:

nvAdz
A

dN, hvAdz hvAddz 1 dQ
. =—AN,———-—
da A A 24x

1 vdQ I
~dl = _E(AN‘ME ?de_Eth(v)(leNz “Blle)dz

hvAdz
~B,,p,g(V}N, T +B,p.2(V)N,

dl  hv B 1 hvdC)
S—= BN, -—LN H+=] 4, N, —
= ¢ g) 2|( 2 B, 1) 2( Ik Ny J
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The second term above can be considered “notse™ due to its random nature, and we
disregard it since the work described in this dissertation focuses on absorption processes.

- Thus, substituting (31) into the above expression, we obtain:

§£:|:A21 ﬁ_zg(v)i}[Nz _“g_z'N}J[‘_‘JJ:(v)(Nz _&N] JI
87 g

dz 1 1 (33)

where o,,(v) is defined as the stimulated emission cross section. An alternate use of the

cross section is in terms of the integrated cross section, defined as & = Icr(v)a‘v , which
0

leads to o (v} = cg(v).

Equation (33) is a fundamental expression in any process that involves the
absorption or emission of light by matter. Assuming the density of the upper state to be
much smaller than the lower state, we can obtain the important absorption equation:

dl

—==No, W =-Nogv){
dz

s

(34}
where ou(v) is the absorption cross section, related to the stimulated emission cross

sectionby o, (V)=g,/g,o,(»).

2.2 SPECTROSCOPY OF THE OXYGEN A-BAND

The absorption or emission of light by matter was presented in the previous
section, with particular application to atomic Hydrogen. The physics of interaction
between light and matter composed of many atoms, however, is essentially the same, and
the above approach may be extended to molecules. All that is required is a sufficient

understanding of the structure of molecular energy levels. In this section, we review the
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molecular structure of diatomic Oxvgen. We briefly discuss electronic, vibrational and
rotational energy levels, with specific application to Oxygen A-band spectroscopy.

The first analyses of the Oxygen A-band were carried out by Mulliken [22,33-35],
mostly under the Bom-Oppenheimer approximation. Under this approximation, the
electronic motions in a molecule are assumed tb be much faster than the nuclear (i.e.
vibrational and rotational) motions. Hence, the total molecular wavefunction can be
decomposed into a product of the wavefunctions of the individual components. In this
manner, we can analyze the electronic, vibrational and rotational transitions separately,

and then sum the individual energies to calculate the absorption or emission lines.

2.2.1 Electronic Energy Levels in Molecular Oxygen

We begin by reviewing the electronic energy structure of molecular oxygen. The
ground state electronic distribution of atomic oxygen is given by (1sY’(2sY’(2p)". When
two oxygen atoms bond, forming a diatomic molecule, the s-orbitals from each atom
form & bonds, while the three p orbitals form a ¢ bond and two = bonds [36-38]. Let us
examine this latter statement by expanding the p-orbital configuration into its degenerate
states: (2p)4= (2px)z(2p}.)'(2pz)l. If we define the inter-nuclear axis as oriented along the
z-direction, the two p, orbitals combine to form a ¢ bond, while the px and py orbitals
form =, and n, bonds, respectively. o orbitals may be occupied by a maximum of two
electrons, while a degenerate n orbital can be occupied by up to four electrons.

In addition, according to molecular orbital theory, the coherent wavefunction of

all bonds can form with an addition or subtraction of the individual wavefunctions, i.e.
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w, = AL B where 4 and B are the wavefunctions of the individual atoms [38]. Thus, one

obtains a bonding (+) or antibonding (-) orbital of each type mentioned above,
Furthermore, for homonuclear diatomic molécules, every bond is specified by its
inversion symmetry — that is, whether the wavefunction exhibits symmetric or
antisymmetric behavior when it is inverted through the molecule’s center [36-38]. The
notation for inversion symmetry is a “g” (from the German word “gerade,” meaning
even) for even symmetry, and “u” (from the German word “ungerade,” meaning uneven)
for odd symmetry. The detailed structures of the different bonds, as well as higher order
bonds, are discussed thoroughly in references [36-38].

With these conventions in mind, we can derive the ground state configuration of
diatomic oxygen (hereupon referred to as oxygen):

KK(6,25)°(0,25)(6,2p) (7.2p) (m,2p)°

where K denotes the “closed” 1s shell. This configuration is illustrated in the molecular

orbital diagram below [38]:

Energy

Fig. 3: Molecular Orbital Structure of Oxygen.
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The two m, electrons in the open shell can lead to three configurations, giving
three different values for the total angular mementum quantum number, A [36-38]. The
two electrons may occupy different n, orbitals, with paralle] spins, as shown in Figure 3,
with one in the g x orbital and the second in the =g, orbital. This configuration leads to a
total angular momentum A = 0 (defined as the X energy level} and total spin S = 1
{(defined as a triplet state). Another configuration involves both electrons in the same ng
orbital (n, x or ®gy), with antiparallel spins. In this case, A = 2 (defined as a A energy
level) and S = 0 (defined as a singlet state). The third configuration is the two electrons in
different orbitals, but with antiparallel spins; leading to A = 0 (Z energy level) and $ =0
(singlet).

Thus, the three lowest éonﬁgurations in oxygen are 32;, 'A, 'S} . By Hund’s
rule, the 32; state has the lowest energy and is therefore denoted as the ground state [36].

The oxygen A-band is one of four atmospheric absorption bands in molecular oxygen,

formed from transitions between the triplet SE; (ground) state and the singlet 12;

(excited) state: 32; =2 ]Z; . The four different bands arise from transitions between the

rotational states of different vibrational energy levels of these two electronic states. The
bands are labeled: A(020), B(0>1), v(0—>2), and 3(0-2>3), where (v’=>v’") implies a
transition from the vibrational level v’ of the lower electronic state to the vibrational level
v’ of the ﬁpper electronic state; and the preceding letter denotes the band. Transitions
such as these involving changes in electronic, vibrational and rotational states are termed

rovibronic [36].
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The two electronic energy levels are separated by approximately 13121 em™ [37)
centering the A-band at approximately 762nm. The transitions are electric dipole
forbidden and -spin-forbidden, owing to the differences in symmetry and degeneracy.
They are instead, magnetic dipole driven, similar to the transition described in Figure 2,
making the absorption very weak. In addition, an electron must change its spin during the
transition, making the A-band lines even weaker. The potential energy curves of
molecular oxygen are given in Figure 4 below, illustrating A-band transitions.

£0,000 |- -
Oxygen A Band Transitions

Fig. 4. Potential Energy Curves in Molecular Oxygen, plotted vs internuclear separation.

2.2.2 Vibrational and Rotational Energy Levels

In addition to electronic energy levels, molecules are characterized by vibrational
and rotational energy levels. As can be seen in Figure 5, the minimum énergy does not
occur at a single, “fixed,” internuclear separation, but instead over some finite range of
values. The separation can only Be defined to some finite precision, limited by the

Heisenberg Uncertainty Principle ApAx > k. As a result, the minimum energy is quantized
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at some level within the potential curve, constrained by a balance of uncertainty in
position and momentum.

The vibrational motion of diatomic molecules can be analyzed as a quantum
mechanical harmonic oscillator, i.e. mass and spring system. The allowed energy levels
of molecular vibrations, which fall within the potential wells (Figure 4), are then

approximately given by [36-37]:
1
E, =ho- [v . EJ 39)

where v is the vibrational quantum number and @ = .Jx [/ m_ is the fundamental vibration

mn,
my + ms

frequency. Here, m, = is the reduced mass of the system, while « is the force

constant (i.e. “spring constant™), obtained from the molecular interaction potential. To
first order, we assume that the two atoms are bound by electrostatic attraction, given by
the Coulomb force [37]:

F=_1 90 (36a)

- dze, r”
where (; are the charges of the atoms in the molecule, and 7, is the equilibrium distance

between the atoms. However, it is also well known that the restoring force of a spring-

mass system is given by:

F=—x(r—v)
dF (36b)
S K=
dr,

Equating (36a) and (36b), the force constant is therefore approximately:
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2 20 37)

" 4, r:

Note that the harmonic osci_llator_approximgtio_n, described by the evenly spaced
energy levels given in equation (35), is only valid for the low vibrational quantum
numbers, v. As can be seen from the potential curves in Figure 4 of a real system, the
higher energy levels (i.e. higher vibrational quantum numbers) are associated with
anharmonic oscillations. In this limit, the spacing between the energy levels continually
decreases as v increases, until the vibrational energy is high enough to cause dissociation
of the molecule. In the Oxygen A-band, however, transitions are between the lowest
vibrational energy levels, (0->0), and the harmonic oscillator approximation is therefore
sufficient.

At these low vibrational energy levels, we can also assume that the equilibrium
separation of the atoms is much larger than the distance over which the molecule

vibrates. Therefore, the radial motion can be approximated, to first order, by a rigid rotor

with energy levels [36]:
hz
ER=—2—IJ(J+1)=thJ(J+1) (38)

where ] is the rotational quantum number, [ = ,wf is the moment of inertia, and B is the

rotational constant. The above approximation assumes that the two masses are held
together by a rigid massless bar. A better approximation, when considering the
vibrational motion, is the two mass points held together by a spring. In this latter case,

however, the internuclear distance, and therefore the moment of inertia, increases with
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increasing rotation (as a result of the centrifugal force). Thus, a better description of the

rotational energy levels is [33,36]:
E, = BheJ(J +1)— DheJ* (J +1)° (39)

where the rotational constant D = 4B° /. It should be noted that some authors define
the second order term with an addition, opting to define D as a negative of the above. The
values of B and 12 determine the spacing between rotational energy levels in a particular
vibrational rung.
We can now determine the total energy by combining the electronic, vibrational
and rotational energies:
E, =E

+E\.-ib +ER

electranic

— Helectronic

=E +ha)-(v+lj+thJ(J+l)-Dth2(J+1)2
2 (40)

2.2.3 Oxygen A-Band Transitions

Every transition between different energy levels is associated with selection rules.
The change in vibrational quantum number, v, can take any value i.e. Av=0,t1,12,...
However, intensities of the different vibrational transitions vary due to differences in
probabilities, dictated by the Franck Condon principle [36]. The oxygen A-band is
associated with the v'=0 - v’’=0 vibrational transition.

The total angular momentum is N=J+(A+S), where J is the rotational quantum
number, A is the orbital angular momentum quantum number and S is the spin quantum

number. This quantity changes by AN =0, £1 and the three possible cases are designated

“pP” for AN=-1, “Q” for AN=0and “R” for AN=+1. Additionally, the rotational
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quantum number can change by A) = *1, with a similar designation of P for AJ =-1,
and R for A) = +1. These transitions are forbidden by electric dipole criteria, but are
allowed by a magnetic dipole coupling of the electromagnetic field with the molecule.
Hence, A-band transitions are very weak and require relatively large pathlengths to be
observed.

From this set of selection rules and equation (40), the A-band therefore has two

1 L8]
branches about E electrome _E eleciromnic

(XBE; —)b'Z; ). Note that AA = 0 for this transition.

The P-branch of the band is of lower energy, while the R-branch is higher. Transitions

are labeled with the notation:

AIAN(" N
where
1 P
ar=it? AN={0 QO
“l+1 R B
+1 R

and J’, N”* are the quantum numbers of the lower state. Consider, for example, the
RQ(11,12) absorption line. This implies a transition between J=11->12, N=12->12.
Likewise, the RR(13,13) line (another line probed in our work) involves a transition
between J=13->14, N=13->14. We determine from this that the total spin change is
§=1->0 during the RQ(11,12) transition, and S=0->0 during the RR(13,13) transition.
Figure 5 illustrates the different transitions of the A-band, with line parameters

from the HITRAN database [39].
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Fig. 5. Oxypgen A-band spectrum (Taken from 111TRAN 2008 [39]).

2.3 THEORY OF WAVELENGTH MODULATION SPECTROSCOPY

Wavelength modulation spectroscopy involves the modulation of the frequency of
a probing laser, which then traverses an absorption medium, followed by synchronous
detection at the output. As we will see below, wavelength modulation spectroscopy
provides additional features that are not always discernible in conventional “direct
absorption™ spectroscopy, making it advantageous over other spectroscopic methods in
certaiﬁ applications. The frequency modulation of a laser can be achieved by many
different methods. Some of these techniques are capable of creating pure frequency
modulation in the probe beam, while others generate a “parasitic” amplitude modulation

in addition to the frequency modulation.
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One method of performing wavelength modulation spectroscopy is by the use of
electro-optic phase modulators or external cavity lasing systems. External cavity lasers
are designed with a laser diode or lasing dye medium, with a high-reflection coating on
the back face and an anti-reflection coating on the front face. The feedback for laser
oscillation is then provided in an external cavity by using a diffraction grating, such as in
the Littrow configuration, or with a combination of a mirror and diffraction grating, as in
the Littman-Metcalf configuration [40]. The wavelength of the laser is then tuned, and
thereby also modulated, by rotating the diffracting grating or mirror, making this type of
laser capable of pure frequency modulation. External cavity lasers, however, require an
extremely high quality anti-reflection coating resulting in a high cost. In addition, the
accuracy of modulation depends on the mechanical precision of the device (such as a
motor) rotating the diffraction grating. This makes them preferable only in cases where
the species being investigated has very low absorption and therefore requires highly
sensitive apparatus.

Semiconductor lasers are another method commonly used for wavelength
modulation spectroscopy, as their frequencies can be easily controlled and modulated by
changing the temperature and injection current. Furthermore, their relatively low cost,
smaller sizes and fiber optic compatibility make them advantageous over their bulkier
and more expensive counterparts. However, injection-modulated lasers are one of the
sources associated with the parasitic amplitude modulation. |

In this work, we have utilized Vertical Cavity Surface Emitting Lasers (VCSELS).
Briefly, a VCSEL is a semiconductor laser where the light emitted is perpendicular to the

surface. A thin semiconducting material of high gain, such as quantum wells, acts as the
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lasing medium and is sandwiched between two highly reflective mirrors. These mirrors
may be dielectric multitayered mirrors, or distributed Bragg reflectors, capable of a
reflectivity greater than 99.9%. In addition to being smaller-and more cost-effective than
edge emitting semiconductor lasers, the unique design of VCSELs provides narrow beam
divergence, low power consumption, high tunability and modulation bandwidth, and
better polarization control [41]. VCSELs also offer the possibility of making large,
compact arrays of coherent light sources [42]. Being injection current-driven lasers, we
must however keep in mind the amplitude modulation that accompanies the wavelength
modulation when developing a theory of WMS experiments that utilize VCSELs.

The frequency of a sinusoidally modulated laser [6,43] can be described by

v(t)=v, + fcosw, t, analogous to frequency modulation in communication systems.

Here e, is the modulation frequency (in radians per second), A is the amplitude of the
swing in frequency and 1 is the frequency of the laser. In wavelength modulation
spectroscopy, the laser frequency is very slowly tuned over some wavelength range of an
absorption line. The period of this ramp, Tiamp S much greater than that of the

modulation, i.e. 7 >>2x/® . The ramped, modulated beam is then passed through an

ramp
absorbing medium. Coherent detection is then performed at the output, where the
absorption signal is demodulated at harmonics of the modulation frequency using a lock-
in amplifier. One advantage of this technique is a reduction in noise, because the
detection performed by the lock-in amplifier is in a narrow bandwidth around the N-th
harmonic frequency (which is usually higher than the 1/f type base-band noise of the

laser),
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In this section, we will use these concepts to develop the theory of wavelength
modulation spectroscopy with tunable diode lasers. We will first derive the WMS signal
as a Fourier component at the harmonic N, using Wilson’s method. While this model
gives us good agreement between experiment and theory, we will also investigate the
WMS signal under a weak absorption approximation, utilizing the Taylor series
expansion. This latter approach allows us to discuss the structure and variation of the
signal under different parameters (such as the modulation index and detection order). We
will also address in our models the simultaneous amplitude modulation that accompanies
the frequency modulation, as well as the slow ramp as the probing beam is swept across
the absorption spectrum. Finally, we will discuss a unique, novel feature in wavelength

modulation spectroscopy that occurs at high absorption lengths: pathlength saturation.

2.3.1 Wilson’s Method

Consider first a conventional “direct absorption™ spectroscopy experiment: A
laser probe beam passes through an absorbing medium, and is then measured on a
photodetector. The intensity through an infinitesimal segment of this medium is given by
equation (34), also known as the Beer-Lambert law:

ar_ —nag(W = -a(v)] (41)
dz

where »n is the density of the lower state, & is the integrated absorption cross section and

g(v) is the lineshape function of the transition being probed. Assuming that the
absorption coefficient «(v)=nog(v) is independent of intensity, the signal on a

photodetector after the beam traverses an absorbing medium of length L is given by:
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1(v) =1, exp[-nocg(v)L] (42)
where I is the initial intensity of the beam prior to entering the medium.

When the probe is frequency (wavelength) modulated, the lineshape fanction
depends on the probe frequency as g(v+ fcosw, ). Thus, the intensity on the
photodetector in a WMS experiment with pure frequency modulation is given by:

I(v+ peosa, f} =1, exp[-nolg(v+ Bcosw t)] (43a)

Because this function is periodic in @, we expand it in a Fourier series:

I(v+ feosw t) = i S (v)ycos(mw, 1)

~ (43b)
In synchronous detection, the signal is demodulated at some harmonic, N, of the
modulation frequency. In our experiment, a lock-in amplifier mixes and filters the signal
from the photodetector with a sinusoidal signal of frequency Nom, effectively producing

harmonic detection signals that are proportional to the N-th harmonic Fourier series

coefficient. The N-th harmonic WMS signal is therefore given by [44]:
S, = Ll [1(v + Beos @) cos(NO)dE (44)
T -

with @ = w,7 . This cosine term of the Fourier series corresponds to the “x-signal” in a

lock-in amplifier. If the harmonic signal is determined from the sine term, we obtain the
“y-signal”. In our work, we measure the amplitude of the signal, i.e. the “R-signal”, equal
to the magnitude of eqﬁation (44).

In diode lasers, both the wavelength and intensity get modulated when the

injection current is modulated [6,19]. Therefore, equation (43a) is not sufficient to



40

account for the amplitude modulation that occurs simultaneously with wavelength
modulation. A more accurate expression for the intensity is:

Iv+ fcose t)=1,(1+rcose f)expl-nalg(v + feosw )] - (45)
where r is the amplitude modulation coefficient.

In addition to modulating the laser, the injection current is slowly ramped to
sweep the wavelength over the range of the absorption profile. As a result, the intensity
of the probing signal contains a ramp component as well. We make the first order
assumption that the ramp intensity is a linear function of frequency. Hence:

I(v+ feosw t)=1,(1+av+rcose t)exp[—nolg(v+ fcosw, 1)) (46)
where a is the slope of the ramp. From (44) and (46), the N-th harmonic WMS signal is

therefore:

S, = % IIO (1+ av + rcos @) exp[-nalg(v + Bcos8)|cos(NA)dE (47)

The experimental results in this work are modeled using equation (47). While these

expressions produce accurate and complete models, one cannot determine the behavior of

WMS signals from them. For that, we utilize a Taylor series expansion.

2.3.2 Taylor Series Method

Assuming weak absorption, i.e. ¢fv) << 1, which would be the case when probing
transitions with low cross sections over small pathlengths, equation (42) may be
approximated by:

1(v) = I;{1 - nog(v)L] (48)
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From (44), the detected signal at the N-th Harmonic is:

S, = i IIO{I —n5Lg(v+ fcosd)] cos(NO)d6

_Znotl, _{g(v + fBcosB)cos(N@YIE (49)
ﬁ -

Using a Taylor series expansion about v, Myers and Putzer have shown [6,45] that the N-

th term of the Fourier series expansion of g(v + Fcos(w,7))in equation (49) is given by:

.80 B ]
(’ P - Bm m- 50
! ,;, m \2i) " 0)
where B, . is the coefficient of the 2" term in the expansion (z* =1)" , z=¢" , and

where the residue theorem has been used. Therefore, from equations (49) and (50), the N-

th harmonic WMS signal is given by [6]:

o0 ﬁ Zm+ ¥ 1
A =_na10(—1)“””z(—J ——™ () 1)

oo\ 2 mi(m+ N)!
Here, /NJ=N for even harmonics and [NJ=N-/ for odd harmonics, and g*™™(v) is the
(2m+N)-th derivative of the lineshape function.

For small modulation amplitudes, i.e. small 3, the m=0 term dominates, and it can
be seen that the N-th harmonic signal Sy is proportional to the N-th derivative of the
lineshape profile. It is this feature of N-th harmonic WMS signals that gives them the
structure of (N+1) turning points and N zero crossings.

While this derivative signal is a good first order approximation, accurate
modeling requires a large number of terms in the expansion. This leads to possible

convergence problems depending on the functional form of the g(v). Furthermore,
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regardless of how many terms one includes in the expansion when modeling, equation
(51) is insufficient, as it does not include amplitude modulation effects.
We will now include those effects. Recall from equation (45) that the intensity in

the presence of amplitude modulation is given by:
I(v+ fcosw, ty=1,(1+rcosa,t)exp[-nolg(v + Scosa, )]
Again, assuming weak absorption, i.e. nGlg(v,)<<1, the intensity incident on the

detector is [6]:

Iv+ ficosa ) =1,/ 1-nolg(v+ FCoSw, )i Terml
FFCOSEW, Looiiireeieiiniieenvence e ] €V 2
-rmgLgcos(w, H)(v+ feosw ti].......... Term 3 (52)

When performing phase-sensitive detection (with a lock-in amplifier, for instance), Term
1 corresponds to the case of pure wavelength modulation. Term 2 contributes a constant
#/2 at the first harmonic, while Term 3 is the additional contribution due to the amplitude
modulation at all harmonics. As expected, one obtains the pure frequency modulation
case when r=0.

In order to evaluate the WMS signal, the same approach as that in obtaining

equation (50) is used. The components of the N-th harmonic signal from (51) are given

by:
Term | = -nGL( -1 )*’“‘-?"Zi fiNB,m) (53)
m=0
¥,
13 2 L) )
Term 3= —mELL ZfﬁV—],ﬁ,m)—Zf(NH,,B,m)
2 m=ii=0, o (4)

m=O(Nz1)
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where

1

2N o
g VLAY )

SN, B.m) = [g] '

Here, [N] = [[N]] = N for even harmonics, while [N] = N-1 and [[N]] = N+1 for odd
harmonics. Equations (52) through (55) give the WMS signals under a weak absorption
approximation.

While the Taylor series approach has been successfully utilized to model
wavelength modulation spectroscopy experiments with low optical pathlengths [2-4,6], it
does not illustrate unique novel effects that occur at high pathlengths. Hence, we utilize
Wilson’s method (equation (47)) when modeling the experiment. However, the Taylor
series method is very useful when limited by computational power, as well as for
understanding the structure of WMS signals; in particular, their derivative-like behavior.

We investigate the features of typical WMS signals in the next section.

2.3.3 Wavelength Modulation Spectroscopy Signals

The amplitudes (R-signals on a lock-in amplifier} of typical wavelength
modulation spectroscopy signals, at different harmonic detection orders, are illustrated in
Figure 6. The figure shows absorption signals at direction absorption (“N=0"), N=1, 2, 3,
4 and 3, for an experiment with pure wavelength modulation (i.e. r=0). A normalized

frequency is defined for computational convenience, given by x = (v—v,}/ Av, where vy
is the line center of the transition and Av is the linewidth. We assume a Voigt lineshape
profile and a modulation index of m = #/Av =3 in the calculations to obtain the figures.

The general structure of the signals applies to any bell-shaped lineshape function.



The signals are characterized by a few fundamental features. Firstly, since the
harmonic signals have derivative-like structure, the harmonic detection signals have the
shapes of the N-th derivative of the direct absorption signal. This can be easily seen by
comparing the N=0 and N=1 signals. Secondly, the derivative-like structure leads to N+1
peaks (turning points) and N zero crossings, for a total of 2N+1 salient points at the Nth
harmonic. These turning points are very useful in recognizing subtle features such as
recognizing overlapping or weak spectra, which may not be easily discernable at direct
absorption [4,6-7]. This higher number of turning points also provides stringent
constraints in modeling, making higher order WMS signals more sensitive to small
changes than direct absorption spectroscopy [5,19].

Thirdly, the amplitude signals are symmeiric about the linecenter. All odd
harmonics have a zero crossing at linecenter, allowing for an accurate determination of
the center frequency of a transition. Even harmonics always have a maximum at the
linecenter, making them useful for sensitive detection of temperature and density
fluctuations. Last but not least, the signal magnitude decreases as the detection order

increases, as can be seen from equation (51).
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{direct absorption), and N=1 through 5. The modulation index is m=3, and the amplitude modulation

coefficient r = 0 (pure wavelength modulation).
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Let us now consider WMS in an experiment where there is simultaneous
amplitude modulation accompanying the wavelength modulation. Figure 7 plots the
wavelength modulation signals with the same parameters as.the signals in Figure 6, but
with the addition of a finite amplitude modulation. As can be easily seen by comparing
Figures 6 and 7, there are clear differences that arise due to amplitude modulation.

Firstly, as evident in equation (52), we can see that there is a DC contribution
from the amplitude modulation at the first harmonic. Also, while the signals were
symmetric about the linecenter in the pure frequency modulation case, that is, the
corresponding peaks around linecenter are equal in magnitude, this symmetry is lost in
the presence of amplitude modulation. At first harmonic, the higher wavelength turning
point has a larger amplitude than that of the corresponding lower wavelength peak. This
trend is reversed for detection orders greater than the first, i.e. the higher wavelength
maxima have lower magnitudes than their corresponding lower wavelength counterparts.
This distortion increases with a higher amplitude modulation coefficient, r.

Furthermore, the effects of amplitude modulation are more prominent at lower
harmonics than higher harmonics. The signals in Figure 7 were obtained using an
exaggerated value of ». When modulating semiconductor lasers via the injection current,
the amplitude modulation is usually small enough such that the distortions are minor at
higher detection orders. It is therefore common practice to use second-harmonic detection
when performing wavelength modulation spectroscopy [8-11]. We, however, show in this

.dissertation that higher detection orders are more sensitive to the structure of the

lineshape profile, and also show novel effects present higher optical densities.
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2.3.4 Pathlength Saturation Effects in WMS signals

We will now investigate a unique effect in the absorption profile that is visible at
high optical depths, and .its manifestation in higher harmonic signals. We begin by
considering the absorption through a medium with a density of absorbers n and optical
path L, given by equation (41):

a =-nog(v} = —a(»)I
dz

Let us divide the optical path into a large number of small elements AL, as shown in

Figure 8. If the initial intensity /5('v) has a constant distribution in frequency as illustrated,
then the intensity at the output of the first element, /;(v}, is:

L) =I,m{l-atAL} (36)

Thus, the absorption across the profile in this element is non-uniform, i.e. there is

more absorption at the linecenter than at the wings of the profile. Hence, the initial

intensity to the second element is no longer constant in frequency, but instead is defined
by a(v), and therefore the lineshape function g(v). That is:

L)-Le) _
i a(W), (v}

L) = Ll -a(AL}= I,(0){l - a(WALHl - ()AL}

L) =I,m{l-aALf (57)

Tt can be easily deduced that if the total pathlength L is divided into m elements, the

intensity at the output of the medium is given by:

oI = In(v){] - “(:L } (58)

In the limit as #7 goes to infinity, (58) becomes:
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1,(v)=1,(v)exp[-a(v)L] 59

As a result, we see that the absorption becomes increasingly non-uniform with
increasing penetration into the medium. Since absorption af and around the linecenter is
stronger than elsewhere in the profile, the signal saturates faster near the linecenter than
in the wings of the profile. The signal therefore broadens at large optical depths due to
this saturation effect, dubbed pathlength saturation. This effect is illustrated in the direct

transmission signals, /{v)/Is, in Figure 9 below, where we have defined a pathlength
saturation parameter, 7 = a(v,}L = ndLg(v,)} . 7is a measure commonly referred to as the
optical depth. The pathlength saturation effect is a commonly observed phenomenon in

the spectra of stellar and planetary (including that of earth) atmospheres, where it is used

to determine the density, as well as thickness, of the atmospheres [46].

N L >
<dL—>

Iy 1| I, Absorbing Medium I I=1,

Lb— I}

Fig. 8. Mlustration of non-uniform absorption across the transition frequency profile, with increasing
penetration inte the absorbing medium being probed. As the probe penetrates deeper into the absorbing
medium, the absorption at linecenter is greater than in the wings. Thus, every element sees an input probe

with a different profile than that of the preceding element.
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Fig. 9. Pathlength saturation of the absorption profile with increasing optical depth. Since absorption at and
near the linecenter is higher than in the wings of the profile, the linecenter saturates faster than the other

regions. This leads to a broadening of the profife.

Being an effect on the absorption profile, pathlength saturation manifests itself in
wavelength modulation spectroscopy signals as well [5,19,47]. While pathlength
saturation is always present at all optical depths large or small, and may be observed in
theory, the effect may not always be easily discernible in practice. Due to their sensitivity
to any subtle structure in the absorption profiles, as a result of their derivative-like
behavior, higher harmonic WMS signals are particularly useful in detection of the
pathlength saturation effect [5,19]. This is illustrated in Figure 10 below, which plots
signals at different harmonics, at a high optical pathlength of L=185m (corresponding to
an optical depth of t=2.91 for the RR(13,13) transition in atmospheric oxygen).

Comparing these signals to the “low” pathlength case in Figure 6, the higher order even
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harmonics (N=6 and N=8) show a clear suppression of the peak at linecenter at the higher
pathlengths. Furthermore, this effect is not easily visibly at direct absorption or the lower
harmonic signals. In a similar manner, the peaks around the linecenter of higher order
odd harmonics (N=7) are also suppressed.

A large modulation index, however, has an inverse effect on fhe detection of
pathlength saturation. In general, a higher modulation index results in a broadening of the
WMS signals, which tends to mask the spectral resolution. For example, while a higher
detection harmonic order offers the possibility of resolving congested spectra {3,7], an
increased value of the modulation index m and the resultant modulation broadening
reduces the ability to resolve adjacent lines. Likewise, a higher modulation index results
in the loss of the peak suppression that higher harmonics show at high optical
pathlengths. This is illustrated in Figure 11, which compares the detection signals at
N=6,7 and 8 for two different modulation indices at the same pathlength of L=185m. The
peak suppression that is present at N=6 when m=25 is no longer visible when the
modulation index is increased to m=3.12, Likewise, the peaks around and at lHnecenter
for N=7 and 8 are no longer as suppressed as at the lower modulation index. There is
therefore an optimal range of modulation indices in which the pathlength saturation effect
is most evident [5,19].

Chapter 3 will present experimental results, with theoretical model comparisons,
verifying the aforementioned behaviors of wavelength modulation spectroscopy signals.
We also show that the structure of WMS signals, along with pathlength saturation effects,

provides a sensitive diagnostic for structure of lineshape functions.
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orders. The signals are calculated for a modulation index of m=2.5.
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When the modulation index is increased from m=2.5 to m=3.1, the peak suppression effect is reduced. In

the case of N=6, the suppression is no longer easily discernable.
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2.4 LINESHAPE PROFILES

In any absorption experiment, the frequency absorbed or emitted by a particular
transition in the atom or molecule is not a single value, i.e. a delta function. Rather, the
absorption or emission profile is broadened by some process occurring during the
interaction of light with matter. For example, at the most fundamental level (the atomic
level), the energy levels of stationary states are broadened due to the Heisenberg
Uncertainty Principle [29]. Therefore, the frequency spectrum of absorption or emission
will be broadened as well, taking on a Lorentzian sﬁape. We used this basic fact when
calculating the Einstein A»; coefficients, which are an important component of the
absorption cross section of transitions. In fact, Az values are experimentally determined
by measuring linewidths and radiative lifetimes of transitions between the stationary
states of interest [48].

Heisenberg (also called “lifetime” or *natural™) broadening, however, is much
weaker than the broadening that arises from the dynamics of the atoms and molecules.
There are various lineshape profiles that address the different broadening mechanisms,
such as the Lorentzian, Gaussian, Voigt, Galatry [49], Rautian-Sobel’man [50], speed-
dependent Berman [51], and many more. The Gaussian and Lorentzian profiles are
fundamental and form the basis for the other broadening descriptions, and are thus
described in detail in this section. We also derive the Voigt profile, which is a
combination of the Doppler broadened (Gaussian) and collision broadened (Lorentzian)

profiles.
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2.4.1 Doppler Broadening

The Doppler Effect is the frequency shift that occurs as a source of waves moves
towards or away from the observer. This relative motion with respect to the observation
reference frame leads to a broadening of the lineshape profile. Radiation from emitters
moving towards the observer is shifted towards the blue spectrum, while that from atoms
or molecules moving away from the observer is red shifted. Doppler broadening is the
dominant broadening mechanism at low pressures, where mean-free-paths are large (and
time between collisions is large).

The Doppler shifted observed frequency for an atom or molecule emitting at

frequency vy moving towards an observer (e.g. a photodetector) at velocity u, is given by:

v = vo[l + 3] (60)

¢
where ¢ is the speed of light (Note that this is the non-relativistic Doppler effect). Every
emitter, in a gaseous medium for example, contributes this Doppler shifted frequency
component to the total emission. Furthermore, the contribution scales accordingly with
the distribution of velocities of the emitting atoms and molecules. Thus, if p(ujdu is the
probability of finding a molecule with velocity between » and u+du, then the probability,

g(v), of observing a frequency between vand v+dv along the line of sight is:
du
g(vydv = p(u)Edv (61)

Substituting (60) into (61), we obtain:

g =§p(e[;"~—lﬂ (62)
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Normally, the distribution of velocities is thermal and assumed to be of a

Maxwell-Boltzmann nature, given by:

diu= " exo| — P14 63
pludu 2kaeXp[ 2kr]“ (63)

where k is Boltzmann’s constant, #z is the mass of the radiator and T is the temperature of

the gaseous medium. Hence, from (62) and (63), we obtain:

¢ -y )
V)= — j——exp| ——————
L p{ 2kTvﬂ'f'mc‘}
_ 1 4]n28xp[_4ln2(v—vo)2]

2
Av,, i1 Av,,

(64)
Here, Av, =v01(8kT—T2 is the full-width at half-max. Equation (64) is the typical
me

Doppler broadened profile — also known as the Gaussian profile.
In deriving (64), we have implicitly assumed that the velocity of the radiators

remains constant indefinitely, which implies that each atom contributes only a single

frequency v0(1+~u~]. If the radiators experience collisions, the phase of the radiation is
c

interrupted and the observed frequency acquires a width on the order of Av_, ~1/7_,,
where 7, =1/nc,,u is the mean free time between collisions, where ¢, is the

collision cross section and u is the average velocity of the qolliding particles. The
Doppler broadened profile is therefore valid on the condition that this collision-
broadened width is much less than the Doppler shifi, ie. Av,, <<v,u/c . This is
equivalent to requiring that the mean free path is much larger than the wavelength of light

emitted, i.e. Lg,. >> A In the visible region of the electromagnetic spectrum, these
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conditions hold only at low densities or low pressures. If the motion of the radiators is
restricted by collisions, such as with other particles or the walls of the container, there are

other elements that must be considered towards the broadening of the profile.

2.4.2 Collision Broadening

In collision broadening, the waves emitted by radiators are assumed to undergo a
random series of dephasings, as a result of elastic collisions with other molecules. The
broadening that results from this process is generally described by the Lorentzian
lineshape function. We will derive the collision broadening profile under some first order
assumptions, commonly known as the impact approximation [52]. First, the relative
motions of the colliding particles are assumed to be semi-classical. Second, we assume
that the collision time is much smaller than the mean time between collisions, which are
therefore assumed to occur instantaneously.

Under these assumptions, let us consider what .happens when a radiating particle
collides with another particle. During the collision, the electric field of the perturbing
particle affects the internal energy level structure of the emitting atom or molecule. As a
result of the random nature of the collisions, the phase of the electric field emitted by the
radiator is randomized as well {52-53]. The broadening of the transition is thus the result

of these collisions. We write the emitted electromagnetic wave as:
E(t)= exp[ia)ot + irg(r)] (65)
where 7(t) is the random phase shift caused by the collisions, and @y is the unperturbed

frequency of the emitting particle. The power spectrum of the field can then be

determined from a Fourier analysis. The Fourier transform of the electric field is:
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J(w) = D]E(r)e"“"dt =‘]exp[f(mﬂ — ) +inO

with the power spectrum given by [52]:

H@) = (@)

I Iei(m—m‘,}(-‘“—F'}+i'[r;(I")—q(-")]dtrdtn

=t

— Te:(m—m.)f dt u]ev'[n(m')-n(:')ldln
- - (66)
Since the phase 1) is a random function, the second integral represents an average
[52]. We will determine this average for a simple case — assuming that only three possible
phase changes can occur upon collision, 7, 7 and 7. This approach can, however, be
extended in a straightforward manner to include any number of possible phase changes,
including the continuous limit. We also assume that each phase change has a collision
¢ross section o;, and the total cross section is or = o, to+0.. Thus, the probability of »

collisions of type a, m of type b and / of type ¢, occurring in time ¢, is given by the

Poisson distribution {52]:

" il ! m+n+!
O-a .,(_).-_.'E.’._ o-c 1 (i] e—!."r (67)
o ) \o; or ) mull\ 1

where 7is the mean time between collisions. Under these assumptions, the average of the

exponential term in (66) can be shown to be [52]:

. o ¢ ; ; ;
<e.[q(;+r) it }]> =exp{ [Jae "4 o,e™ o e ]} (68)
(Lo

Substituting equation (68) into (66), we obtain for the intensity, which is a real

quantity:
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I{®)=Re je"”“"" » exp{L > o (cosn, +ising,) —}dt
e (122

)

t f
expi ~—— ¥ o, cos#, ycos (w—w, W +— Y o.siny. |dt
j. p{fo'z i nr} l:( 0) TO'Z i U{}

-t

oj[exp{— at}cos[(a) ~w, + Bt

(69)
Solving, we obtain the intensity of the randomized E-field as [52]:

const
{2::((0 —@, )+ E’%} + ‘:Ea—}
4

where o defines the width of the spectrum, and 3 defines a shift in the linecenter. This

I(w)=

(70)

may be rewritten to obtain the familiar Lorentzian lineshape profile [29]:

| ov
=|— ¢ 71
g, () ( J(V—Vo—l)2+(9c-)2 (7

where &v, = Av, /21s the collision broadened half width at half max, and Ay, is the full

width at half max. This quantity is on the order of the collision frequency no 7 , where
n is the density of perturbing molecules, ¢, is the collision cross-section and # is the

mean velocity of the colliders [6,29]. Note that unlike broadening due to the Doppler
effect, collisions result in a shift in the linecenter y as well. A similar, but simpler,
treatment that doesn’t lead to an impact shift is given in [533].

The above approach is based on the approximafion that the broadening results
only from collisions that disrupt the coherence of the emitted field, and that the duration
of collisions is much smaller than the mean time between collisions. Thus, the collisions

were assumed to be instantaneous, and only produced a phase shift in the radiated field.
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As a result, the collision broadened profile is a good approximation when modeling
instances where the pressure is very high (thus meeting our assumptions). Any physical
- system however involves a combination of both Doppler and Collision broadening, which

is discussed in the next section.

2. 4.3 Simultaneous Doppler and Collision Broadening: Voigt Profile

There are many approaches to treating the lineshape profile that arises from
simultaneous Gaussian and Lorentzian broadening. In one particular approach, we
assume that broadening due to the Doppler Effect is statistically independent from the
broadening due to interaction with perturbing particles (collisions), because the two
profiles arise from different physical mechanisms. Under this assumption, we can derive
the Voigt lineshape function, which we use when modeling the experimental results in
this dissertation.

As shown, the broadening due to the translational motion of radiating atoms and
molecules under Maxwell-Boltzmann thermal statistics leads to the Gaussian profile.
Likewise, collisions with surrounding particles can be described by a Lorentzian

lineshape function. That is:

142 2
I 1 z
. - - = 72
gr(2) (ﬁj A eXp [Av{,] (72)

1 ov
2= — —z—c‘—“—z'- 73)
8. U(z) +(ov,) (
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is the normalized Doppler linewidth, and z =v—-v,. Under the

— Av

where Ay, = 2
7 J4n2
assumption of statistical independence between the two probability density functions, the
combined proﬁ]e can be easily determined from a convolution of the two lineshape

functions:

g/ (D)=g,(2)*g,(2)= j gu(2)g, (-2

" & ,
gV(‘) ( ) oA v ie |i (AVDJ (Z—Z')2+(§l’c)2 dz

Making the substitution of variables y=z'EFD and ajz:dz'a‘FD , equation (74)

becomes:

(74)

g, (2)= (—]—j e"p(;_vy_z) T (75)
1 HEe -

We simplify this expression by defining the normalized frequency x =

V% __Z and
ov v

o [

~ <, which leads to the well known Voigt lineshape profile:
Vo

the parameter b =

1t eyt

=[— 76
& (?T’ ) fx— yib)2+1 (76)

It can be seen that as the collision frequency, and therefore, &v_ , goes to zero, the

Voigt function parameter, b, tends to zero as well. Hence in the limit of low density and
pressure, b<<</ and equation (76} reduces to the Gaussian profile. On the other hand, as

b>>1, the profile takes on a Lorentzian shape, with the width determined mostly by the
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phase changes occurring during collisions. Hence, b is a measure of the contributions of
Doppler and collision broadening components to the total profile.
The above profile was derived under the assumption that the collision and

Doppler broadening are statistically independent; effectively implying that &v, is

independent of velocity. This assumption holds only when the mean free path between
collisions is much larger than the wavelength emitted by the radiators. Thus, while the
Voigt profile is able to model most experiments with sufficient accuracy, this accuracy
depends on the absorbing species and the environment.

In general, however, the role of collisions in broadening is quite complex, as
collisions can perturb the translational motion of the radiating particles, as well as affect
the internal energy states. The exact lineshape function of a particular molecular
transition is multifaceted, and the dynamics of molecular collisions result in effects not
described by the simple and commonly-used impact approximation. For example,
collisions resulting in a constraint on the translational degree of freedom of an absorber
or emitter due to neighboring scattering particles result in a line narrowing, first predicted
by Dicke [54] and subsequently shown by him and others [55-56]. Furthermore, one can
expect the broadening due to collisions with species identical to the radiator (“self-
broadening™) to be different than that due to collisions in a mixture of gases, such as air
for instance (often referred to as “air broadening™).

For the experimental work described in this dissertation, which was done at
atmospheric temperatures and pressures, the Voigt profile was adequate under the
precision and resolution available. Higher order lineshape profiles would normally be

required to describe collisional narrowing, but these effects are only significant at higher
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pressure under the resolutions available. Furthermore, in the environment of the
experiment, the » parameter was large enough such that the Lorentzian and Voigt
functions gave very similar absorption profiles. The resulting harmonic signals from
these two profiles are compared with experimentally obtained WMS signals, presented in
the Chapter 3. We show that higher harmonic detection allows us to determine with
greater confidence which profile gives more accurate models of an experiment, than
lower detection orders and direct absorption, when the profiles have nearly identical

shapes.
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CHAPTER III. SIMULTANEOUS HIGHER HARMONIC WMS
MEASUREMENTS OF ATMOSPHERIC OXYGEN

In this chapter, we present expefimental results with theoretical comparisons for
wavelength modulation spectroscopy of the A-band of atmospheric oxygen, utilizing
simultaneous multiple harmonic detection. The experimental apparatus for phase
sensitive detection is discussed, and we detail the motivation behind, and development of,
a simultaneous higher harmonic detection system. The system was designed and
implemented on a National Instruments Labview platform, and the output was verified
against that of a Stanford Research Systems Lock-In Amplifier that has been previously
used extensively by the same research group. The absorption signals at various harmonics
for different transitions in the Oxygen A-band were obtained and compared with
theoretical models.

The theoretical models were developed with two profiles: one utilizing a
Lorentzian lineshape function and another utilizing the Voigt lineshape function. Since
the experiments were performed at atmospheric pressure and temperature, the collision
linewidths were approximately three times greater than the Doppler broadening. As a
result, the 5 parameters of the Voigt function were relatively large and the two models
produced nearly identical signals at direct absorption, making them difficult to
distinguish at the resolutions available. Wavelength modulation spectroscopy is,
however, shown to be a useful tool for distinguishing between the two profiles,

particularly at higher harmonics. This has especially important applications for the
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investigation of line structure and molecular dynamics, since that information is
contained in the finer features of the lineshape profile.

We also demonstrate the utility of wavelength modulation speciroscopy in the
resolution of weak spectra. From experimental results and modeling, we find that higher
harmonic signals result in a greater amplification of the weaker transitions compared to
the relatively stronger lines. It must be noted that the “strong” lines referred to here are
already much weaker (by at least six orders of magnitude) than what would normally be
considered a “strong™ transition in conventional direct absorption spectroscopy. The
“weak” transitions are a further three to five orders of magnitude weaker. Therefore,
transitions that would not normally be visible at direct absorption or lower harmonic
orders under a given experimental resolution become visible at higher harmonics. This

has usefitl applications, for example, in the measurement and study of isotopes.

3.1 EXPERIMENTAL PROCEDURE
3.1.1 Sequential Higher Harmonic Detection
The experimental setup used to perform wavelength modulation spectroscopy is
illustrated in Figure 12. The apparatus consists of a tunable diode laser, temperature
controller, function generator and ramp that feed into a laser driver and a photodetector
and lock-in amplifier combination on the receiving end. While most common edge
emitting lasers are tunable over several hundred wavenumbers, we utilize a VCSEL,
which is easily tuned by adjusting the injection current and has a sufficient tunability
range for the lines of interest. The temperature controller and DC current from the laser

driver are first used to set the starting frequency of the laser. In our experiments
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investigating the oxygen A-band, this wavelength is approximately 760nm. A slow ramp
is then added to the current controlling the laser, which sweeps the wavelength of the
laser over a range corresponding to-the absorption profile being probed. At this stage, we
are able to obtain direct absorption spectroscopy signals by sending the beam through the
gas and detecting the transmission signal on the photodetector. An oscillator (the function
generator) is then used to modulate the current driving the laser, thereby modulating the
frequency of the laser. This modulated and ramped laser beam is again used to probe the
species, and the intensity signal measured by the photodetector is fed into the lock-in
amplifier. A reference signal from the oscillator is also simultaneously provided to the
Stanford Research Systems SR 850 Lock-In Amplifier, which then performs a phase-
sensitive demodulation of the photodetector signal at the N-rk ‘harmonic of the
modulating frequency. The data from the lock-in amplifier is recorded on a computer.

An interferometer based waveineter is utilized to measure the wavelength of the
laser, which is also collected and saved on a computer via a GPIB interface in National
Instruments Labview software. The same software also simultaneously collects data from
the laser driver via a DAQ interface. The slope of the wavelength versus driver voltage
obtained from this data is used to determine the swing in wavelength corresponding to the
modulation provided by the osciilator. This data is also used when calibrating the data
from the lock-in amplifier during modeling.

In our experiments, the sample utilized is atmospheric oxygen at room
temperature and pressure. Since the absorption lines of the oxygen A-band that we
measure are very weak, with absorption cross sections on the order of 10 to 107

em’cm”'mol™, a high optical pathlength is utilized to increase the magnitude of the
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absorption signals. This is achieved by folding the beam several times in a multipass cell.
The open-air cell is constructed with spherical mirrors based on a design by Altman et al.
[24]. The experiment was repeated for several different pathlengths, ranging from small
to large optical depths, by adjusting the separation of the mirrors and number of
reflection. For example, we were able to achieve up to 100 passes at a separation of
1.85m, resulting in a pathlength of 185m. The ability to run an experiment at high
pathlengths also allows us to detect the novel pathlength saturation effects.

This experimental setup has many advantages. For example, it is compact, and the
multiple components can be fabricated with use of programmable ICs onto a single
device. Furthermore, diode lasers offer compatibility with fiber optics, allowing for
applications in environments that are inaccessible or hazardous. Thirdly, phase sensitive

detection provides high sensitivity in cases when the optical absorption is weak.

Reference Signal, oy,
Oscillator > Lock-In L
Amplifier
Signal
Ramp O Sample in
W A 4 R at
multipass cell
Laser Driver > Laser Nom
5| (VCSEL)
Photodetector
Temperature Controller A
Wavemeter > pC

Fig. 12. Setup of experimental apparatus to perform WMS.
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3.1.2 Simultaneous Higher Harmonic Defection

In the above setup, absorption signals at the different harmonics are collected
sequentially — that is, one first collects data at N = 1, then proceeds to N = 2, and so on.
This makes the experiment susceptible to any changes in the properties of the gas being
probed, such as temperature, pressure, density, etc. that might occur during the
acquisition of data at different harmonics. Hence, the parameters of the gas when the N=1
harmonic signal is detected, may be different than that when N=2 or any other harmonics
are measured — with this change occurring on the order of the ramp time. Qut in the field
in an open eﬁvironment, sequential measurements become even more vulnerable to a
changing environment; much more so than in the laboratory setup above, where there is
always an attempt (although never completely successful) to control such variations. In
addition, one may be constrained by time limits. The compilation of data at N harmonics
sequentially necessitates at Jeast N times the time required to probe one harmonic.

Therefore, there is a need to develop a simultaneous higher harmonic detection
system, capable of obtaining signals at multiple harmonics in a single sweep. The
experimental setup in §3.1.1 was modified to allow for such a process. The new setup
utilized for simultaneous multiple higher harmonic detection is illustrated in Figure 13.
The apparatus used is identical to that for sequential detection, with one key
modification: instead of utilizing the SR 850 Lock-In Amplifier, we perform phase
sensitive detection virtually, in a program implemented in Labview. The absorption
signal from the photodetector and the reference signal from the oscillator are collected
with an NI-4474 DAQ Data Acquisition system. Because the input impedance of this

DAQ card is fairly low (approximately 200k(2), a buffer amplifier is placed between the
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photodetector (EOT-2030 Silicon photodetector biased in photoconductive mode) and the
input of the card. In this arrangement, the photodetector sees the very high input
resistance of the -unity gain buffer, while the DAQ card sees the very low output

resistance of the amplifier, thereby avoiding any loading issues.

National Instruments Labview

Virtual Lock-In Amplier Virtual Lock-In Amplier Virtual Lock-In Amplier
Demodulation at m,, Demodulation at 2o, Demodulation at Noy,,
M L A

Reference Signal, o,
Oscillator 5| NI4474 DAQ
A
Ramp Sample in
v A 4 multipass cell
Laser Driver > Laser ’-
>| (VCSEL}
Photodetector
Temperature Controller
Wavemeter > pc

Fig. 13. Setup of experimental apparatus for Simultancous Higher Harmonic WMS.

A virtual lock-in amplifier, which mimics the behavior of the Stanford SR 850
lock-in Amplifier, was programmed on the Labview platform. To perform demodulation
at multiple harmonics simultaneously, the photodetector signal was replicated multiple
times digitally. The replicated signals are then each processed simultaneously by multiple

virtual lock-in amplifiers, each one corresponding to a different harmonic detection order.
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The algorithm utilized to perform each lock-in amplifier operation is described in the
block diagram, shown in Figure 14. A phase-lock-loop algorithm processes the signal
- collected on the reference channel,-and determines the frequency of the reference signal.
It then generates sine and cosine signals at the N-th harmonic of that frequency — both of
which are in phase with the reference signal. The sine and cosine signals are then
multiplied with the photodetector signal. Since this signal can be decomposed into a
Fourier series, the resulting signal from the multiplication has two components around
each harmonic: the frequency of the first is the difference between the Ne, Fourier
components of the photodetector signal and the phase lock loop signal, e.g. cos(N-
141 )omt and sin(N-1+¢, }ont; while the second is at the sum, e.g. cos(N+1+4¢ )t and
sin(N+1+¢1)omt. Here, oy is the phase difference between the N-th component of the
photodetector signal and the reference signal. Thus, the result of the multiplication will
always have a DC component corresponding to the N-th Fourier component of the
photodetector signal. A low pass filter can then be used to iselate these DC components,
labeled X and Y corresponding to the cosinusoidal and sinusoidal Fourier components of
the signal, respectively. From these, we can readily determine the magnitude signal, Ry,

and the phase, ¢x.
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Ricos{N+1+{; }m,t
+ Rycos(N-1- ¢ ot
+...+ RycOS{ZN+ ¢y)omt

Photodetector Signal 5 ‘/D + Rycos{n) + ... 5 Low Pasd
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cos{Nw,
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<

| | 1 Phase-Lock Loop
in(N \ Yn = Rsin(d)
sin{N@gt
\! 1
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>Q/ “1 Filter
Risin{N+1+¢;)om,t
+ Rysin{N-1- ¢ )y t+...4+Rysin(ZN+ ¢n) Ot
+ Rysin{din) + ...

Fig. 14, Block diagram algorithm of phase-sensitive detcection performed by a lock-in amplifier.

The simultaneous multiple harmonic lock-in amplifier program that was
implemented in Labview is given in Appendix A. The user-interface is composed of
controls allowing the operator to change the LIA parameters. In particular, one can adjust
the collection time, number of samples per second collected, and the filter algorithm and
time constant (i.e. bandwidth). This last quantity is very important, as it acts as a noise
filter. However, since the filter performs an averaging, the bandwidth must be kept small
enough so as not to average out the harmonic signals. The output of the program is
displayed on real time charts of each harmonic, along with the X, Y, R and ¢ values, as
shown in Figure 15, as well as saved to a spreadsheet file. The work done in this

dissertation measured the magnitudes of the harmonic signals (i.e. R-signals).



72

b Virtual ockinAmplitierMulipleHarmonics - DAGTS: - April042010Lvi Front Danal *

R

s rato TR =3 pocc IR 1

B Y1 R
T &]:l:f}gz;_jj

I N
J0 jooas

-
LI FeSTes)

T LYEIE

~mite - Mlﬂﬂ

Fig. 15. Interface of Simultaneous Harmomnic Detection program in Labview. Shown are the signals for

N=4,5,6 and 7, obtained simultaneously in one sweep of the laser across the absorption profile.

The quality of this virtual lock-in amplifier was judged by comparing data
obtained through it to that from the Stanford SR 850 system. One such set of comparisons
is provided in Figure 16. The plots shown are signals at different harmonics between N=1
through 8, for an experiment probing the RR(13,13) line of the atmospheric oxygen A-
band. According to HITRAN [39], the linecenter of this transition is located at
13151.34866 cm™', corresponding to wavelength of 760.37829 nm. The laser was
therefore swept from 760.30nm to 760.40nm. The experiment was run at an absorption

pathlength of L=68m, and modulation index m=4.1. The quantity, A, is the mean absolute
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percent difference with respect to the SR 850 data, across the profile. The harmonic data
for the SR 850 system was collected sequentially, each sweep lasting approximately 45
seconds. All harmonics collected by the Labview system were obtained simultaneously,
in a single sweep. While we show just one set of the data here, the experiment was
repeated several times with the same results. Also, while the figure shows only N=1 to 3
and 6 to 8, data was collected for all harmonics (including N=4 and 5).

We find that the signals of the Labview designed LIA are within approximately
4.5% of the Stanford LIA system. This cumulative difference is even smaller at the lower
harmonics; with the greater discrepancy at higher harmonics being due to the larger
amount of noise, relative to the signal, present there. This is because the signals become
progressively weaker as the detection order is increased. As a result, the contribution of
noise is greater, which distorts the total signal and therefore the average discrepancy, as
can be seen in Figures 16(e) and 16(f). The positive and negative limits on the percentage
differences are determined from the standard deviation of the discrepancy across the

absorption profile.
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Fig. 16. Comparison of harmonic signals obtained with a Stanford SR 850 (Blue) lock-in amplifier, against

those obtained with a virtual simultaneous multiple harmonics lock-in amplifier on Labview. The quantity

A is a measure of the cumulative percentage difference (absolute) between the two sets, with respect to the

SR 850 system,
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3.1.3 Modeling the Experimental Data

All the experiments presented in this dissertation are modeled using Wilson’s
method, i.e. equation (47), with the appropriate form of the lineshape function. The
absorption parameters, such as linecenter, collision linewidth and integrated absorption
cross-sections, are obtained from the HITRAN 2008 database [39]. The Doppler
linewidth is estimated from the room temperature of approximately 296K. These values,
however, differ from the actual values of the experimental parameters, and are therefore
used as a starting point (For example, the HITRAN linewidths for the A-band have been
known to be off by up to 30% [20]). The parameters are therefore adjusted to obtain the
best match between experiment and theory.

The best fits between theoretical and experimental data are obtained under highly
stringent constraints: for a given set of data (direct absorption and N=1 to 8),
corresponding to a particular modulation index and pathlength, we sought the best match
between experiment and theory at the highest harmonic obtained, i.e. N=8. This requires
matching at least the 2N+1 tuming points, i.e. 17 zero-crossing and maxima, at N=8.
Furthermore, since the experiment did not measure the optical intensity, we normalized
the data by setting equal the line center peaks of the experimental and theoretical data.
All other experimental data sets were then compared to theoretical models obtained from
these parameters, with no other adjustments made, except changing the harmonic order
N, the modulation m and the pathlength L, as appropriate, in the model.

In this manner, we use the structure of WMS signals as a seif-consistent check in
any conclusions drawn. With the forced normalization (between theory and experiment)

of the one point corresponding to the line center at N = 8, each set of experimental data
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for a fixed path length and fixed modulation index must fall into place at at least 2N+1

turning points and zero crossings, summed over N=0,1,2,...8. This means that each fit

2 . L L .
requires at least {ZQN + 1)}—1 =80 experimentally independent points to match with
N=0

the modeled results, per transition. Of course, the quality of the matches was still judged
over the entire absorption signal, and not only at these salient points. The modulation
index, m, was measured each time a set of experimental data was obtained. The
linewidths and cross-sections thus obtained from one set of results were then used for all
the other results, for all modulation indices and all pathlengths, each time only the one
normalization at the line center of N = 8 signal being applied.

We probed the RR(13,13) and RQ(11,12) transitions of O-16, and the RQ(11,12})
and RR(12,12) transitions of O-18. These latter isotopic transitions are two orders of
magnitude weaker than the former, owing to the lower concentration of the isotope. The
relevant modeling parameters from HITRAN for these transitions at 293K and 1 atm

pressure, which were used in a Matlab program (provided in Appendix B), are given in

Table 2 below.

Molecular Oxygen A-band Parameters

Transition Species Wavelength Absorption Croess-Section  Atmospheric Concentration

(L) (em’ ¢cm” mol) (at 293K; cm™)
RR(13,13) °0,  0.76037829 5.64 x 107 5.14 x 107
RQ(11,12)  '®0,  0.760444903 7.64 x 107 514x10"°
ROQ(11,12)* 0,  0.760412561 7.66 x 10" 1.04 x 10'®
RR(12,12) 0,  0.760441158 6.32 x 107 1.04 x 10°

Table 2: Parameters of the probed transitions in the Oxygen A-band, utilized for modeling {obtained from

HITRAN [39]).
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3.2 CHARACTERIZATION OF LINESHAPE FUNCTIONS WITH WMS

We now demonstrate the utility of Wavelength Modulation Spectroscopy in
determining which lineshape profile best describes the absorption signal. We model the
experimental results with two lineshape functions: Lorentzian and Voigt. The choice of
these two profiles was made because of the computational convenience offered, as well
as being nearly identical at atmospheric conditions (under which the experimental results
were obtained). In theory, the two profiles can be distinguished under infinite
experimental precision. In fact, one can, under high enough precision, determine which
higher order lineshape functions (such as Rautian-Sobel’man or Galatry) model the
experimental conditions most accurately, as \;vell as detect subtle effects such as Dicke
narrowing. Every physical experiment, however, is associated with fluctuations in the
data due to systematic limitations and electrical noise. Hence, when comparing matches
between different theoretical models and experiment, one is only able to determine which
is better to within some confidence limits.

The quality of a match was quantified by the mean absolute fractional error, with

respect to the experiment, across an entire sweep defined as:

£= <|M"“'g; ; Expl> (77)

Therefore, in the figures below, v corresponds to the error between experiment and the
model] utilizing a Voigt function, while g is that for the model assuming Lorentzian
broadening. The two models were calculated using the same physical parameters for the
transitions probed, i.e. collision cross section (collision width), temperature (Doppler

width) and absorption cross sections.
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Experiments were run in a region probing at least two of the transitions mentioned
above. In each run, nine signals (“direct absorption”, N=0; N=1, 2, 3......8) were obtained
simultaneously. -Since the behavior of WMS signals is generally quite complex and
involves the interaction of multiple variables, experiments were performed in three broad
categories: (1) higher harmonic detection, for cases involving short and long optical
pathlengths; (2) varying modulation indices; and (3) varying optical pathlengths to
examine signal behavior in the optically thick regions [19]. The best fit matches shown

below, between the experimental results and theory, are obtained with collision half-
widths of &' ,= 1.580 GHz and &v>,= 1.586 GHz, for the RR(13,13) and RQ(11,12)

transitions, respectively. These compare to the HITRAN 2008 values of 1.374 GHz and
1.404 GHz. The Doppler linewidth used is 0.85GHz, estimated from the approximate

room temperature (293K), while the line strengths nsed are those given in Table 2.

3.2.1 Direct Absorption Signals

Conventional absorption signals measured in the presence of no modulation are
given in Figure 17 below, measured at different optical pathlengths. Plotted alongside the
signals are the two theoretical models, assuming a Voigt (blue) and Lorentzian (red lines)
profile. In the figures shown below, it is well known from HITRAN that there are four
more lines between the two transitions shown. However, being two orders of magnitude
weaker, we have ignored these and only modeled the RR(13,13) and RQ(11,12)
transitions, which are the strongest transitions in the frequency range probed. The mean
etrors are calculated for +3 linewidths around the center of each of these transitions. This

prevents any contributions to the average from the un-modeled regions. Also plotted are
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the residual discrepancies, [Model — Exp|, with the fractional errors ¢ displayed on the

figure. The quantity, A, represents the absolute percentage difference between the
Lorentzian and Voigt mean errors, ie. A= ‘SV —'8;'|f.8;, x100. Here, we have assumed

the Voigt profile to be a more correct description of the absorption, from the physics of
the process.

As can be seen from the figures, the two models are almost indistinguishable: the
Voigt and Lorentzian mean fractional errors are nearly identical, and less than 5% of each
other. From several repetitions of the experiment, we determined an approximate
variation of the experimental data (displayed as error bars in the figure) of 4.56%. Thus,
both profiles would be suitable for modeling the experiment results — the confidence with
which one can differentiate the structure of the two profiles, and thereby investigate the
molecular dynamics, is very low. Obviously, with more precise apparatus and procedure,
one can show that the Voigt function is a better model, as done in References [55-56].
However, even those results were only able to differentiate the two profiles to within a
few percent, when the experiments were run at atmospheric pressure.

The figures also show the pathlength saturation effect in direct absorption. While
this is not directly visible as it would otherwise be with higher harmonic detection,
signals at the higher pathlength are broader (the transition profiles however have the
same Jinewidths). The next sections will demonstrate how the larger amount of structure
in higher harmonic wavelength modulation spectroscopy signals allows for the
determination of which Jineshape function characterizes the experiment better, compared

to conventional direct absorption spectroscopy.
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Fig. 17. Comparison of experimental (black lines) direct absorption signals with models assuming a
Lorentzian (red lines) and Voigt (blue lines) profiles. Measurements were taken at pathlengths of (a)
L=28m {b) L=68m and (c} L = 121m. The Lorenizian and Voigt models give nearly identical matches to

the experiment. The error bars shown are the experimental deviation over several repeated measurements.
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3.2.2 Detection at Higher Harmonics

Owing to their derivative-like structure, which results in N zero crossings and
N+1 turning points, wavelength modulation spectroscopy signals become progressively
sensitive with increasing detection order to the type of lineshape profile. The derivative
behavior of higher harmonic signals magnifies any subtle differences in the slope. In
particular, we expect the wings of the profile to differ most, due to the Gaussian
contribution to the Voigt profile. This can be somewhat seen in the direct absorption
signals in Figure 17. However, this difference is not as prominent as it is with higher
harmonic WMS signals, shown in Figure 18 below. Figure 18 presents experimental
WMS signals at different harmonics, compared with the two models assuming Lorentzian
and Voigt lineshape functions. The graphs shown are for an experimental pathlength of
L=28m and a modulation index of m=3.12. As can be seen, the mismatch between
experiment and theory increases as the harmonic detection order is increased.
Furthermore, the rate at which the mismatch between the Lorentzian model and
experiments increases with the detection order is greater than that for the Voigt model.

For example, when the detection order N=1 is used, the mean fractional error
when modeling with a Voigt profile is £y=0.06 while that for the Lorentzian model is
£1=0.071, a difference of approximately 18%. Hence, there is already an improvement
over direct absorption spectroscopy. Likewise, for the same pathlength and modulation
index, when the deteclion harmonic is increased to N=4, the mean fractional errors are
gv=0.0748 and ¢, = 0.1138, a much larger difference of 52%. The greatest gain, however,
is obtained when one models with the two profiles at the N=8 harmonic, where the

mismatch with a Lorentzian model is almost twice that of the Voigt model (g,=0.1539,
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g=0.3151, A=104.74%). This growing difference between the two models is also
illustrated in the insets of Figure 18, which are magnified portions of the signal, e.g. at
lower orders, such as N=1 and 3, the two models have almost identical structure and
mismatch with respect to the experiment. This, however, is not the case at N=8, where
the difference is more pronounced.

In addition, the greatest variation between the two models arises in the wings of
the absorption signal, as can be seen in the plots of the residuals. This is consistent with
the physics of the lineshape profiles, since the wings are where the Lorentzian and Voigt
functions are expected to differ most. We would like to note here that the signal
magnitude decreases as one goes to higher harmonics — as a result the magnitude of the
absolute error also decreases. However, the mean fractional error that we have used to
quantify the mismatches between theory and experiment is a normalized quantity, and
therefore provides an unbiased comparison between the mismatches at different
harmonics.

While we present here only the results for a specific set of experimental
conditions (L=28m and m=3.12), the measurement was repeated at different pathlengths
and modulation indices, the results of which are discussed in the proceeding sections. The
general behavior still remains: as the detection harmoenic order is increased, the mismatch
between theory and experiment increases as well — indicating that it is more difficult to
match at the higher harmonics. However, there is also a growing difference between the
mismatch with a Lorentzian profile and that with a Voigt profile, at higher values of N.
This is illustrated in Figure 19, which gives the mean absolute fractional deviations

between the two models and experiment at various harmonics. In summary, the results
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show that one is able to distinguish between the two profiles with a higher confidence at

higher harmonics. This becomes particularly useful when estimating gas parameters, as it

allows for more precise characterization.
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Fig. 18. Comparison of experimental WMS signals (black} with theoretical models using a Voigt profile

(green) and a Lorentzian profile (red), as well as absolute differences (residuals) for the N=12...8"

harmonic of the modulation frequency. The transitions being probed are oxygen A-band RR(13,13) and

RQ(11,12) lines, with an optical pathlength of [=28m and a modulation index m=3.12. lnsets are

magnified portions of the data, illustrating the growing difference between experiment and the two models.

£y and g; represent the mean absolute fractional deviations across the whole profile between theory and

experiment, when modeling with a Voigt profile and Lorentzian profile, respectively. Ag is the percentage

difference between &y and g, with respect to gy.
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Fig. 19. Mean Absolute Fractional Deviation between theory and experiment, when using Voigt and
Lorentzian profiles, at various harmonics N of the modulation frequency. Error bars represent experimental
uncertainty. As one goes to higher detection harmonic orders, the mismatch between theory and expertment
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clear that (as would be expected under the experimental conditions) the Voigt is a better fit than a

Lorentzian. However, it is harder to come to this conclusion at Jow N than at higher N.

3.2.3 Effects of Increasing Modulation Index

It is well known that the modulation index, m, strongly affects wavelength
modulation spectroscopy signals. In particular, while a larger modulation index increases
the magnitudes of the signals, this is accompanied by moduiation broadening which
causes a loss in features. For example, it has been shown previously [3] that while one is
able to increase the amplitude of a higher harmonic signal by increasing the modulation

index, the resulting broadening causes a loss of the features that allow one to detect
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overlapping spectra. There is, therefore, an optimum combination of modulation index
and detection order N, needed for the resolution of overlapping lines. Experimental
results illustrating the effect of increasing the modulation index, m, on the ability to
differentiate between models are presented for N=3 in Figure 20 and N=8 in Figure 21
below.

As shown in both figures, for the same harmonic detection order and optical
pathlength, a higher modulation results in a smaller difference between the Voigt and
Lorentzian models, with respect to the experimental data. For example, in Figure 20, as
the modulation index is increased from m=3.12 to m=4.16, the difference in mean
fractional error drops from 27% to 10%. Thus, the ability to distinguish between the two
profiles is reduced. Likewise, at N=8, the same increase in modulation index decreases
the difference in mismatches from A=105% to A=86%. Hence, a smaller modulation
index results in a greater mismatch with the Lorentzian profile than with the Voigt
function.

In general, at a higher modulation index, the mismatch between the two models
and experiment are nearly identical. This reduction in sensitivity to the type of profile
assumed in the model arises from the loss in structure that occurs due to modulation
broadening. Hence, while the signal magnitude is higher at a higher value of m, the
confidence with which one can determine which model is more accurate is lower. This is
particularly visible at N=8 (insets of Fig. 21(b) and 21(c)), where the same wing, which
showed a significant difference between the two models for m=3.12, now has almost the
same theoretical values when m=4.18. Nonetheless, the overall cumulative difference at

N=§ is still significantly greater at N=8 than at N=3.
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Fig. 20 Comparison of experimental third harmonic WMS signals (black lines) with theoretical models

using a Voigt profile (green lines) and a Lorentzian profile (red lines), for modulation indices of m=2.6

(P=4.11 GHz), m=3.12 (3=4.93 GHz) and m=4.18 (=6.60 GHz). The optical pathlength, L = 28m.
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Fig. 21. Comparison of experimental eighth harmonic WMS signals (black lines) with theoretical models
using a Voigt profile {green lines) and a Lorentzian profile (red lines), for modulation indices of m=2.6
{B=4.11 GHz), m=3.12 {$=4.93 GHz) and m=4.18 (=6.60 GHz). The optical pathlength, L = 28m. The

insets iltustrate the decreased difference between models at higher modulation index.
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3.2.4 Effect of Long Optical Pathlengths

As detailed earlier in §2.3.4, pathlength saturation is an effect that occurs at large
optical depths because of non-uniform absorption across the transition lineshape profile;
for example in planetary and stellar atmospheres [46,57]. As described and presented in
detail in reference [5], the effect of this on WMS signals is a suppression of the peak at
line center with respect to adjacent peaks. Figure 22 shows a comparison of signals with
the two theoretical models, in an experiment with an optical pathlength where such
effects are visible: L=121m. The modulation index was m=3.12.

While the effect is not directly visible at the lower harmonics (N=2 and N=3 in
Figures 22(a) and 22(b), respectively), it is clearly present as a suppression of the line
center peak at N=8 (Figure 22(d)). While there is no line suppression at N=6 (Figure
22(c)), the effect is present in the form of a visible reduction of the peak height at
linecenter. Furthermore, in Figures 22(c) and 22(d), the Voigt model predicts this
depression or peak suppression effect at the line center of the RQ(11,12) line, while the
Lorentzian model does not. Pathlength saturation effects, in conjunction with higher
harmonic detection, therefore provide an additional, sensitive diagnostic for the

determination of lineshape functions.
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Fig. 22. Comparison of experimental WMS signals (black lines) with theoretical models using Voigt (green
lines) and Lorentzian (red lines) profiles, for second (a), third (b), sixth {¢) and eighth (d) harmonics at high
pathlength of L=121m. (¢) and (d) illustrate the suppression in peak that occurs at a modulation index of m
= 3,12, The structure of the N=6 and N=8 signals are more accurately modeled when assuming a Voigt
profile, while the Lorentzian model does not show a suppression of the central peak. While a depression is
not directly visible at N=6, the pathlength saturation effect is still present: the peak of the R((11,12) line is
lower than that of the RR(13,13) line (The same line has a higher amplitude at a lower pathlength as seen in

previous figures, for example in figure (18f)).
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Increasing the modulation index for the same pathlength, however, has an inverse
effect. For the same pathlength, a higher modulation index, and therefore a larger amount
of modulation broadening, masks the peak-suppression effect even at higher harmonics.
This is shown in Figure 23, for the same pathlength as above but increasing modulation
indices. The pathlength saturation effect, of course, is still present even if not as easily
discernible. This is verified at N=8 for the higher modulation index in the form of a
visible reduction of the peak-height of the RQ(11,12) line (the same line has a higher
peak at direct absorption and N=3, for example). Furthermore, in all cases, the model
using the Voigt profile is able to match the experimental results better than the
Lorentzian. The subtle difference between these two profiles becomes amplified over
large pathlengths, because of the non-uniform absorption across the profile. Thus, the
amount of absorption in wings of the Voigt profile over the full path is different than that
for the Lorentzian function. While this effect is still not obvious at direct absorption or
the lower harmonics, it is amplified at higher harmonics to their higher order derivative
behavior.

Figures 22 and 23 also show that different lines exhibit different amounts of
saturation. In the case of the transitions presented in the figures, the RQ(11,12) line
clearly shows a greater amount of pathlength saturation than the RR(13,13) line, for the

same optical pathlength. As detailed in §2.3.4, this is due to a higher saturation parameter
T =n0g(v,)L for the RQ(11,12) line, arising from the higher integrated absorption cross

section.
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Fig. 23. Reduction of pathlength saturation effect, when modulation index is increased from m=3.12 {(a)
and (c)} to m=4.16 {(b) and (d)), in seventh and eighth harmonic signals at high pathlength of L=121m.
While a depression is no longer visible at the higher modulation, the pathlength saturation effect is still

present as a reduction of the peak heights.

3.3 RESOLUTION OF WEAK SPECTRAL LINES BY WMS
In this section, we demonstrate the utility of wavelength modulation spectroscopy
in the detection of weak spectra. While only two transitions, RR(]3,13) and RQ(11,12),

were discussed in the preceding sections, the region probed by the laser is known to
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contain five spectral lines. Some of the additional lines that fall into our sweep, along
with their line strengths from HITRAN [39] are:

RR(13,13)* "0, 0.760355905um 5.77x10* cm® cm™ mol”'

RQ(13,13%* 0,  0.760366631um 5.76x10% cm? cm™ mol”

RQ(IL12)* "0,  0.760412561pum 7.66x10°%* cm? cm™ mol”

RQ(11,12)** 0, 0.760412561um 7.74x10% ¢m? cm™ mol™!

RR(12,12)* '°0, 0.760441158um 6.31x10%* cm? cm™ mol™
where the * and ** denote transitions in the '*0 and 'O isotopes of molecular oxygen,
respectively. The greater nuclear mass of the isotopes results in a slight shift of the
linecenters of the same transitions. The absorption cross sections, on the other hand,
which depend on the A21 coefficient and therefore the quantum mechanical transition
probabilities, are almost the same as that for corresponding lines in 180),. However, due to
their much lower concentrations in the atmosphere (‘°0 has an abundance of
approximately 0.201% while that for 70 is 0.039%), these transitions are approximately
two to five orders weaker than the RR(13,13) and RQ(11,12) transitions. Hence, the lines
are not discernible when employing direct absorption spectroscopy with the resolutions
available, as shown in Figure 24,

The direct absorption curve in Figure 24 was measured at two different optical
pathlengths, L=68m and L=121m. As can be seen from the magnified regions, the weak
transitions mentioned above are not discernible even at the higher pathlength where
absorption is stronger, either due to the systematic distortions and electrical noise, or due
to the overlap of the wings of the much stronger lines. The transitions that were included

in the calculations of the model (which used the Voigt profile) are labeled at the locations
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they are expected to be. Rather than include all six weak transitions, we only analyzed

those that were a 100 times weaker than the “strong” lines: RR(13,13)*, RQ(11,12)* and

RR(12,12).
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Fig. 24. Experimental (black) direct absorption signals, compared with theoretical (green) model that
includes the five labeled transitions, for pathlengths of E=68m ((a) and (b)) and L=121m ((c) and (d)).
Figures (b) and (d) are magnified portions of the absorption signals in {a) and {c¢). Neither the experimental

nor medel data resolve the weak spectra, which are approximately two orders of magnitude weaker,
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3.3.1 Resolution at higher harmonics

While the weak transitions above are unresolved with conventional direct
absorption spectroscopy, their presence does however distort the absorption profile. The
lack of resolution of these little “blips,” as a result of the weaker transitions, is due to
experimental limitations. Such small changes, however, are advantageous when using
WMS with higher harmonic detection. Due to their derivative-like structure, the
distortions introduced by the additional lines are magnified at higher harmonics.
Furthermore, since weak spectra in general have smaller linewidths than their stronger
counterparts, the modulation index m=p/Av is higher for the same swing. Hence, the
relative amplification of the weak lines is larger than that for the strong lines, and higher
harmonics tend to show extra turning points corresponding to these weak transitions.

This is illustrated in Figures 25 and 26 below, for an optical pathlength L=121m
and modulation index m=4.16. In Figure 25, we compare the signals at N=3 and N=8 on
the full scale. Various other harmonics between N=2 and N=8 are plotted on a 30X
magnified scale in Figure 26, illustrating the resolution of the weak lines. As can be seen
from the figures, measurements of the absorption signals at higher harmonics results in
better resolution of the weak lines, and therefore allows for their characterization, Note,
however, that the overlapping RQ(11,12)* and RR(12,12) lines are so close in frequency
that we cannot completely separate them. Also, one downside of using higher harmonic
detection is the decrease in signal magnitude, which results in larger distortions due to
noise effects. While this can be countered by increasing the modulation index, as we will
show in the next section, the associated modulation broadening results in the loss of

resolution due to overlap from the stronger lines.
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Fig. 26. Various harmonic signals between N=2 to N=8, on a 30X magnified scale, for L=121m and

m=4.16. As shown, the weak spectra signals at N=8 are better resolved than at lower harmonics.
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3.3.2 Effect of Modulation Broadening

As discussed earlier, a higher modulation index results in a higher signal
magnitude. However, increasing the modulation index also results in a broadening of the
harmonic signals. Hence, any weak lines that might be resolved at a low modulation
index at some particular harmonic, may no longer be as resolved with a higher
modulation index, due to the loss of structure caused by the broadening. This effect is
illustrated in Figure 27, which plots the signals on a 30X magnified scale between the
two stréng transitions for different modulation indices at a pathlength of 75m.

For example, when looking at the signal at N=4, increasing the modulation index
from m=3.12 to m=4.16 results in an almost complete loss of the weak RR(13,13)* and
RQ(11,12)* signals — one loses almost all distinguishing turning points that suggest the
presence of an additional line. This loss in the number of turning is also seen at N=5 for
the same change in modulation index. Likewise, the weak spectra at N=6 experience a
decrease in magnitude relative to the overall signal magnitude.

While higher harmonic signals provide greater resolution of the diffuse spectra,
signals get significantly weaker as N increases. At some point, the amount of noise
present compared to the signal magnitude becomes relevant and may override the signal
being sought. This is normally countered by increasing the modulation index, which,
however, results in a broadening of the spectra. As a result of this broadening, the
stronger lines may overlap and hide the weak transitions. Thus, an optimal balance
between harmonic order and modulation index is required when resolving weak spectra

with WMS,
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Fig. 27. Comparison of the resolution of weak spectra at (a) N=4, (b) N=5 and {¢) N=6" harmonic of the

modulation frequency, when the modulation index is increased from m=3.12 to m=4.16. The resulting

modulaticn broadening causes a loss in the relative amplitudes and numbers of extra tuming points that

indicate the presence of the weak transitions.



101

CHAPTER 1V. INFORMATION INHERENT IN THE STRUCTURE
OF SIGNALS

One common theme in all of the work presented in this dissertation has been the
extraction of information from the structure of signals. In the previous sections, for
example, information about weak spectra was contained in the structure of the absorption
profile, the finer features of which we were able to discern at higher harmonics.
Likewise, the higher sensitivity of higher detection orders allowed us to differentiate
between two profiles that are otherwise very similar in conventional direct absorption
spectroscopy. All the information about a radiating or absorbing source can be
determined from its absorption or emission frequency spectrum. For example, one can
obtain a measurement of temperature, pressure, collision dynamics, etc. from an accurate
measurement of the linewidth of ;he lineshape profile.

While the preceding arguments are made about distributions in the frequency
domain, one can obtain information from a target by examining various regions of any
relevant phase space. For example, the classical Young’s double slit experiment carries,
in the spatial distribution of the fringes, information about those slits, in particular the slit
separation and slit width, and, were either of those to change, the spatial distribution of
the fringes would also changc.'Likewise, as we show in this chapter, one can obtain
information about the parameters of a classical antenna array by studying its spatial
distribution of power, i.e. the radiation pattern.

However, many questions arise in any such measurement, inctuding: “What is the

maximum amount of information — in bits - that can be extracted using the experimental
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apparatus given under the experimental constraints of practical noise, imprecision, etc.?
Of this how much information was actually extracted?” Answers to these questions
depend on the ability to quantify the information that one can obtain from the
measurement being made. We present, in this chapter, a method to answer the questions
posed, and set up a foundation for the development of optimum experimental procedures
that allow for the extraction of maximum amount of information.

An important quantity that we utilize in all our calculations below is the entropy.
As shown by Shannon [12-13], Jaynes [58] and others, the quantification of information
begins with a quantification of uncertainty. Consider, for example, the communication

system described by Shannon:

Channel

I

Noise or Distortion

Destination

¥
k4

2
L

Receiver

Y

Transmitter

Source

Fig. 28 Shannon’s simple communication system [12].

The setup consists of a source of the message to be transmitted, for example a sequence
of 1’s and 0’s if we have a digital system. The transmitter usually processes the signal
into a form that can be sent through the channel. This can be, for instance, an antenna that
converts the pulse modulated electrical signal into an electromagnetic wave to be
transmitted through air. The channel is medium of transmission, such as a vacuum or
coaxial cables. Finally, the receiver performs the inverse operation of the transmitter and

the destination obtains the message that was sent.
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In this system, there are many locations where uncertainty could arise. For
example, the transmitter may be riddled with systematic processes that distort the signal
--being sent to the destination. The presence of noise in the channel is also a big
contributor to uncertainty of the message being transmitted exactly. It is this uncertainty
that allows for the transmission of information; for if one knew everything about the
properties of the message, then there is no information to be transmitted. However, any
real physical process will always have some uncertainty associated with it, and the
reduction of this uncertainty is the information that one extracts. [12-13,58].

The uncertainty is quantified as information in terms of number of arrangements
[12-13,58-60]. Consider the very simple example of a box containing N; red balls, N,
blue balls, and N3 green balls, where N is some very large number. Suppose also that the
box contains a total of N=N;+N»+Nj slots. Thus, if the box is “shaken up,” the balls will
fall into the slots in some particular arrangement, which we see if we open the box and
look. By “locking™ in the box, i.e. making the measurement, we remove all uncertainty
and obtain information about the balls. However, prior to making the measurement, our
uncertainty depends on the number of arrangements, W, given by:

N!

W= (79a)
N,IN,IN!

Since the number of balls is large, we employ the Stirling approximation N!'a NVe™ .

Thus, the number of arrangements is approximately:
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where p; is the probability of obtaining the i-th ball. One can easily see from this that
maximum number of arrangements occurs when we have equal numbers of each color
ball, i.e. py=p2=p3=1/3. Defining the entropy, H, as the log of number of arrangements per
outcome, as was done by Boltzmann and others for convenience purposes {12-13,60], we

obtain:

H=-) pjlog(p,) (80)

which has the units of bits when the logarithm is taken in base 2 units, or nats if
calculated using natural logarithms. Hence, in this example, if the number of red, blue
and green balls is equal, then the act of opening the box and “measuring” results in a gain
of In(3) nats of information. This definition and approach of entropy was used by James
‘Maxwell and Ludwig Boltzmann when deriving their distribution of gas molecules at
thermal equilibrium [60-61]. In fact, thanks to the efforts of the likes of Jaynes [58-59],
Landauer [62] and Bennet [63], we now appreciate that the entropy of information theory
is physically identical to that of thermodynamics.

The above arguments involving the measurement of arrangements of balls can
now be extended to communication systems as well. Instead of referring to the color of
the ball, we can instead define it as a state of the ball. Consider for example a simple

transistor, which operates in two states. 1f one has a very large number of transistors, or
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equivalently operates one transistor to give a sequence of on and off states, the
arrangements of 1 and O states serves as a message of the kind in Shannon’s
communication system. If the probability of the two states is equal, then by measuring the
state of a transistor, we obtain exactly 1 bit or In(2) nats of information. On the other
hand, if we start with some precise sequence of 1s and Os as a message, and a systematic
process in the channel or even random noise distorts that message, then we lose
information. Also consider a distribution of photons in space. Suppose that one is given
the probability density function with which photons are emitted at some azimuthal angle;
in this case, the entropy is a measure of the number of ways the distribution can be built
up - that is, the number of ways the spatial signal can be generated. Likewise, if we have
a distribution in frequency, then the entropy of that distribution measures the number of
arrangements in which that frequency profile may be built up.

Having defined the entropy, we will now calculate the information that one
obtains about a particular parameter by reducing the uncertainty. We will treat two cases: -
the first is that of information about the phase of an antenna array radiation pattern, which
is a spatial distribution of photons. The second case that we treat involves the precise
measurement of frequency from higher harmonic signals. While the calculation will be
done for these two specific cases, the method described is general and can be extended to

any physical distribution in the relevant phase space.
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4.1 INFORMATION FROM ANTENNA RADIATION PATTERNS

We will examine, in this section, the amount of information that one obtains from
the radiation patterns of coherent antenna arrays. These are coupled systems of individual
antennas, which generate various spatial distributions of the radiated power (i.e. radiation
patterns), are useful in a wide variety of applications, such as beam steering or optical
sensing [64-65]). We calculate the information that one extracts by determining the phase
of an antenna array, by measuring the location of the maxima or minima of the radiation

pattern. The radiation pattern of a linear one-dimensional phased array is given by [1]:

P(6,9)=P, . (0,6) [Z explj(kd, sin @sin g+, )}} (81)

where P, is the power distribution in the pattern of an individual antenna element, £ is
the wave number, ¢ is the spacing between the n individual elements of the array and ¥
is the phase of the current driving the " current element. P,{6, ¢) is the power emitted per
unit solid angle in the direction {6, ¢).

The parameters of the phased array, such as the number of radiating elements, the
driving currents‘of each element, the relative phases between the elements, etc. can all
therefore be determined by measuring the array’s radiation pattern, fully described by
(81). In this section, we discuss the determination of the inter-element phase by
measurement of the locations of maxima and minima of the radiation pattern. Let us
assume that the spacing between all the elements of the array is the same and fixed, d,
and let us also assume that the phase between the elements is the same and fixed, V. Such
arrays, most commonly referred to as simple uniform phased arrays, have a radiation

pattern given by:
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Sing{ n(kdsm 6’2511'1 @+ (;/)}
P =P . 82
n(93¢) ma‘(99¢) . 2{(kdsin95in¢+llﬂ)} ( )
sin
2
The maxima of this radiation pattern occur at:
(kd sin 6“;1n g+ t,{/) 0,727
kdsin@sing +w =02x4x....=2ar (83a)
a=012,..
while the minima occur when:
" (kdsm 6’;1n o+ y/) —0,7.27...
kdsingsing+y =2m/ndx/n,. .=2arxin (83b)
kdsin@sing+y =027 ,4x,...=2ax
a=012_..,

Thus, knowing the exact location (0, ¢) of a maximum or minimum, one can
determine the phase ¥ of the amay to infinite precision (keeping in mind the 2n
periodicity). However, if there is an uncertainty in the measurement of this location, there
arises a corresponding unmcertainty in the measured value of the phase. Such an
uncertainty will arise if, for example, the detectors covering the 4n space to measure the
radiation pattern are of some finite size. Hence, in that case, one can only specify the
location of ;a maximum or minimum to within some finite tolerance. A similar uncertainty
would arise if due to electrical noise, one is only able to define a maximum or minimum
over some range of values.

This is illustrated in Figure 29 below. Figure 29(a) shows the radiation pattern of

an array with n=2 elements, d=1} and a phase that is initially ¥(=0°, when measured with
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an infinite number of infinitesimal detectors, the ideal — but obviously physically
unattainable — case. Figure 29(b) shows the radiation pattern measured in this idealized
case when the inter-element phase changes to ¥=20° (i.c., there is now a phase difference
~ of 20° between the excitation currents of the two antennas).

Figures 29(c) and 29(d) illustrate the same radiation patterns in Figures 29(a) and
(b), but when measured with finite sized detectors, each having a span of A¢=10°. We
observe from Figures 29(a) and (b), that when the phase changes from 0° to 20°, the
maximum that occurred initially at location ¢=0° has moved slightly to $=-3.18°. This
change, however, is not registered in the case when the radiation pattern is measured with
the finite sized detectors — the detector centered at $=0° will still register a maximum, and
therefore cannot determine whether the phase of radiating array has changed. Likewise,
the minimum (a null in this case) that occurs at $=30° when ¥=0°, now occurs at $=26.4°
when the phase changes ¥=20°. Again, the finite sized detector fails to register a change,

and therefore does not register the change in ‘.
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Maximum at ¢=-3.18" when ¥=20°

Maximum at $=0°when ¥=0°

Fig 2% Radiation patterns of an N=2, d=1% antenna array with {(a) ¥=0°, measured with,
“infinitesimal” detectors {b) same as {a) but with interelement phase angle ¥=20° {¢} W=0°
measured with finite sized detectors, each of which covers an azimuthal angle of Ad = 10° {d) same as
() but with ¥=20°. The change of phase from ¥=0" to ¥=20" causes a shift in the location of the
maximum’s location in space by -3.18° This shift could be detected, were one to have an infinite
number of infinitesimal detectors (Fig (b}). Practical finite sized detectors have an associated

imprecision: this is seen by comparing {c) and (d) — now the shift in the maximum at ¢ = 0 is lost.
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From equations (83), we can therefore determine the range of phase values,
AW, over which the location of a maximum or minimum will be indistinguishable, when
the radiation pattern is measured with finite sized- detéctors as opposed to infinitesimal
ones. That is, if the phase of the current source driving the array fluctuates over AY, a
change in the location of a maximum or minimum of the radiation pattern measured will
not be observed over that detector. Thus, for a given finite sized detector placed at a
location where the radiation pattern has a maximum or minimum, we have a uniform
probability density function, p{¥)=1/A'F, of phase values that will register a maximum
or minimum for that detector [1]. Using the continuous limit of the definition of entropy,

the entropy of this phase distribution is given by:

H(A$) =~ [ply)n ply)dy (84)

This entropy is a measure of the number of arrangements by which the possible
phase values could be distributed, but of which the measurement would yield no
information. To appreciate the meaning of the entropy as applied to our problem, assume
that instead of a continuous distribution, our current source fluctuations occur in phase
values that can only be any one of 360 values (i.e. 1°,2°,....360°). Hence, instead of an
infinite number of phase values within AY, we now instead have a finite number of phase
values — and a discrete probability distribution, p(‘¥').

While we have chosen to assume that any one of only 360 values are possible for
illustrative purposes, we find that this can be any value, and in the limit that the

separation goes to zero, we arrive at the entropy measure for a continuous probability
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density function p(*¥) given by Equation (84). The entropy of this discrete probability

distribution, p(*¥'), is thus given by Equation (80):

H(Ag)==3 p(w))In p(y) (85)

where m is the number of discrete phase values in the interval, A, over which the

excitation currents fluctuate,

We can now obtain an expression quantifying the amount of information that can
be gained when one set of finite sized (represented by A¢;) detectors are replaced by
another set of finite sized (Ad;) set. We apply (85) to three sets of detectors (Ad = 1°, Ady,
Ad; Ady, Ady assumed > 1°— just for the sake of the current discussion). The additional
information that would be obtained by going from detectors Adq to Ad = 1° is H(Ad))-
H(A$=1°). While in the imprecise case that Ad; had many possible values of phase in a
distribution p(‘¥), the precise case, Ad=1°, gives us one exact value of ¥. Similarly, the
additional information that would be obtained by going from detectors of size Ad, to Ap =
1° is H(Ad2)-H(A$=1°).

In this way, the information in nats, (or with a change in scale, in bits) improving
detection precision when going from detector size A, to A (with Ady > Ady) is

AH = H(A$) - H(Ag) (86)
While the discussion leading to (86) assumed that the phase only takes discrete values
within A, the expression for information obtained, given by equation {86) remains the

same as we approach the continuous limit where all values in A are possible. As shown
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by Shannon [12-]3], we may rewrite equation (85) in terms of a probability density
function, p(¥), as H(A$) == p(y, YAy, In [o(r)Aw, |, where p(FYAY, = p(P)).

=l
Equation (86) therefore becomes:

AH = =3 oty Ag)aw, n[otw, . Ag)AY 1+ Y o, A8)Aw, lo@w,. Ad)AY, ]

i=1

In the limit that AY = d¥, the summation becomes an integral:
AH =~ [ply.56,)n ply, Ag)dy — [ply, Ad:)In(ay)dy
Ay Ay

+ o, A ply.Ag)dy + [ply.ad) n(Aw)dy

Ay Ay

== [ply.ap) In ply, g, )dy —In(Aw) [p(v,Ad)dy

Ay

+ [olw,08)In p(y. Ag)dy +In(Ay) [plw,Ad)dy

Ap By

=- [p(y,26,)n p(w, Ady)dy ~In(Ay)

+ [o(v, Ad)In oy, Ad)dy +In(Ay)

A

=~ [pw.Ad) In ply. g + [y, Ad)In ply, Ad)dy

by
- AH = H(Ad,) - H(Ad,)
which is exactly equation (86), but for a continuous density function of phase values.
Shannoen, in his fundamental papers [12-13], discusses an important aspect of the entropy
of continuous distributicns. Upon inspection of equation (84), we find that there is a
dimensions mismatch, i.e. the logarithm term is not dimensionless. In fact, the limit to a
continuous distribution of the discrete entropy given by equation (85) results in equation

(84) plus an infinite term. However, as Shannon, and remarkably Einstein in an earlier
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paper [66], mention, taking a difference of entropies as done in (86) solves the dimension
problem.

- Hence, H(A¢), as defined by equation (84) is the amount of information one
obtains when replacing the finite sized detectors, of size A¢, which result in a range of
values of ¥ with probability distribution p(#}) with ideal (but not practical in reality)
infinitesimally precise detectors that result in one exact value of the phase ¥. The amount
of information that can be gained when one set of such finite sized (represented by Ad,)
detectors are replaced by another set of finite sized detectors (A¢;) is thus given by
equation (86).

Results of the calculation of the information that one obtains when going from the
most imprecise detector, given by size Az = m, to a more precise detector of size A¢,, are
given in Figures 30 and 31 below. In the most uncertain scenario, Ads, the range of
phases is from W=-n to ¥=n, or AY=2n and the entropy of this case, which serves as our
reference in the subtraction in equation (7), is given by In(2x). The calculations in Figure
30 are performed for the case of N=2, d=IL and for an initial phase of ¥=0. The
information obtained is calculated for different detector sizes, A¢, at three different
locations of the detector: a detector placed at the maximum at ¢=0°; at the maximum at
$=90°, and for the minimum at ¢ = 30° Since the radiation pattern is symmetric, the
results in the first quadrant apply to all four quadrants. Likewise, in Figure 31, we
calculate the information obtained about phase for the case of N=3, d=]A and for an

initial phase of W=0. In this case, we have two additional nulls between the major lobes.
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From the figures, it can be seen that the most amount of information, for a given
detector size, is obtained when measuring the maximum at ¢ = 90°. This corresponds to
the location with the smallest range of possibie phases, AW, such that a maximum (or
minimum) is stjll measured on the detector. In all three cases, no information is obtained
when the size of the detector is such that the range of possible phases is 2xn. This situation
occurs at different detector sizes for the different locations, due to the different sensitivity
to phase changes at these respective locations — i.e. if the detector is larger than a certain
size, one obtains zero information about the phase beyond this point, when compared to

using the most imprecise detector (A2 = 7, i.e. 180°).
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" —* Detector placed at maximum at ¢ = 0°
8n ~+ Detector placed at maximum at ¢ = 90° |
71 —- Defector placed at minimum at ¢ = 30°

Information obtained in nats (AH)

0 20 40 60 80 100 120 140 160 180
Detector Size in degrees (A¢))

Fig. 30. Comparison of the information obtained about inter-element phase for an N=2 array, with
different detector sizes placed at different locations: the maximum at ¢=90° and ¢=0° and the
minimum &t ¢=30". The most information, for a given detector size, is always obtained when the
detector is placed to measure the maximum at ¢=90°. For a given detector size, there is a
corresponding range of possible phases, which can only be assumed to be uniformly distributed (as
long as no other specifics are available). One obtains no information {AH=0) when the detector size is
such that any phase W between —n to x will give a maximum (or minimum) on the region of the
detector. This occurs at different values of Ad for the different detector locations [1]. The inset

describes the radiation pattern an N=2, d=1A array.
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8 . . . . . . I '
. ~— Detecter placed at maimum at ¢ = 07

8k = Detector placed at maximum at ¢ = 907 |1
-+ Detector placed at ménimum at § = 19.47°

Tre 7 Detector placed at minimum at § = 41.81° |-

Information obtained in nats {AH)

Detector Size in degrees (A¢))

Fig. 31. Comparison of the information obtained about inter-element phase for an N=3 array, with
different detector sizes placed at various different locations: the maxima at $=90°, 0°; and the minima
at ¢=19.47°, 14.81°. Again, the maximum amount of information for a given detector size is obtained

when the detector is placed at ¢=90°.

The method presented above allows us not only to quantify the amount of
information one obtains by increasing the precision of an experimental measurement, but
also to optimize the measurement. For example, in the case presented above, if one is
trying to determine of the phase of the array, the optimal location to place any finite sized
detector, if only allowed to do so at a maximum or minimum, would be at $=90°. While

the method presented above was applied to a measurement of phase between array
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elements, it may be extended to a measurement of other parameters such as inter-element
spacing, driving currents, etc.

Furthermore, while the above discussion was aimed at an antenna array and the
information that the radiation pattern of such an array carries, the method holds for any
system, which is monitored in its appropriate phase space. Hence, for example, one can
do an analogous treatment of the emission (or absorption) frequency spectrum of an atom
or molecule, or any remote sensing technique, including wavelength modulation

Spect_roscopy.

4.2 INFORMATION IN THE STRUCTURE OF WMS SIGNALS

Just as the uncertainty in location of the maxima or minima of an antenna array’s
spatial photon distribution led to an uncertainty in the inter-element phase, uncertainty in
measurement of the frequency spectrum can lead to uncertainty in the linewidth. Since
the linewidth is dependent on various parameters, such as temperature, collision cross-
section, etc, these parameters will have associated range of possible values as well, We
will now apply the method described in §4.1 to calculate the information that one can
extract from the experimental wavelength modulation spectroscopy signals, described in
Chapter 3 [19].

Suppose one is attempting to estimate the collision linewidth contribution to the
Voigt profile (and therefore the collision cross-section) of the RQ(11,12) line, shown in
Figures 18 and 20, by matching the theoretical model to experimental data. At any
particular detection order, there will be a range of coilision linewidth values that give a

model that matches the experimental data within a given tolerance. There is, therefore, an
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uncertainty in the value of the linewidth. Likewise, at a different harmenic order, one will
have a different range of linewidths that gives a match between theory and experiment
within the same tolerance. This range of collision broadened widths in the second case
may be larger or smaller than the first case. Thus, in the process of going from the first to
the second case, one reduces or increases the uncertainty in the value of linewidth,
obtained from matching a theoretical model to the experimental data. This is analogous to
the uncertainty in the phase between inter-element driving currents in antenna arrays.
This decrease or increase in uncertainty may also be quantified as a gain or loss of
information about the linewidth, as done in §4.2.

The result of such a calculation for the RQ(11,12) line at different modulation
indices and pathlengths is shown in Figure 32. Plotted are the range of allowed collision

linewidths around the nominal value of &2, = 1.586 GHz, that give a tolerance of 15%

between theory and experiment for the RQ(11,]2) line, at different harmonic orders N.
We observe a reduction in the range of linewidths that give a less than 15% match as one
performs higher harmonic detection, consistent with the results of increased sensitivity at
higher harmonics given in §3.2. Furthermore, the modulation broadening at higher
modulation index results in a smaller sensitivity, and therefore larger range of allowed
model widths.

Given no other constraints, we assume that the linewidth values over this range
are distributed uniformly — that is, all values within the range of linewidths are equally
likely. Hence, the information obtained when determining the linewidth at some detection

order with respect to direct absorption (N=0) is given by:

I= ln{range(N = 0)}— ln{range(N)} = -In{range(N)/range(N = 0)} (87
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The results of this calculation are plotted in Figure 33 and show a gain in the amount of
information about the collision linewidth when one makes the measurement at a higher
harmonic order. This effect is a direct consequence of the Iarger amount of structure of
higher harmonic WMS signals (as exemplified by the larger number of turning points and
zero crossings), which makes them more sensitive to smaller differences in linewidth,
compared to the lower order harmonics. Furthermore, since signals at a higher pathlength

are more sensitive to changes in linewidth, the amount of information obtained is larger.

16 -
14}
) "
£ i
_'g 13 | + m=3.12,L=121m
2 .
2 § = m=4.18, L=28m
S 10 - . + m=3.12, L=28m
o
T .
S 08 -
3 :
z :
2 05 -
m
‘5 3
© 04 . s
& . .
o . - 4
02 - ] L3
» » a
L . .
[ T — — , [ Lt f - -
0 1 2 3 4 5 6 7 8 9

Harmonic Order {N)

Fig. 32. The range of allowed collision linewidths, as a function of the harmonic order. Detection at
higher harmonics yields a narrower range of widths that result in an up to 15% match between model
and experimental data. The modulation broadening at higher modulation index resulis in decreased

sensitivity and a larger range of allowed collision widths.
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Fig. 33. Information obtained vs, Harmonic order, with respect to direct absorption when estimating
the collision linewidth with a 15% tolerance between model and experimental results. Different
modulation indices and pathlengths are shown, with the results consistent with the increase in

sensitivity al increased pathlength and decreased modulation index, shown in §3.2.

Thus, we have quantitatively shown that despite a decrease in the amplitude of
the signals, the higher sensitivity of high harmonic signals due to their Jarger amount
of structure (N zero crossings and N+1 tuming points) allows for the extraction of
more information about the linewidth parameter. This approach may be extended to
other parameters, as well as even higher detection orders greater than N. Ultimately,

due to distortions from noise, one is expected to arrive at some optimum order, N.
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4.3 THERMODYNAMICS OF INFORMATION LOSS IN LINESHAPE
MEASUREMENTS

The relationship between information loss and heat generation is a well.known
one. For example, Landauer [62], Bennet [63], and others have shown that at the
fundamental level, a minimum amount of heat equivalent to kTIn2 is generated when 1
bit of information is erased. Hence, the question “How much information, in bits (or
nats), is lost when making a practical measurement and how much heat is generated in
the process?” arises. This is a fundamentally important question to answer in any
experimental measurement that strives to achieve the highest precision possible. In this
section, we calculate the information lost in a practical multi-channel spectral analyzer,
where the lineshape profile measured is averaged. This occurs due to the finite frequency
resolution of the device. We also present a calculation of the heat generated in the
photodetector in this system, and examine its connection to the information lost [14].

To model this situation, let us consider an optical experiment in which an
emission signal is measured by a multi-channel spectral analyzer (a basic grating
sprectrometer), illustrated in Figure 34 below. A diffraction grating scatters the emission
spectrum at various angles according the respective frequencies of the photons. The “exit
holes” at each angle are calibrated to the corresponding frequency intervals, and a
photodetector behind each exit hole counts the number of photons emitted in that
particular frequency interval. In addition, the bandgap of every photodetector is finely
tuned to the lower end of the corresponding frequency interval. This is to prevent any
excessive heat generation due to the relaxation of electron-hole pairs via phonon modes.

One can, therefore, measure the emission lineshape profile in this manner by measuring
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the number of photons emitted in a particular frequency interval, which in turn can be

normalized to obtain the probability that a photon is emitied in the given frequency

interval.
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Fig. 34: Schematic of a multi-channel analyzer model used to measure a lineshape profile. The angles at
which the photons are scatiered by the diffraction grating are related to the frequency of the photons.
Hence., one can mcasure the profile by determining how many photons are emitted in each angular
segment, which corresponds to a particular frequency interval. In the limit that the size of the angular

scgment approaches zero, the measured profile would the ideal lineshape profile.

In the limit that the bandwidth of the detector, given by the size of the “exit hole,”
becomes infinitesimally small, the measured probability distribution tends to the ideal
lineshape profile. This is equivalent to making the measurements with the number of
frequency intervals going to infinity. Conversely, a finite sized exit (and therefore finite
number of frequency intervals) leads to a loss of information, because one is not able to

identify the frequency distribution of the photons in that interval. Rather, all one is able to
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obtain is the total number of photons and the frequency interval in which those photons
fall. There is therefore a ioss of information in the distribution of the photons, with
respect to frequency. Again, because we are not privy to any further knowledge about the
distribution of the photons in the frequency interval, we assume it to be uniform (which is
the most unbiased distribution under these conditions [58-539]). Hence, there is a loss of

structure of the lineshape profile, as illustrated in Figure 35:
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Fig. 35. Gaussian lineshape profiles measured with (a) 50 frequency intervals (b) 100 frequency intcrvals
(¢) 1000 frequency intervals used to probe from -5Av to +5Av. Profiles are plotted against the normalized
frequency, x = (v—vg)/Av. The finite bandwidth, W, of the filters in each case results in an averaging effect
giving the “jagped” structurc as ¢laborated in {a) and (b), and thus a loss of structure of the profile. As the
number of filters increases, and consequently a decrease in bandwidth W, one obtains the ideal lineshape

function.

Hence, having obtained the probability distribution of the photons in frequency, one can

calculate the entropy of the distribution that is measured, given by equation (84):

H(N) =~ [g(v N)In{g(v; N)}dv



124

where g(v;N} is the lineshape function when measured with N frequency intervals, and H
is the entropy in units of nats. This entropy is a measure of the number of ways in which
the elements in a given probability distribution can be arranged, such that the end result is
the same probability distribution. Hence, in the case of the lineshape profile, the entropy
is related to the number of different sequences in which the different frequency photons
are emitted, resulting in the build-up of the lineshape function. The averaging effect
above thus results in a loss of information about the profile, quantified by the difference
in entropy between the averaged case (as measured with a finite number of finite sized
frequency intervals) and the ideal case (as measured with an infinite number of
infinitesimally sized frequency intervals);
AH=H,, - H .. (88)
Furthermore, we may calculate the heat generated when the distribution of
photons in a particular frequency interval is lost. Since the bandgap of the photodetector
corresponding to a particular frequency interval is finely tuned to the bottom of that
frequency interval, i.e. hv, every electron-hole pair generated by a photon with higher
energy undergoes a thermal relaxation to the bottom of the bandgap. Therefore, all one is
able to measure is the number of photons in the particular frequency interval, and can no
longer distinguish the different frequency photons over the interval. The heat generated to
these phonon modes in each frequency interval is therefore given by:

g= [Nnh jvg(v)dv] - {Nohv, ].g(v)va (89)

1 1
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where Ny is the total number of photons in the profile, h is Plank’s constant, v; is lower
frequency of the interval over which the photons are averaged, and v, is the upper edge.
‘The total heat generated is then just the guantity in (89) for each individual bandwith
element, summed over the total number of finite bandwidih filters, W, across the profile.

The results of this calculation are given in Figures 36 and 37 below. Figure 36(a)
illustrates the information lost as a function of the number of the frequency intervals for
Gaussian and Lorentzian lineshape profiles. Both profiles are probed from vy — 35Av to
vo + 35Av, which is a region covering more than 99% of lineshape profile. As might be
expected, the maximum amount of information is lost when one collects all the photons
and feeds them into one large detector is placed over the entire 70Av. Furthermore, as
expected, the amount of information lost goes to zero asymptotically as the number of
frequency intervals goes to infinity (i.e. the profile is measured with an infinite number of
infinitesimally small detectors).

In addition, the amount of information lost seems to depend on the type of profile
probed. In the cases illustrated below, the information lost in a Gaussian profile is more
than that for a Lorentzian profile, when both lineshape functions are measured with the
same number of frequency intervals. This difference is related to the difference in
structure between the Gaussian and Lorentzian functions, with the Lorentzian profile
being broader in the wings. The normalized heat generated also follows the same

behavior.
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Fig. 36: (a) Information lost, in nats, plotted against the number of finite bandwidth intervals (N) needed to
cover the 70Av, for Gaussian and Lorentzian profiles. Note that the amount of information lost goes
asymplolically to zero, as the number of frequency intervals increases (equivalent to measuring with
infinitesimally sized detectors). (b) Heat generated when the lineshape profile is probed with finite
bandwidth frequency intervals. The total heat generated also goes asymptotically to zero, as the number of

frequency intervals increascs. The heat generated, (, is normalized to Q/Ngh.

Figure 37 illustrates the relationship between the heat generated and the
information lost. Figure 37(a) shows the heat generated vs. the amount of information
lost. Consistent with the results of Bennet and others, the amount of heat generated
increases as the information lost increases. Also shown is the heat generated per bit lost
when the profile is measured with different numbers of frequency intervals of finite
bandwidths, in Figure 37(b). There appears to be a linear relationship between the heat

generated per bit lost and the number of frequency intervals used to probe the profile.
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Fig. 37. (a} Heat generated vs. Information lost for the Gaussian and Lorentzian profiles. More heat is
generated as the number of bits lost increases. (b) Heat generated per bit lost vs, the number of frequency
intervals (N} used to measure the lineshape profile. The heat gencrated per bit lost follows a linear trend

versus the number of intervals.

We have thus shown in this chapter that the application of information theory and
thermodynamics can allow us to quantify the amount of information lost and heat
generated in a given experimental setup. While we dealt with three specific cases, the
method presented is applicable to other scenarios involving the investigation of some
source by studying its emission or absorption profile in space and frequency. The
technique may also be extended to distributions of particles, such as those that occur in
high-energy collision experiments. Furthermore, the quantification of information serves
an alternative perspective to the conventional maximum signal-to-noise ratio approach of
optimizing experiments — that is, one can also seek to maximize the amount of

information extracted, under the constraints of the apparatus.
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CHAPTER V. CONCLUSIONS

5.1 SUMMARY AND CONCLUSIONS

We developed and demonstrated the utility of a simultaneous higher order
harmonic detection system in the study of Oxygen A-band spectra. A system for the
collection of signals at multiple harmonics, simultaneously, was designed and
implemented using Labview. The results of the virtual lock-in amplifier developed were
compared to the sequential detection signals offered by a hardware based Stanford
Research Systems SR 850 lock-in amplifier, previously used by this research group. We
demonstrated that data collected by the two systems under identical experimental
conditions were within 5% of each other, which is within the experimental variations. By
doing so, we enhanced the experiment by first cutting the time required to run an
experiment by at least a factor of eight; and secondly, removing any susceptibility of the
experiment to changes in the environment that might occur on the time scale of collection
of data at each harmonic. For example, the ramp time in the experiments done in this
work was 40 seconds: it therefore takes at least 40 seconds to obtain each harmonic
signal. While this time scale is small in a laboratory environment, where there is a strong
attempt to control the experimental conditions, changes in the field can be more drastic.

Higher harmonic wavelength modulation spectroscopy signals were also used as a
powerful diagnostic tool for the comparison of lineshape functions. We presented
experimental results with theoretical comparisons probing multiple transitions in the
Oxygen A-band, simultaneously, to demonstrate the utility of wavelength modulation

spectroscopy in the investigation of gaseous behavior. In Chapter III, we examined the
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sensitivity of higher harmonic signals to the form of the lineshape profile when modeling
under the same experimental parameters (temperature, pressure, etc). We illustrated that
the Voigt and Lorentzian absorption profiles have very similar structure at the
atmospheric conditions under which the experiments are run, and are therefore almost
indistinguishable when using conventional direct absorption spectroscopy. Higher
harmonic detection, however, showed greater sensitivity to the subtle differences between
the two lineshape functions, compared to lower order detection. The effects of increasing
modulation index on this ability to distinguish between profiles were also investigated. It
was shown that while a higher modulation index increased the magnitude of the signal,
the associated modulation broadening resulted in a loss of the finer structural differences
between the two profiles.

Another unique effect that we examined with wavelength modulation
spectroscopy was pathlength saturation: the non-uniform absorption across a profile over
long optical paths or high optical density. While such effects are commonly observed in
stellar and atmospheric spectra, where the absorption paths are several hundred to
thousands of kilometers, they are subtle with conventional direct absorption and lower
harmonic detection in the experimental environment where optical paths are on the order
of a few hundred meters. Higher harmonic signals, however, clearly illustrate this effect
as a depression of the peaks at linecenter, where absorption is greater than in the wings.
Furthermore, we showed that pathlength saturation effects provide an additional stringent
constraint when comparing models with different lineshape functions. For example,
under the same experimental parameters, the Lorentzian profile was unable to predict the

peak suppression that the model utilizing the Voigt profile did, when compared to the
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experimental data. Wavelength Modulation Spectroscopy can therefore be used as a
diagnosti_c tool to distinguish between two different lineshape functions, in an
environment where conventional direct absorption spectroscopy is not a sufficiently
sensitive probe for the purpose. This allows for the more accurate characterization of
gaseous parameters and their molecular behavior.

We also presented, in Chapter I, the application of wavelength modulation
spectroscopy for the detection of weak spectra. The region we probed has been well
documented with other spectroscopic methods to contain at least eight optical transitions
[39]. Most of these transitions were isotopic counterparts of the two transitions probed in
the section 3.2. While those two, the RR(13,13) and RQ(11,12), are already many orders
of magnitude weaker than common electric dipole driven transitions, the isotopic
transitions are a further 100 times weaker due to the much lower atmospheric
concentrations. As a result, these weaker transitions are “hidden” under the wings of
stronger surrounding lines, and were unresolved with direct absorption spectroscopy. The
very subtle features of these additional spectra, however, which were indiscemible with
direct absorption and lower harmonic detection, were amplified at higher detection
orders. The impact of increasing modulation index on the resolution ability of WMS
signals was also investigated. Again, the resulting modulation broadening was found to
reduce the ability to discern the weak spectra lines. In general, however, higher harmonic
wavelength modulation spectroscopy signals provide the ability to examine weak spectra
that are otherwise difficult to detect under given experimental resolutions.

Both these applications arise due to the derivative-like behavior of WMS higher

order signals, which in general have N zero crossings and N+1 turning points. Since the
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N-th harmonic signal has the structure of the N-th derivative of the direct absorption
signal, any small features (that may not be discernible depending on the resolutions
available) are amplified. Our experiments also show that the additional structure imposed
on the usual WMS signals because of pathlength saturation can be an important aid to
drawing conclusions regarding internal gaseous molecular dynamics.

In Chapter 1V, we introduced a novel aspect of looking at absorption signals. We
discussed the quantification of information that one obtains when determining parameters
from a distribution of photons, in either space or frequency. Principles of Shannon’s
information theory were applied to calculate the information that one obtains from
measurements of antenna array radiation patterns, which are spatial photon distributions.
We investigated the information gained when one is attempting to determine the inter-
element phase from the location of turning points in the radiation pattern, under finite
spatial detector resolution. We found that for a given spatial extent of the detector, the
more sensitive turning points gave the most amount of information about changes in the
inter-element phase. In addition, the technique was general and applicable to the
measurement of other parameters of the array. We also calculated, using the same
methodology, the information gained from WMS signals about linewidth measurements
at higher detection orders. We found that higher sensitivity of higher detection order
signals, demonstrated experimentally in Chapter 111, was associated with a larger amount
of information gained with respect to the direct absorption signals.

Last, but not least, we calculated the information lost and heat generated when a
direct absorption lineshape profile is measured with a finite resolution spectrometer. It

was shown that there is a finite amount of information that one can obtain from such an
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experiment, and an associated amount of heat generated when part of that information is
lost. Such calculations form the foundation of future work in optimization of experiments
for the maximum extraction of information, compared -to-the conventional methods of
increasing signal to noise ratio. For example, while our WMS signals had decreasing
amplitude with increasing detection order, and therefore a lower signal-to-noise ratio, the
greater amount of structure offered by higher harmonics provided more information

about linewidth structure and weak spectra.

5.2 FUTURE WORK

Wavelength modulation spectroscopy has many more applications, in addition to
those discussed in this work. For instance, while the technique was utilized to investigate
two specific lineshape functions, namely the Lorentzian profile and the Voigt profile, the
methods presented were general and may be extended, under sufficient experimental
accuracy, to other lineshape functions (e.g. Rautian-Sobel’man, Galatry, etc.).
Furthermore, the same techniques could be applied to perform detection of possible
subtle features such as Dicke narrowing.

In addition, WMS might also be applicable in future studies of stellar
atmospheres, where pathlength saturation is a common occurrence. The absorption and
emission features from many stars are naturally modulated — for example because of
stellar wobble resulting from orbiting planets [67]. WMS techniques could be applied on
these modulated stellar spectra to resolve subtle features that may not be as obvious with

conventional spectroscopic methods. Another extension of our work is wavelength
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modulation spectroscopy of emission profiles, for applications in environments where we
may be unable to send a probe beam.

Another application of higher harmonic signals is in the frequency stabilization of
lasers [68]. The zero crossing at linecenter of odd harmonics provides us with a
correction signal if a laser were to drift away from this center. Furthermore, the derivative
structure at higher harmonics results in steeper slopes around the zero crossings at odd
harmonics. Hence, while the amplitude and range of the correction signal may be smaller
at higher harmonics, the larger slope would allow for a tighter lock on the laser. This is
where simultaneous harmonic detection would be very useful, where one can determine a
correction signal from the multiple harmonic signals.

In conclusion, we have demonstrated the utility of a simultaneous multiple
harmonics wavelength modulation spectroscopy system in the precise characterization of
lineshape profiles and the detection of weak spectra, as well as pathlength saturation
effects. We have also presented a novel method of applying Shannon’s information

theory principles to quantifying the information in WMS signals.
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APPENDIX A:

VIRTUAL LOCK-IN AMPLIFIER PROGRAM IMPLEMENTED IN LAB
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APPENDIX B:

MATLAB PROGRAM USED FOR MODELING WMS SIGNALS

% This program models for 5 lines, with amplitude modulation, including pathlength saturation cffcct
format long;

dnucl = 1.15%2*0.0458*3e10*1e-9; %collision broadencd FULL WIDTI1 half max GHz from hitran
dnuc2 = 1.13*2*0.0468*3¢10* 1 e-9; Yocollision broadened FULL WIDTH half max (GHz. from hitran
dnuc3 = 1.10*2*0.0468*3¢10*1e-9; %collision broadened FULL WIDTH half max Gl1z from hitran
dnucd = 1.10*2*0,0463*3e10*1e-9; %collision broadened FULL WIDTH half max GHz from hitran
dnuc5 = 1.00*2*0.0458*5£10*1e-9; %ocollision broadened FULL WIDTH half max GHz from hitran

fll1ecm=13151.54866; %aline center of line in cm-1, [rom hitran
2cm=13150.19663; %line center of line in cm-1, from hitran
f3em=13130.75594; %line center of line in cm-1, from hitran
f04cm=13150.26139; %line center of line in cm-1, from hitran
f03em=13151.73584; %line center of line in ¢m-1, from hitran

c0=3e8; Yspeed of light in m/s

c1=3¢10; %speed of light in cm/s
fO1=M1¢cm*cl*1e-9; %line center 1 in GHz
f02=102cm*c1*1¢-9; %line center 2 in GllIz
f3=f03cm*c1*1e-9; Yoline center 3 in GHz
{04={04cm*cl1*1e-9; %line center 4 in GHz
f05=f05cm*c1*1e-9; %line center 5 in GHz
101=(1/01con)*(1e-2)*1e6; Yaline center 1 In microns
102=(1/f02cm)*(1c-2)*1e6; %line center 2 in microns
103=(1/{03cm)*(1e-2)*1eb; %line center 3 in microns
104=(1/04cm)*(1e-2)*1c6; %line center 4 in microns
105=(1/t05cm)*(1e-2)*1e6; %line center 4 in microns

%Assuming doppler width same on both lines

T=296; %room lemperature in Kelvin
k=1.3806503e-23; %Boltzmann Constant
mO=2*16*1.66¢-27; %mass of oxygen molecule in kg

%First line’s doppler width

drudi = f01*sqrt({8*k*T*1og(2)1)/(m0.*(c0.72)});%doppler linewidth Gliz, estimated from temperature and
mass

dnudbarl = dnud1/(sqrt{4*log(2))}; Y%modified (normalized) doppler lincwidth

bl=dnuct/{2*dnudbarl); %voigt parameter

%Second line’s doppler width

dnudZ = [02*sqrt({8*k*T*1og(2))/(m(.*(c0.”2)});%doppler linewidth GHz, estimated from temperaturc and
mass

dnudbar2 = dnud2/(sqrt(4*log(2))); Y%modified (normalized) doppler linewidth

b2=dnuc2/(2*dnudbar2); %voigl parameter

%Third line's doppler width
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dnud3 = f03*sqrt((8*k*T*log(2))/(m0.*{c0"2))):%edoppler linewidth GHz, estimated from temperature and
mass

dnudbar3 = dnud3/(sqri{4*log(2})); Yemodified (normalized) doppler linewidth

b3=dnuc3/(2*dnudbar3); %voigt parameter

%Fourth line’s doppler width

dnud4 = f04*sqri((8*k *1*log(2))/(m0.*(c0.72}));%doppler linewidth GHz, estimated from temperature and
mass

dnudbar4 = dnud4/(sqri(4*log(2))}; Yomodificd (normalized) doppler linewidth

b4=dnuc4/(2*dnudbar2); %voigt parameter

%4Fifih line’s doppler width

dnud5 = 05*sqri((B*k*T*log(2){m0. *(c0.721)); %doppler linewidth GHz, estimated from temperature
and mass

dnudbar5 = dnud35/(sqrt{4*log(2))); %medified (normalized) doppler linewidth

b5=dnuc5/(2*dnudbar5}; %voigt parameter

“bgas parameters for main lines (first 2 - 0-16)

nd = (0.20946*101325*0.99)/(k*T)*(0.01~3);%gas density /cm3
I = (2*131.4%46)+(2*25);%path length cm

sigmal = 5.621-24%3e10* 1 e-%; Yocross section cm2-GHz line 1
sigma2 = 7.63E-24%3el (*1e-9; Y%cross section cm2-GlHy line 2
al=nd*sigmal*L;

a2=nd*sigma2*L;

g01=(bl *exp(b172) *erfe{b 1)¥(sqrt(pi)*(dnuc1/2));

g02=(b2 *exp(b2”2).*erlc{b2)¥{sqrt(ph)*(dnuc2/2));

%ogas parameters for weak lines {second 2 — 0-18)

nd = (0.20946%101325%0.00201¥(k*1)*(0.01°3);%gas density /cm3

L =(2*131.4*46)+(2*23);%path length cm

sigma3 = 1/0.00201*1.54E-26*3e10*1e-9; %1/0.00201*cross section cm2-GHz line 3
sigmad = 1/0.00201*1.27E-26*3e10*1e-9; 961/0.00201*cross section cm2-GHz line 4
sigma3 = 1/0.00201*1.16E-26*3¢10*1e-9; %1/0.00201 *cross section cm2-GHz line 5
a3=nd*sigma3*L;

ad=nd*sigmad*L;

aS=nd*sigmaS5*L;

203=(b3_*exp(b3"2). *erfe(b3) ¥ {sqrt(pi)*(dnuc3/2));

204=(bd *exp(bd"2}. *erfe(bd) )V {(sqri(pi)* (dnucd/2));

g05=(b3 *exp(b52}. *erfe(b3))/(sqrt(pi)*{dnuc3/2));

%modulation voltage

beta = 0.0056*c0/({({I01+102)/2)*1e-6)"2)*0.0017c-6*1c-9; Yoswing in frequency GHz
ml = beta/(dnudbarl; %emodulation index line t

m2 = beta/(dnudbar2}; %smodulation index line 2

m3 = beta/{(dnudbar3); %modulation index line 3

m4 = beta/{dnudbard); %emodulation index line 4

m3 = beta/{dnudbar5); Yemodulation index line 5

v=le-9%c0./(lambda*1c-6); %frequencies from wavelength points in GHz
r=1.31e-5; %amplitude modulation index

psi=pi:

rho=-2.533887¢-6; %ramp index

10=1; :
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theta=-pi:0.0001:pi;
dtheta=theta(2)-theta(1),

for N=8:1:8 %N=Harmonic Order
for i=1:size(v);
N
i
for j=1:size{thets,2);
S1(jy=quad(@voigtweakQuad,-10,10,10"-8,] L.v(i),b1,beta.dnuc1/2,101,a],theta(j));
S2(j)=quad{@voigtweakQuad,-10,10,10"-8,[1.v(1),b2,beta.dnuc2/2 {02 a2 theta(j});
S3(=quad{@voigtweakQuad,-10,10,10"-8_{].v(),b3.beta,dnuc3/2,f03,a3 theta(j));
S84(j)=quad(ivoigiweakQuad,-10.10,10~-8 [ 1,v{i),b4.beta.dnuc4/2, {04, a4 theta(j));
S5(=quad{@voigtwcakQuad,-10,10,10"-8,[ ],v(1),b5 beta.dnuc5/2.05,a5, theta(j });
end
S{(i,N)=sumicos(N.*theta) *10.*( 1 +{rho. *v{i)}+{r. *cos(theta+psi)). ¥exp(S 1+52+83+84+835). *dtheta),
Yrectangular integration
end
end

RS=abs{8);
figure
plot{lambda, RS,
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