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Abstract 

The main aim of this thesis has been to contribute to the ongoing work with 

development of new diode-laser-based spectroscopic techniques and methodolo-

gies for sensitive detection of molecules in gas phase. The techniques under 

scrutiny are tunable diode laser absorption spectrometry (TDLAS) and Faraday 

modulation spectrometry (FAMOS). Conventional distributed-feedback (DFB) 

telecommunication diode lasers working in the near-infrared (NIR) region have 

been used for detection of carbon monoxide (CO) and temperature in hot humid 

media whereas a unique frequency-quadrupled external-cavity diode laser 

producing mW powers of continuous-wave (cw) light in the ultra violet (UV) 

region have been used for detection of nitric oxide (NO). 

A methodology for assessment of CO in hot humid media by DFB-TDLAS has 

been developed. By addressing a particular transition in its 2nd overtone band, and 

by use of a dual-fitting methodology with a single reference water spectrum for 

background correction, % concentrations of CO can be detected in media with tens 

of percent of H2O (≤40%) at T≤1000 °C with an accuracy of a few %. Moreover, 

using an ordinary DFB laser working in the C-band, a technique for assessment of 

the temperature in hot humid gases (T≤1000 °C) to within a fraction of a percent 

has been developed. The technique addresses two groups of lines in H2O that have 

a favorable temperature dependence and are easily accessed in a single scan, 

which makes it sturdy and useful for industrial applications. 

A technique for detection of NO on its strong electronic transitions by direct 

absorption spectrometry (DAS) using cw UV diode laser light has been developed. 

Since the electronic transitions are ca. two or several orders of magnitude stronger 

than of those at various rotational-vibrational bands, the system is capable of 

detecting NO down to low ppb∙m concentrations solely using DAS. 

Also the FAMOS technique has been further developed. A new theoretical 

description expressed in terms of both the integrated line strength of the transition 

and 1st Fourier coefficients of a magnetic-field-modulated dispersive lineshape 

functions is presented. The description has been applied to both ro-vib Q-

transitions and electronic transitions in NO. Simulations under different pressures 

and magnetic field conditions have been made that provide the optimum 

conditions for both cases. A first demonstration and characterization of FAMOS of 

NO addressing its electronic transitions in the UV-region has been made, resulting 

in a detection limit of 10 ppb∙m. The characterization indicates that the technique 

can be significantly improved if optimum conditions can be obtained, which 

demonstrates the high potential of the UV-FAMOS technique. 
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Sammanfattning 

Huvudsyftet med denna avhandling är att bidra till det pågående arbetet med 

utvecklingen av nya diodlaserbaserade spektroskopiska mättekniker för känslig 

detektion av molekyler i gasfas. De tekniker som vidareutvecklats är svepbar 

diodlaserabsorptionsspektrometri (eng. TDLAS) och Faradaymodulerad 

spektrometri (eng. FAMOS). Konventionella DFB (eng. distributed feedback) 

lasrar för telekommunikation som emitterar ljus i det s.k. NIR-området (eng. 

near IR) har används för detektion av kolmonoxid (CO) och temperatur i varma 

gaser med högt vatteninnehåll emedan en unik frekvenskvadrupplad extern-

kavitetdiodlaser som producerar mW effekter av kontinuerligt ljus i det 

ultravioletta (UV) området har använts för detektion av kväveoxid (NO). 

En metod för mätningar av CO i varma förbränningsgaser medelst DFB-

baserad TDLAS har utvecklats. Genom att använda en speciell övergång i det 

andra övertonsbandet hos CO (R14), och med hjälp av en dubbel anpassnings-

metodik som endast använder ett enda vattenreferensspektrum för bakgrunds-

korrigering, kan %-halter av CO detekteras i gaser med tiotals procent av H2O 

(≤40%) vid T ≤ 1000 ◦C med en noggrannhet på delar av %. Därtill har en teknik 

för mätning av temperaturen i varma förbränningsgaser med högt vatten-

innehåll med en noggrannhet på <0.3% utvecklats. Tekniken använder en DFB-

laser som emitterar i C-bandet och växelverkar med två grupper av linjer i H2O 

som har ett gynnsamt temperaturberoende och som lätt kan nås inom ett enda 

lasersvep, vilket gör tekniken robust och användbar inom industriella miljöer.  

En teknik för detektion av NO på dess starka elektroniska övergångar m h a 

direktabsorptionsspektrometri (DAS) med UV diodlaserljus har utvecklats. 

Eftersom sådana övergångar är ca två eller flera storleksordningar starkare än 

de vanligen använda övergångarna i olika rotationsvibrationsband klarar 

tekniken att detektera NO ner till låga ppb·m halter enbart mha DAS. 

En ny teoretisk beskrivning av FAMOS given både i termer av den integrerade 

linjestyrkan för övergången, S, och de 1:a Fourierkoefficienterna av en magnet-

fältsmodulerad dispersiv linjeformfunktion har presenteras. Beskrivningen har 

tillämpats på både ro-vib Q-övergångar och elektroniska övergångar i NO. 

Simuleringar under olika tryck och magnetfältsförhållanden presenteras och de 

optimala detektionsbetingelserna har identifierats. Den första demonstrationen 

och karakteriseringen av FAMOS för detektion av NO på dess elektroniska 

övergångar i UV-området har presenterats. Resultaten tyder på att den 

nuvarande detektionsgränsen på 10 ppb·m skulle kunna förbättras avsevärt om 

optimala förhållanden skulle kunna nås, vilket visar teknikens stora potential. 
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Nomenclature 

Abbreviations 

AS absorption spectrometry 

cw continuous wave 

DAS direct absorption spectrometry 

DFB distributed-feedback 

FM frequency modulation 

FAMOS Faraday modulation spectroscopy 

FMAS frequency modulation absorption spectrometry 

FMS frequency modulation spectrometry 

FRS Faraday rotation spectroscopy 

FSR free spectral range 

FWHM full-width-half-maximum 

HWHM half-width-half-maximum 

LHCP left-hand circular polarized 

LOD limit of detection 

MIR mid-infrared 

MRS magnetic rotation spectroscopy 

NIR near-infrared 

NO nitric oxide 

ppbv parts per billion volume 

ppb∙m parts per billion meter [10-9 m] 

ppm∙m parts per million meter [10-6 m] 

QC quantum cascade 

RHCP right-hand circular polarized 

rms root-mean-square 

ro-vib rotational-vibrational 

SNR signal-to-noise ratio 

TDLAS tunable diode laser absorption spectrometry 

UV ultra-violet 

WM wavelength modulation 

WMAS wavelength modulation absorption spectrometry 

WMS wavelength modulation spectrometry 

ZMS Zeeman modulation spectroscopy 
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Symbols 

  frequency of the light [cm-1] 

0  resonance frequency [cm-1] 

a  frequency modulation amplitude [cm-1] 

  laser frequency detuning from transition resonance [cm-1] 
0
,i j  center frequency of the transition in the absence of magnetic field 

[cm-1] 

, , ,i M j M    frequency of a magnetically induced M M  transition from a 

state i  to a state j  [cm-1] 

,
Q
i j  frequency of a Q-transition [cm-1] 

,
E
   frequency of an electronic transition [cm-1] 

c  normalized frequency detuning 

a  normalized frequency modulation amplitude 
,

,
D a

i j  Doppler-width normalized modulation amplitude 

d  normalized center frequency detuning 

c  collision broadened linewidth (FWHM) [cm-1] 

D  Doppler-width of the transition (FWHM) [cm-1] 

D  Doppler width of the transition (FWHM) [cm-1] 
Q
D  Doppler-width for a Q-transition (FWHM) [cm-1] 
E
D  Doppler-width for an electronic transition (FWHM) [cm-1] 

L  homogeneous broadening (HWHM) [cm-1] 
D
L  Doppler-width normalized homogeneous broadening or Voigt 

parameter 
,D atm

L  Doppler-width normalized homogeneous broadening or Voigt 

parameter under atmospheric pressure conditions 

,i j  attenuation of the electrical field due to a transition 

  wavelength of light [m] 

  absorbance 

0  on-resonance absorbance 

L  interaction length [cm] 

relc  concentration (mole fraction) of absorbing species 

NOc  concentration (mole fraction) of NO 

xn  number density of absorbers (for AS) [cm-3] 
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totn  total number density of species (for AS) [cm-3] 

xp  partial pressure of the absorbance [atm] 

totp  total gas pressure [atm] 

ip  partial pressure [atm] 

N   number density of species in the lower state (for FAMOS) [cm-3] 

N   number density of species in the upper state (for FAMOS) [cm-3] 

xN  number density of molecules under investigation (for FAMOS) 

[cm-3] 

g  degeneracy (for AS) and g factor (for FAMOS) of the lower state 

g  degeneracy (for AS) and g factor (for FAMOS) of the upper state 

  weighted transitions dipole moment squared [m2] 
2

J JR    total transition dipole moment squared for the transition [m2] 

Q  molecular partition function 

0Q  total partition function at the reference temperature  

u  most probable molecular velocity of a thermal (Maxwellian) 

distribution [cm/s] 

z  molecular velocity in the z direction [cm/s] 

i  pressure broadening coefficient [Hz/atm] 

( )T   transmission of the optical system 

T  temperature [K] 

I  power transmitted through an absorbing media [W] 

0I  power incident on an absorbing media [W] 

LI  power of laser [W] 

DI  power incident on a detector [W] 

  instrumentation factor [V/W] 

  instrumentation factor [A/W] 

  gain of the lock-in amplifier 

0P  power incident on a detector [W] 

  standard deviation 

ci  center injection current [mA] 

ai  injection current modulation amplitude [mA] 

  phase shift between modulation of the injection current and the 

frequency of the light 

  integration time [s] 

n  wm-detection phase 
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1  linear intensity-frequency susceptibility [W/cm-1] 

  angular modulation frequency [rad/s] 

  angle between the polarization axes of the polarizer and analyzer 

[rad] 

B  magnetic field [G] 

i  lower state 

j  upper state 

J   total angular momentum quantum number of the lower state 

J   total angular momentum quantum number of the upper state 

Jg  g-factor 

Jg   g-factor of the lower state J   

Jg   g-factor of the upper state J 
 

  orbital angular momentum 

,i j  phase shift of the electromagnetic field 

,
L
i j  phase shift of LHCP light 

,
R
i j  phase shift of RHCP light 

/
, , ,
L R
i M j M    phase shift of LHCP and RHCP light induced by the M M   

transition 

0k  wave vector in the absence of absorber [1/cm] 

,i jk  wave vector in the presence of an absorber [1/cm] 
/

,
L R
i jk  wave vector for LHCP and RHCP light [1/cm] 

M  magnetic quantum number  

M   magnetic quantum number of the upper state 

M   magnetic quantum number of the lower state 

JM   total angular momentum quantum number of the upper state 

JM   total angular momentum quantum number of the lower state 

sM  magnetic quantum number of an electron 

S  integrated (molecular) line strength of a transition [cm-

1/molecule∙cm-2] 

0S  integrated (molecular) line strength of a transition at a reference 

temperature [cm-1/molecules cm-2] 

,i jS  integrated (molecular) line strength of a transition between two 

states i and j [cm-1/molecule∙cm-2] 

S  integrated (gas) line strength of the transition [cm-2/atm] 

BGS  background signal [V] 
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ASS  analytical signal [V] 

S  entity use in the expression for the nth Fourier coefficient 

,M MS    relative transition line strength 
/

, , ,
L R
i M j MS    relative integrated line strength for LHCP and RHCP light 

,S   relative integrated line strength of a transition from the lower 

state   to the upper state   
/
, , ,

L R
M MJ S

S  relative integrated line strength of a transition induced by 

LHCP and RHCP light from lower state 2 ( )i JM  to an upper 

state 2 ( )SM  

,
F
i jS  FAMOS signal [V] 

,0
,
F
i jS  FAMOS signal strength [V] 

,0,
,
F atm
i jS  FAMOS signal strength under atmospheric pressure conditions 

[V] 
, ,0,
,

F E atmS   FAMOS signal strength addressing an electronic transition under 

atmospheric pressure conditions [V] 

  area-normalized absorption lineshape function [cm] 

L  area-normalized Lorentzian line shape function [cm] 

G  area-normalized Gaussian line shape function [cm] 

V  Voigt line shape function [cm] 

0  peak-value of the area-normalized lineshape function [cm] 

  peak-normalized lineshape function 
disp  dispersion counterpart to the Doppler-peak-normalized Voigt 

absorption profile 

ˆ disp  dispersion counterpart to the area-normalized absorption line 

shape function [cm] 

ˆabs  area-normalized absorption line shape function [cm] 

0̂  peak-value of the area-normalized absorption Gaussian line 

shape function [cm] 
,

1
disp even  1st even Fourier coefficient of a molecular dispersion lineshape 

function 

1
F  Doppler peak-normalized FAMOS line shape function 

,2
1
F  Doppler peak-normalized FAMOS line shape function for a two-

transition model 
,

1
F E  Doppler peak-normalized FAMOS line shape function for an 

electronic transition 
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,i j  phase shift between the LHCP and the RLCP components of light 

, / 2i j  rotation of the plane of polarization 

, , ,i M j M   total phase shift originating from the M M   transition 

, , ,
D
i M j M   Doppler-width-normalized detuning of the light from the 

magnetically induced M M   transition 
,0

,
D
i j  Doppler-width normalized detuning 

, /
,
D L R
i j  Doppler-width-normalized frequency detuning of the LHCP and 

RHCP light components 

,i jk  difference in wave vector between LHCP and RHCP light [1/cm] 

M  magnetic quantum number difference between upper and lower 

states 
netS  relative difference in line strengths 

[...]Z  plasma dispersion function 

[...]w  complex error function (also referred to as Faddeeva’s function) 

 

 

Constants 

 
c  speed of light in vacuum, [2.99792458×1010 cm/s] 

h  Planck’s constant, [6.626×10-34 J∙s] 

k  Boltzmann constant, [1.380×10-23 J/K] 

0  electric permittivity of free space, [8.8542×10-12 C2∙s2∙kg-1∙m-3] 

e  electron charge, [1.6022×10-19 C] 

sg  g-factor of the free electron, [2.0023192] 

B  Bohr’s magneton, [4.67×10-5 cm-1/G] 
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1. Introduction 

The history of spectroscopy can be dated back to 1814 when Josef von 

Fraunhofer observed well defined, narrow, dark lines in the solar spectrum 

with his newly invented spectroscope. The light from the solar surface, on 

which he based his observations, had traveled through the sun’s atmosphere 

where it had been strongly absorbed at certain frequencies. It was soon 

realized that the dark bands originate from absorption by atoms and 

molecules in gas phase in the solar atmosphere and that of each type atom or 

molecule has a set of resonant frequencies that gives rise to its characteristic 

absorption/emission spectrum. By these observations, he set the cornerstone 

of spectroscopy as we know it today. 

Unfortunately, at that time, one could not satisfactory explain the discrete 

nature of the lines. This eventually lead to various models of the atom, first a 

phenomenological and more or less classical model by Niels Bohr, followed 

by the model as we know of today, which is built upon quantum mechanics, 

initially developed by Schrödinger, Heisenberg and others. The latter has the 

advantage that it cannot only predict the energy structure and the spectrum 

from various types of atoms and molecules under various of conditions, it 

can also treat the interaction between light and matter in an adequate 

manner. 

Whereas spectroscopy refers to the study of spectra of atoms and 

molecules, which is made to extend our understanding of nature, 

spectrometry refers to the use of spectroscopic information and techniques 

for the assessment of atomic and molecular number densities, 

concentrations, or amounts. There are a number of spectrometric techniques 

developed for both qualitative analyses and quantitative assessments. These 

techniques are regularly used for various types of studies, analyses, and 

surveillance purposes and they can also assist in answering fundamental 

questions, e. g. the composition of remote stars.  

The most common types of spectrometric techniques for assessment of 

atoms and molecules in gas phase are either based upon the principles of 

emission, absorption, fluorescence, ionization or scattering, although also 

techniques relying on other principles, e.g. dispersion, start to appear [1]. 

However, an active scientific community continuously develops new 

techniques, combining various concepts from the fields of spectroscopy and 

spectrometry as well as incorporating features from other fields of science, 

and using not only visible light but also addressing other parts of the 
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electromagnetic spectrum for specific applications. A manifold of properties 

as well as linear and non-linear physical phenomena, such as polarization, 

interference, coherence, modulation and saturation are therefore examined 

or exploited in order to investigate to which extent they can be applicable to 

and beneficial for spectrometric techniques [2, 3]. 

The simplest spectrometric technique is emission spectrometry. It relies 

on detection of the spontaneously emitted light from thermally excited 

states. However, since the thermal population of exited states often is low, 

emission spectrometry has a limited sensitivity. It is thereby primarily 

limited to hot media, e.g. stars and combustion process, e.g. in industrial 

furnaces, and it is therefore useful only for a restricted number of 

applications.  

Fluorescence spectrometry relies on detection of emitted light from 

actively excited atoms and molecules and can thus be seen as a form of laser-

enhanced emission. Since the population of excited states can be 

significantly increased by light, in particular laser light, the technique can be 

very sensitive, in particular useful for detection of species in small volumes. 

The main drawback, which limits its practical applicability, is that not all 

excited species emit a photon; under high collision conditions, a significant 

fraction of the excited species can become deexcited through radiation-less 

transitions, so called quenching, which implies that they do not contribute to 

the signal. The fraction of excited species that emit a photon upon 

deexcitation, which commonly is referred to as the fluorescence yield, 

depends therefore strongly on the local environment. Hence, the signal 

strength from a given concentration (or amount) of species can vary 

significantly as a consequence of altered environmental conditions. This 

implies that the technique suffers from quantization problems (unless it is 

performed under fully controlled conditions).  

Ionization spectrometry, in which laser light is used for selective 

ionization of atoms or molecules through a series of excitations to higher 

lying states by the use of discrete transitions, can also be very sensitive, 

although it often requires a dedicated experimental chamber and sometimes 

even low-pressure conditions. Even though the technique can be made very 

species selective by the use of multi-step excitation, it can also suffer from 

spectral interferences from species with low ionization potential. In addition, 

for some molecules, it can also be affected by a low or varying ionization 

yield. It has therefore not become widely used for practical spectrometric 

applications.  
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Scattering, finally, which, for example, gives rise to the blue color of the 

sky, is a very weak process, whereby it is used only for a few particular types 

of application, e.g. in Raman studies of solid material. 

Instead, the most widespread non-extractive techniques for sensitive and 

accurate quantitative assessment of various types of atomic and molecular 

species in gas phases are primarily based upon absorption, and they are 

therefore generally referred to as Absorption Spectrometry (AS). In addition, 

there are a limited number of techniques that are based upon on interference 

of various modes of the light and rely on dispersion that can provide both 

sensitive and accurate assessments with high selectivity. Since both the AS 

and the dispersive techniques can interact with light in low lying, highly 

populated states and they are not affected as strongly as fluorescence by 

quenching, they are particularly useful for quantitative assessments of 

atomic and molecular constituents under various conditions. 

Although the AS technique has the potential of providing both accurate 

and sensitive assessments with high precision, it has a drawback; it requires 

the detection of a small decrease in a huge amount of light. Any small 

disturbance or noise in the amount of light produced or created by the 

optical system, can affect the detectability of the technique. AS is, for 

example, often limited by low-frequency drift components (of 1/f-noise type) 

in the laser source or by multiple reflections between various surfaces in the 

optical system, often called etalons, which create background signals that 

also can drift and pick up noise. This implies that the detectability of its 

simplest form of realization, Direct Absorption Spectroscopy (DAS), is 

restricted. It is therefore frequently combined with some sort of modulation 

technique by which a rapid modulation is imprinted on the light, most often 

on its frequency or wavelength, followed by detection at the modulated 

frequency (or an integer harmonic thereof) at which the noise is lower. The 

two most common modulation techniques are referred to as Wavelength 

Modulation (WM) and Frequency Modulation (FM). In combination with 

these the AS technique is often referred to as WMS, WMAS, FMS, or FMAS. 

Moreover, for robust implementation the AS technique is often based 

upon diode lasers, and in particular Distributed Feedback lasers (DFB), and 

it incorporates then most often also Wavelength Modulation Spectrometry 

(WMS) for reduction of noise and background signals. It is then often 

referred to as Tunable Diode Laser Absorption Spectrometry (TDLAS) [4-9]. 

Properly configurated, the technique can detect absorbances ( )I I down to 

10-5 (and occasionally even lower) which corresponds to the presence of 
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species in concentrations down to ppm∙m concentrations (or sometime even 

fractions of this, depending on the line strength of the transition addressed). 

The technique is versatile and nowadays regularly used for detection of 

species under various conditions for a variety of application [4-16]. 

One of the techniques based on dispersion that is suitable for analytical 

spectrometry (sharing some of the important properties with AS) is Faraday 

Modulation Spectroscopy (FAMOS). This technique relies on magnetic 

rotation spectrometry and can therefore be used for detection of 

paramagnetic molecules. This technique, which, over the years, also has 

appeared under a few other names, e.g. Magnetic Rotation Spectroscopy 

(MRS) [17], Zeeman Modulation Spectroscopy (ZMS) [18, 19], and most 

lately Faraday Rotation Spectroscopy (FRS) [20], is capable of enhancing the 

sensitivity of laser absorption spectroscopy for detection of paramagnetic 

molecules in general, and Nitric Oxide (NO) in particular [17, 19-31], by the 

use of an alternative modulation technique. By employing an alternating 

magnetic field, which modulates the energy level structure, and by detecting 

the transmission of light through two almost perpendicular polarizers on the 

modulation frequency, background signals from etalons or from spectrally 

interfering diamagnetic compounds (like water) can be largely suppressed 

(or fully eliminated). This implies though that the detected signal, which 

depends on features such as the magnetic field amplitude and pressure, has 

properties that differ from those of most other detection techniques. The 

technique often shows a sensitivity that is several orders of magnitude better 

than that of DAS and often superseding the sensitivity of the more 

commonly used WMS (or TDLAS) technique [17, 20-24]. In addition, since 

the technique is not applicable to diamagnetic molecules, it does not 

experience any spectral interference from such molecules, e.g. H2O and CO2.  

In this work both AS [ordinary TDLAS but also DAS addressing the 

exceptionally strong electronic transitions in the ultraviolet (UV) region of 

the spectrum] and FAMOS (also addressing the electronic transitions in the 

UV-region) have been further developed and used for detection of species 

such as CO and NO as well as temperature.  

The organization of the thesis is as follows. The following chapter, chapter 

2, presents an introduction and a brief description of the basics of AS. It 

summarizes some of the fundamental issues in quantitative spectrometry, 

viz. the absorption signal strength and shape, and gives these in terms of the 

integrated line strengths, the absorption cross sections, and the Einstein A-

and B-factors. It also addresses issues such as noise and the minimum 
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detectability. Chapter 3 presents a description of WMAS and comments on 

some of its advantages as well as drawbacks. Chapter 4 presents same 

fundamental as well as practical aspects of TDLAS, i.e. WMAS utilizing DFB 

diode lasers, primarily those working in the telecommunication bands. 

Chapter 5 presents the FAMOS technique, both an improved general 

theoretical description and a theoretical description of FAMOS addressing 

electronic transitions of NO. Chapter 6 presents the experimental setups 

used in the various experiments, and the experimental results are 

summarized in Chapter 7. Chapter 8 presents some prospects for activities 

within the field at my home university (in Laos P.D.R) in the future. Chapter 

9 provides a conclusion and it is followed by summary of the papers (Chapter 

10). Finally, all papers this thesis relies on are thereafter reproduced in their 

original form. 
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2. Absorption Spectrometry 

As was alluded to above, Absorption Spectrometry (AS) is a common 

technique for quantitative assessment of the concentration of atoms or 

molecules in gas phase. In its basic form, it is called direct absorption 

spectrometry (DAS). Its principle is simple: light with a frequency close to 

that of a transition in the atom or molecule under investigation is sent 

through the sample, and the power of the transmitted light is detected, as is a 

schematically illustrated in Figure 2.1. The amount of absorption, which is 

related to the concentration of the absorber, is, in theory, determined by 

comparing the power of the incident light to that of the transmitted through 

the sample but, in practice, assessed by comparing the power on and off 

resonance, respectively (to take losses from the optical system into account). 

One can use broad-band light in combination with either a spectrometer or a 

monochromator as a wavelength selective device, or narrowband light, such 

as continuous-wave (cw) laser light, for which no spectrometer or 

monochromator is needed.  

 

Figure 2.1. The principle of absorption spectrometry. Light passes through a 

sample and gets attenuated. The solid curve symbolizes the exponential 

attenuation of the light predicted by Beer’s law, which relates the amount of 

light transmitted to the constituents of the sample and the sample length. 

The quantity that is most often measured in conventional AS is the 

absorbance, since it depends linearly on the density of absorbers. As is 

discussed below, this is in general defined as the logarithm of the ratio of the 

incident to the transmitted power, i.e. 0ln( / )I I , which for small absorbance 

can be seen as the absorbed fraction of the light, i.e. 0/I I . In order to 

assess how the absorbance depends on the concentration of species to be 

detected, as well as various atomic or molecular entities and environmental 

parameters, a short description of the absorption of light in a gases medium 

is needed. 
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2.1 The Quantum Picture 

According to quantum mechanics, the energy structure of electrons in atoms 

and molecules is quantized; it can in some sense be seen as a staircase, 

where the electrons, which are asocial fermions, need to be in dissimilar 

states. The electrons can therefore only be arranged in certain well-defined 

configurations. Each configuration has an energy associated with it. Atomic 

and molecular systems are often represented by an energy level diagram that 

depicts the various configurations as levels in terms of their energy. Since the 

electrons tend to have as low energy as possible, most atomic and molecular 

systems are in configurations with the lowest energies. Two energy levels, 

with energies iE  and jE , respectively, are shown in Figure 2.2. 

 

Figure 2.2. Absorption of light by an optical transition involving a diffuse 

energy level that gives rise to an absorption line profile with a finite width. 

A transition between two levels, i  and j , might take place when an atom 

or molecule is exposed to light that has a frequency ij  (or a wavelength ij ) 

that corresponds to the energy difference between the two levels and the 

transition has a finite (i.e. non-zero) dipole moment. More specifically, a 

photon can be absorbed if its energy ijh  is equal to the energy difference 

between two levels, i.e. whenever 

 ij j i
ij

hc
h E E


   , (2.1) 

where h  and c  are Planck’s constant and the speed of light, respectively, 

whereas iE  and jE  are the energies of the two atomic or molecular levels 
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between which the transition take place. The presence of a particular type of 

atom and molecule in a sample can therefore be assessed if the wavelength of 

the light (and thus the photon energy) corresponds to a known transition in 

a given type of species. This accounts for the species selectivity of 

spectrometric techniques in general, and absorption spectrometry in 

particular. 

2.2 Beer’s Law and the Integrated Line Strength 

Hence, as is schematically illustrated in Figure 2.3, when narrow band light 

with a frequency   passes through a gaseous media with free atoms or 

molecules and the wavelength of the light corresponds to an optical 

transition in any of the species, a certain fraction of the light will be 

absorbed. 

 

Figure 2.3. Monochromatic light propagates through a gaseous sample 

containing a density of absorber of n and with a length of L, characterized by 

an absorption, ( )  . The transmitted power, ( )I  , which carries information 

about the absorber, is proportional to both the incident power 0I  and 

exp[ ( )]  . 

The power ( )I   of narrow linewidth light (given in units of W) 

transmitted through an absorbing sample can in general be described by the 

exponential form of Beer’s law (also referred to as Beer-Lambert’s or 

Lambert-Beer’s law in the literature), which can be written as 

 ( )
0( )I e I   , (2.2) 

where ( )   is a dimensionless entity often called absorbance and 0I  the 

incident power. Although light-matter interactions, and thereby the 

absorption of light, depends on the dipole moment of the transition, the 

absorbance is normally not directly expressed in terms of this entity. For 

convenience, and for a sample (most often consisting of molecules) with a 

length L (cm), the absorbance is commonly written in either of the forms 
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( ) ( ) ( )

( ) ( ) ,

x rel tot

x rel tot

S n L S c n L

S p L S c p L

     

   

 

  
 (2.3) 

where S  is the integrated (molecular) line strength of the transition (given 

in units of cm-1/molecule cm-2), ( )   the frequency dependence area-

normalized absorption lineshape function (in units of 1/cm-1),   the 

frequency of the light, sometime referred to as the wavenumber (in units of 

cm-1), xn  the density of absorbers (cm-3), relc  the relative concentration of 

the absorber (dimensionless), totn  the total number density of species (in 

cm-3), S  the integrated (gas) line strength (cm-2/atm), xp  the partial 

pressure of the absorbance (atm), and totp  the total gas pressure (atm). 

The lineshape function is normalized in such a way that  

 

0

( ) 1d  


 . (2.4) 

The absorbance can alternatively be written in terms of a peak-normalized 

lineshape function, ( )  , i.e. as 

 0( ) ( )     , (2.5) 

where 0  is the peak-value of the absorbance (or the on-resonances 

absorbance), given by  

 0 0relS c pL  , (2.6) 

and 0  is the peak value of the area-normalized lineshape function. 

It is also possible to express the absorbance in terms of an absorbance 

cross-section, ( )  , as ( ) xn L  . A comparison with Eq. (2.3) reveals that 

( )   is simply given by ( )S  . 

The integrated (gas) line strength, S  can be related to the integrated 

(molecular) line strength, S , which often is tabulated in databases, e. g, 

HITRAN [32], by the ideal gas law according to  
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5

19 01.01325 10
2.48 10tot

tot

n T
S S S S

p kT T


     , (2.7) 

where k  is the Boltzmann constant, T  the temperature of gas (in K), and 

0T  a reference temperature (here taken as 296 K). In the case 0T  is chosen 

as 0 °C, i.e. 273 K, the numerical factor in front of 0( / )T T S  is the Loschmidt 

constant, given by 2.69×1019 cm-3. 

For rotational-vibrational transitions, the integrated (molecular) line 

strength of a transition from a lower state ( , )J    to an upper state ( , )J   , 

j jS   , can be related to the Einstein coefficient for absorption, J JB    (given in 

units of m3J-1s-2) by [32] 

 1J J
J J J J

tot

h n g n
S B

c n g n

  
   

   
  

  
, (2.8) 

where J J    is the frequency of the transition, nand n are the number 

densities of species in the lower and upper states (in cm-3), respectively, g  

and g  are the degeneracies of the two states, which in turn are given by 

(2 1)J    and (2 1)J   , respectively. Since the Einstein coefficient for 

absorption can be related to the coefficient for spontaneous emission J JA    

between the same states (in units of s-1), according to 

 
3

1

8
J J J J

J J

g
B A

g h 
   

 





, (2.9) 

it is possible to also express the line strength, J JS   , in terms of J JA   , viz. as 

 
2

1
1

8
J J J J

totJ J

g n g n
S A

g n g nc 
   

 

    
  

   
. (2.10) 

Alternatively, the integrated (molecular) line strength can be related to the 

weighted transition dipole moment squared, J J  , which is defined as 
2

/J JR g   , where 
2

J JR    represents the total transition dipole moment 

squared for the transition, for example, by use of its relation to the Einstein 

absorption coefficient which, in SI units, reads [32] 
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h




     , (2.11) 

where 0  is the permittivity of free space.  

At thermodynamic equilibrium, the number density of species in the 

various levels considered are related to the total number densities of species 

and to each other by the Maxwell-Boltzmann distribution, which states that 

 exp
( )

tot

n hcEg

Q Tn kT

   
  

 
, (2.12) 

and 

 exp J Jhcn g

gn kT

     
    

, (2.13) 

where E  is the lower state energy (in cm-1) and ( )Q T  the molecular 

partition function, which in turn consists of a sum over all possible energy 

levels of the Boltzmann-weighted degeneracy factors, given by 

  ( ) exp /J J
J

Q T g hcE kT 


   . (2.14) 

Substituting the Eqs (2.11), (2.12), and (2.13) into Eq. (2.10) or (2.8) gives 

rise to an expression for the integrated line strength that reads either 

 
/

/

2

1 e
1 e

( )8

hcE kT
hc kTJ J

J J J J

J J

g g
S A

g Q Tc



 


  

   

 

 
  
 

, (2.15) 

or 

 
3 /

/

0

1 8 e
1 e

4 3 ( )

hcE kT
hc kTJ J

J J J J J J

g
S

hc Q T







  

     


   
 

. (2.16) 
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The latter expression is the basis for the assessments and estimations 

(interpolation or extrapolation) of the integrated line strength given in 

various tables, e.g. HITRAN [32]. 

This also implies that the integrated (molecular) line strength has a 

temperature dependence that can be written as 

 

0
0 0

0

1

0 0

0

1 1
( ) ( ) exp

( )

1 exp 1 exp ,

Q hcE
S T S T

Q T k T T

hc hc

kT kT

 


  
    

   

     
      

       

 (2.17) 

where 0 0( )S T  and 0Q  are the integrated line strength and the total partition 

function at the reference temperature 0T , respectively. By this expression, it 

is possible to estimate the integrated line strength of a given transition at any 

temperature. This also implies that the integrated (gas) line strength, which 

is the relevant entity if the concentration (mole fraction) of an absorbing 

species is to be assessed, has a temperature dependence that can be written 

as 

 

0 0
0 0

0

1

0 0

0

1 1
( ) ( ) exp

( )

1 exp 1 exp .

Q T hcE
S T S T

Q T T k T T

hc hc

kT kT

 


   
      

     

     
      

       

 (2.18) 

The partition function has a temperature dependence that often is written 

in terms of a polynomial in temperature, T , e. g. as 

 
2 3( )Q T a bT cT dT    , (2.19) 

where a, b, c, and d are coefficients that depend on the species as well as the 

temperature range over which the parameterization is valid [33]. 
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2.3 The Absorbance and the Integrated Absorbance 

According to Eq. (2.2) the absorbance caused by the analyte can be assessed 

from a measurement of the power of the light transmitted through the 

sample as 

 0( ) ln
( )

I

I
 


 . (2.20) 

A medium is called optically thick when ( ) 1   , and optically thin 

whenever ( ) 1  . For optically thin samples, the exponential term in 

Beer’s law can be approximated by 1 ( )  . Under these conditions, the 

absorbance is equal to the fractional (or relative) absorption, 0( )I I  , i.e. 

  ( )0

0 0

( )( )
1 1 1 ( ) ( )

I II
e

I I

  
   

       . (2.21) 

Sometime, an entity referred to as the integrated absorbance is used. This 

entity is generally defined as the ―area‖ under the 0ln( / )I I  curve. For 

optically thin samples, it can be calculated as the area under the relative 

absorption curve. It has the appealing property that it is proportional to the 

density (or the concentration) of the analyte and the integrated line strength 

but independent of the lineshape of the absorption profile, i.e. 

 
0

00 0 0 0

( )
ln( / ) ( ) ( )

.

x

x ref tot

I
I I d d d Sn L d

I

Sn L S c p L

 
       

    
   
 

 

   
 (2.22) 

This expression shows that (molecular) the integrated line strength, S , is 

a measure of the integrated absorbance for a gas with a density of absorbers 

of 1 molecule per cubic centimeter and an interaction length of 1 cm. 

2.4 Absorption Lineshapes 

Although we often talk about absorption lines of gases, the absorption does 

not occur at infinitely sharp wavelengths. Rather, as was indicated in Figure 
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2.2, the absorption lines are broadened and have a finite extension around 

their central frequency 0  at which there is maximum absorption. The 

frequency dependence of the absorption profile is described by the lineshape 

function, ( )  , which thus provides a relative absorption strength at 

frequencies   around 0 . Unless integrated absorption is measured, the 

form and the value of the lineshape function is needed to correctly assess the 

number density (or concentration) of analyte species or the temperature 

from a given measurement. It is therefore of importance to assess this entity 

correctly under various condition. As is shown below, the line broadening 

and the form of the lineshape function are due to several mechanisms. 

2.4.1 Natural broadening 

The minimal linewidth of an absorption transition, which primarily 

originates from the finite lifetime of the upper state of the transition, is 

fundamentally set by the Heisenberg uncertainty principle. This gives rise to 

the so-called Lorentzian lineshape, ( )L  , which basically is the Fourier 

transform of an exponential decay. Since Lorentz was the first to describe 

this phenomenon, the resulting lineshape is known as the Lorentzian 

absorption lineshape function. Properly area-normalized, it can be written 

 
2 2

0

21
( )

( ) ( 2)

c
L

c


 

   


 
, (2.23) 

where 0  is the center frequency of the absorption profile (in cm-1) and c  

is the Full-Width-Half-Maximum (FWHM) of the profile, given by 
1

2(2 ) iic A 
 , where 2iA  is the spontaneous emission rate from the upper 

laser connected state to a lower state i  (in Hz), c is the speed of light given in 

cm/s, and the summation is over all lower states to which the upper state can 

decay. However, in most practical situations the detected linewidth is much 

broader than the natural linewidth due to other broadening mechanisms, 

which primarily originate from the finite thermal motion of the 

atoms/molecules (referred to as Doppler broadening) or collisions with other 

species (termed collisional or pressure broadening). 
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2.4.2 Doppler broadening 

The molecules in a gas are in constant motion and the distribution of their 

random velocity in a given direction is described by the Maxwellian velocity 

distribution function [3, 34], given by 

 
2 21

( )
uz

zf e
u





 , (2.24) 

with u  is the most probable velocity of a thermal distribution of molecules, 

given by 2 /kT m , where m  is the mass of the molecule (in kg). When the 

molecules have a velocity component in the direction of the propagation of 

the light, z , there will be a shift in the frequency at which they will absorb 

light. Such molecules will primarily absorb at a frequency given by 

0(1 / )z c    . This implies that monochromatic light with a given 

frequency, e. g.   , can interact with only a specific group of molecules 

within the thermal distribution, primarily those with a velocity component 

along the direction of the propagation of the light of 0 0( ) /z c     . This 

leads to an inhomogeneous broadening of the transition and an absorption 

lineshape function that has a Gaussian form, which (properly area-

normalized) can be written as 

 

2
0

2

( )ln 2 2
( ) exp 4ln 2G

D D

 
 

  

 
  

  

, (2.25) 

where D  is the FWHM of the Gaussian profile, often referred to as the 

Doppler width, which, in turn, is given by 

 0 2

2ln 2
2D

kT

mc
  , (2.26) 

which also can be written more succinctly as 

 
7

07.162 10D

T

M
   , (2.27) 
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where M  is the molecular weight (in units of g/mol). 

For a typical molecule, e.g. CO or NO, for which M ≈ 30, detected in the 

near-infrared (NIR) region, i.e. around 1.5 µm, at room temperature, the 

Doppler width becomes ~0.015 cm-1 (which corresponds to 0.45 GHz). This 

implies that of the peak value of the Gaussian lineshape function is in the 

order of 60 cm. 

2.4.3 Collision broadening 

Collision broadening is another important broadening mechanism of gases. 

When molecules within a gas collide with each other there is an energy 

exchange that leads to a shortening of the lifetime of the molecular states. 

This shortening of the lifetime alters the interaction with the electromagnetic 

field in the sense that the molecules see the field during a shorter time, 

which in turn leads to a broadening of the transition. By increasing the 

pressure of the sample the molecular density will increase and collisions are 

more likely to occur. Since this type of broadening leads to a shortening of 

the lifetime of all molecules, it is a homogeneous type of broadening and it 

gives therefore rise to a lineshape that has the same form as natural 

broadening, i.e. a Lorentzian form, as was given by Equation (2.23) above. In 

this case, c  represents the collision broadened FWHM linewidth, which 

can be written as 

 2c i i
i

p   , (2.28) 

where i  is the Half-Width-Half-Maximum (HWHM) pressure broadening 

coefficient for collisions with a species i , and ip  its partial pressure. For the 

case when the lineshape function is expressed in units of cm and the 

pressure in atm, the pressure broadening coefficient is given in units of cm-

1/atm. The pressure broadening coefficients are, for transitions in the NIR 

region, typically in the 0.05 - 0.07 cm-1/atm range. This implies that under 

atmospheric pressure conditions a typical pressure broadening (FWHM) is 

in the order of 0.1 - 0.14 cm-1, which corresponds to 3 - 4 GHz. Under these 

conditions, the peak value of the lineshape function is in the order of 4 - 6 

cm.  

This shows that for transitions in the NIR wavelength range (e.g. those 

that can be addressed by telecommunication DFB lasers) the peak value of 
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the lineshape function is roughly one order magnitude larger under low 

pressure conditions, i.e. when Doppler broadening dominates, than at 

atmospheric pressure (at which pressure broadening dominates).  

It is also of interest to note that in the pressure dominated regime, i.e. 

when collision broadening dominates over Doppler broadening, the on-

resonance absorption is independent of pressure. This originates from the 

fact that 0( )L   is given by 2 / c , which, according to Eq.(2.28), is 

inversely proportional to the pressure, which, in turn, cancels the pressure 

dependence of the number density of absorbers [Eq. (2.3)]. 

A more detailed comparison between the Gaussian (Doppler broadening) 

and the Lorentzian (collisional broadening) lineshape functions is given in 

Figure 2.4. This figure shows that for the case when they have the same 

width, the Lorentzian profile has a lower peak value but larger wings than 

the Gaussian. In this particular case, for which the FWHM is 0.5 GHz 

(corresponding 0.0167 cm/1), the Gaussian and the Lorentzian lineshape 

functions have peak values of 1.88 and 1.27 GHz-1, which correspond to 56 

and. 38 cm, respectively. 

  

Figure 2.4. A comparison of a Gaussian (solid curve) and a Lorentzian (dashed 

curve) lineshape function with the same FWHM width (in this case 0.5 GHz). 

2.4.4 Combined broadening - The Voigt profile 

In general, if neither of the two broadening mechanisms (homogeneous or 

inhomogeneous) can be neglected, the appropriate lineshape will be a 

combination of the two. Whenever the effects of Doppler and collision 
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broadening are independent, the resulting lineshape is given by a 

convolution of the two and referred to as a Voigt lineshape, which can be 

written as 

 
2 ln 2

( ) ( , )V
D

V x a 
 

 , (2.29) 

where, in turn, the function ( , )V x a  is given by 

 
2

2 2

exp( )
( , )

( )

a y
V x a dy

a x y








 
 , (2.30) 

where x  represents a normalized (thus dimensionless) frequency distance 

from the line center, 0 , normalized by the Doppler width, given by 

02 ln 2( ) / D   , and a  is a measure of the ratio of the homogeneous to 

the inhomogeneous broadening (the Voigt parameter), given by 

ln 2 /c D  . 

However, if one of the phenomena dominates, any of the simpler 

lineshape from above can be used; in the so-called Doppler limit, i.e., under 

low pressure conditions (in the Torr range), the absorption lineshape has 

predominantly a Gaussian form, whereas at higher (e.g. atmospheric) 

pressures it has a Lorentzian shape. 

2.5 The Detector Signal 

One advantage of AS is that the technique is not affected by quenching as the 

fluorescence and ionization techniques are. Other advantages are that the 

signal is carried along the line of sight and that its magnitude enables an 

accurate assessment of absolute concentrations of the analyte or 

measurements of line strengths or absorption cross-sections with high 

accuracy. On the other hand, a drawback of AS comes from the fact that the 

absorbance depends on the ratio of two almost similar detector signals; given 

by the power of the light incident on the sample and that transmitted 

through the sample, respectively. This is equivalent to say that the analytical 

signal is measured on top of a large background signal. For practical reasons, 

they are often measured on and off resonance, and thereby at different 

moments in time. This implies that AS is affected by noise in a way many 
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other techniques are not. In particular, it is influenced by noise in the 

unabsorbed light, which, in turn, can originate from either the laser itself or 

from the optical system, in particular from multiple reflections between 

optical surfaces, so called etalons, which gives rise to a frequency dependent 

transmission. A weak absorption signal can therefore easily be hidden by 

noise in the detected signals, which makes noise reduction an important 

aspect of AS.  

Equation (2.2) provided an expression for the power of light transmitted 

through a sample under ideal conditions. If also the frequency dependences 

of the optical system and the power of the laser are taken in to account, it is 

possible to write the expression for the power of light transmitted through 

the system, and thus incident on a detector, ( )DI  , as  

 ( )( ) ( ) ( )D LI T e I    , (2.31) 

where ( )T   is the transmission of the optical system, which accounts for 

reflection effects (losses and interference) in surfaces and material in the 

optical system, and ( )LI   is the power of the laser. The signal ( )S   

measured by the detector shown in Figure 2.5 can then be written as 

 ( )( ) ( ) ( ) ( )D LS I T e I        , (2.32) 

where   is an instrumentation factor (primarily representing the detector 

sensitivity, and possibly also the gain of amplifiers, given in units of V/W). 

 

Figure 2.5. Monochromatic light, ( )LI  , passes through an optical system with 

a transmission of ( )T   and impinges upon a gaseous sample characterized by 

an absorption ( )  . The transmitted power ( )DI   is detected by a photo 

detector, which produces a signal ( )S  . 

As was discussed above, for optical thin samples, i.e., those for which 

( ) 1  , the exponential in Eq. (2.32) can be approximated by 1 ( )  . 

This implies that the signal ( )S   can be written as 
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  ( ) ( ) ( ) 1 ( )LS T I       . (2.33) 

This suggests that the detector signal ( )S   can be decomposed into a 

background and an analytical signal, ( )BGS   and ( )ASS  , given by 

 ( ) ( ) ( )BG LS T I    , (2.34) 

and 

 ( ) ( ) ( ) ( )AS LS T I      , (2.35) 

respectively. According to Eq. (2.5), the absorbance ( )   can also be 

expressed in terms of a peak-normalized absorbance (or on-resonance 

absorbance), 0 , whereby the analytical detector signal also can be written  

 0( ) ( ) ( )AS LS T I      . (2.36) 

where ( )   is a peak-normalized lineshape function. Moreover, although 

the derivation above shows that ( )ASS   is a negative entity, the minus sign 

is often suppressed in the description of signal strengths and shapes. Thus, 

Eq. (2.36) appears both with and without minus sign in the literature. 

2.6 Noise 

There are a few types of noise that may occur in AS setups [35, 36]. 

First, the detection electronics will contribute to the noise. This noise, 

which mainly constitutes thermal noise of the detector and the electronics, 

here represented by thi  (given in units of Ampere), is independent of the 

light power. 

A second type of noise is shot noise, SNi . This type of noise, which is 

caused by thermal fluctuations of the number of charge carriers detected 

within a given detection interval, is fundamental and, because of its 

statistical nature, proportional to the square root of the number of electrons 

collected during the measurement interval, and thereby the square root of 

the power. 
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A third type, which represents all types of noise in excess of the others, is 

directly proportional to the light intensity. This kind of noise is often called 

flicker noise, fli , or 1/f-noise, due to its characteristic frequency dependence 

(often assumed to be of 1/ af  type, where in general 0a  , and often 

assumed to be 1). 

The Signal-to-Noise Ratio (SNR), which is a measure of the sensitivity of 

the spectrometer [37, 38], can be written in terms of these various noise 

contributions as 

 
2 2 2

AS

th sn fl

i
SNR

i i i


 

, (2.37) 

where ASi  is the detector current signal that is related to the measured 

analytical (voltage) signal, ASS , by AS ASS G i , where G  is the 

transimpedance amplification for the detection system, given in units of V/A 

(or  ). 

2.6.1 Thermal noise limited detection 

For low light powers, the thermal noise will dominate over both the shot 

noise and the flicker noise. Thermal noise arises from random velocity 

fluctuations (Brownian motion) of the charge carriers in resistive materials. 

The root-mean-square (rms) detector noise, which is dependent on the 

absolute temperature, T , but independent of the incident light power, can 

be written as [39] 
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R
 , (2.38) 

where R is the input impedance of detection electronic and B the detection 

bandwidth (in unit of Hz). When this source of noise dominates, the SNR 

can be expressed as 
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  , (2.39) 
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where 0P  represents the power incident on the detector (W) and where we 

have used the fact that the analytical detector signal can be written as 

 0 0( )ASi P    , (2.40) 

where   is the responsively of the detector (given in units of A/W). This 

shows that in this regime, the SNR is proportional to the light power; Hence, 

the more power, the larger the SNR. This implies that the minimum 

detectable absorbance, defined as the absorbance for which the SNR is equal 

to unity1, 0 min( )DAS , is given by 

 0 min
0 0

1 4 1 4 1
( )

( )

DAS kTB kTB

P R R P


   
 

 
, (2.41) 

where we, in the last step, have used the fact that the peak-normalized 

lineshape function 0( )   is equal to unity on resonance. 

Obviously, it is not optimal to run a system in this regime, i.e. limited by 

the thermal noise of the detector and the electronics. An improved minimum 

detectable absorbance can be obtained by increasing the light power (or in 

some cases, by increasing the sensitivity of the detector). This means to 

improve on the sensitivity of the AS technique is valid until any of the other 

light sources, which increases with power, start to rival the thermal noise.  

2.6.2 Shot noise limited detection 

For not too high powers, i.e. those for which sn thi i  but yet under the 

conditions that sn fli i , shot noise will be the dominating type of noise. 

Shot-noise originates from the quantum nature of light, namely the fact that 

the distribution of the photons arriving at the detector is Poissonian, and it 

constitutes therefore a fundamental noise limit. The shot-noise current, sni , 

can be written as [40] 

 02 2sn dci ei B e P B  , (2.42) 

                                                             
1 Some authors prefer to set the detectability limit equal to an SNR of 2 or 3 
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where e  is the electronic charge (C) and dci  is the average photocurrent, 

given by 

 0dci P . (2.43) 

Inserting Eq. (2.42) into Eq. (2.37) provides an expression for the SNR 

under shot-noise limited conditions (i.e. under the conditions that both the 

thermal and flicker noise are smaller than the shot noise) that can be written 

as 
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 . (2.44) 

In this case, the minimum detectable absorbance, 0 min( )DAS , is given by 

  0 min
0 0

1 2 2

( )

DAS eB eB

P P


   
 

 
, (2.45) 

where the last step again is valid on resonance.  

For a typical situation for which 0P  = 1 mW, B   1 Hz, and   1 A/W, 

the shot-noise limited on-resonance absorption is equal to ~2×10-8. This 

thus constitutes a fundamental limit of DAS. However, in reality, an 

absorbance of 10-8 is never reached by DAS. The reason is the existence of 

laser excess noise, which is of flicker type and thus dominates at low 

frequencies where the DAS signal is detected. 

2.6.3 Flicker noise limited detection 

In many cases, fl sni i  as soon as fl thi i . Since flicker noise dominates at 

the low frequencies at which DAS measurements are recorded, this is 

particularly the case for DAS. DAS is therefore virtually always limited by 

this type of noise. As will be shown below, flicker noise can be reduced by 

applying a modulation, e.g. WM. Although modulation reduces the amount 

of flicker noise, this type of noise dominates still very often absorption 

techniques. 
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Flicker noise, fli , can often be represented by 

 ( )fl P dci i  , (2.46) 

where ( )P   is the relative (thus dimensionless) standard deviation of the 

power of the light at the detector within the detection bandwidth, which in 

turn can be written as 
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P P f
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df     , (2.47) 

where , ( )P f   is the spectral relative standard deviation of the light power, 

which can be considered to have a 1/ af  dependence (with 0a  , often 

around or above 1) and is given in units of Hz-1, and 1f  and 2f  are the lower 

and upper frequencies of the detection band. 

For the situations when the system is flicker noise limited, the SNR can be 

written as 

 0 0 0
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. (2.48) 

This implies, in turn, that the minimum detectable absorbance, 0 min( )DAS , 

can be expressed as 

  0 min
( )

DAS
P   . (2.49) 

This shows that the minimum detectable absorbance is independent of the 

power, solely given by the relative standard deviation of the light power 

detected within the specified detection band. 

It is worth to note that ( )P   is the relative standard deviation of the 

power of the light at the detector. This entity can have several contributions. 

First of all, it can have contributions from the noise in the power of the light 

emitted by the laser. Secondly, it can be affected by fluctuations in the 

transmission in the optical system, in particular by multiple reflections 



 

26 

between various optical components, so called etalons. Any minor alteration 

of the optical length between any such pair of surfaces, which can be caused 

by vibrations or fluctuations in pressure or temperature, can give rise to a 

time dependence (and thereby a fluctuation) of the transmission, which 

shows up as a relative standard deviation of the detected light. This source of 

noise is the most common and can be brought down to a low level only by 

certain precautions, e.g. by dithering any optical component or modulating 

the density of absorbers or their absorption profile. 

2.7 Limit of Detection 

The limit of detection (or the sensitivity) of a technique or a spectrometer is 

usually found from an assessment of the SNR measured under a given set of 

condition. One way to assess the SNR is to stand at the peak of the 

absorption profile and compare the signal amplitude to the rms of the 

background signal. Alternatively, and advantageously, a theoretical model 

can be fitted to the entire lineshape. The signal amplitude returned by the fit 

is then compared to the rms of the noise from similar fits to the background. 

Not only can the concentration be obtained more accurately from such a fit, 

but also additional information can be recovered, such as the exact line 

center frequency, the transition width, and the nature of the background. 

The limit of detection (LOD) can, in general, be calculated according to 

 0
0( )LOD

SNR


  , (2.50) 

where 0  is the absorbance for which the SNR is assessed. Sometimes it is 

convenient to quote absolute detection limits, which can be given in terms 

pressure (Torr) or relative analyte concentration (e.g. ppm∙m or ppb∙m). In 

the latter case, the limit of detection is given by either of the expressions 

 0 0 0

0 0 0

( )
( )

rel LOD
tot tot tot

c L
n S n S p

  

   
  


, (2.51) 

where we, for simplicity, have assumed on-resonance detection. 

Whenever the background originates from spectral interferences from 

concomitant species, it becomes more difficult to correctly assess the 
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concentration of the analyte species. As is shown in one of the papers below 

(paper I), by having good knowledge about the basic properties of primarily 

the analytical but also the background signal, it is possible to extract the 

contribution from the analyte from a complex signal. One can then, to some 

extent, assess its concentration correctly even in the presence of other 

constituents and various types of background signals. 
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3. Wavelength Modulation Absorption 
Spectrometry  

Although the principles of Absorption Spectrometry (AS) are simple and it is 

straightforward to realize an AS instrumentation in its simplest mode of 

operation, i.e. for direct absorption spectroscopy (DAS), this is not how it is 

normally used. As was alluded to above, the reason is that its performance is 

primarily limited by flicker noise in the detected light, which originates 

either from the laser source or the optical system, and can be substantial at 

the lower frequencies at which DAS detects the signal. 

Since many types of noise sources are of flicker type, which thus roughly 

has a 1/ af  (with 0a  ) distribution, a common remedy is to apply a 

modulation technique. Such a technique encodes and detects the signal at 

high frequencies, where there is less noise. As was alluded to above, the most 

common modulation techniques are wavelength and frequency modulation 

(WM and FM, respectively). Although being similar in their basic function—a 

weak signal can be more clearly detected by modulating the wavelength (or 

the frequency) of the light in time, followed by detection of the signal at the 

modulation frequency (or a harmonic thereof)—they differ slightly by their 

principles as well as their practical realization.  

In Wavelength Modulation Spectrometry (WMS) the wavelength is 

modulated at a rather low frequency (most often in the kHz or tens of kHz 

range) with a modulation amplitude that slightly supersedes the width of the 

absorbing profile [41]. WMS can therefore be interpreted as a ―slow‖ (~kHz) 

modulation of a monochromatic wave around a center frequency that in turn 

is repeatedly scanned (~Hz) across the spectral region in which the studied 

atoms/molecules have an absorbing feature. In this technique, any absorber 

will (by its non-linear absorbing profile) create overtones of the modulation 

frequency, whereby the signal can be detected at a harmonic of the 

modulation frequency, most often at the second overtone.  

In contrast, Frequency Modulation Spectrometry (FMS) makes use of a 

faster modulation of the phase of the light, often at a frequency that exceeds 

the width of the absorbing profile (thus hundreds of MHz or even GHz) [35, 

42]. FMS can therefore be seen as a technique in which the modulation 

creates sidebands that are jointly scanned across the absorbing transition at 

slow frequencies (~Hz). By using a small modulating depth, only two 

symmetrical sidebands (but opposite in phase) are created. These will 
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interfere with the unmodulated carrier, creating two beat signals, both at the 

modulation frequency (one created by the lower sideband and the carrier 

and the other by the carrier and the higher sideband) that, in the absence of 

absorbers, fully cancel. Any absorbing feature with a spectral structure 

smaller than or similar to the modulation frequency will though upset this 

balance, whereby a signal will appear in the detected light at the modulation 

frequency. In FMS, detection is therefore made at the modulation frequency. 

Although the frequency is modulated faster in FMS than in WMS, which 

should vouch for a better noise reduction, the two techniques shows similar 

detectability. This originates from the fact that AS often is limited by etalon 

effects. Since the WM and the FM techniques are affected similarly by 

etalons, and since WMS is normally simpler to implement, WMS is more 

frequently used. 

3.1 The Basic Principles of WMAS - The Modulation of the 
Wavelength/Frequency 

When WMS is applies to AS it is often referred to as WMAS. The main 

feature that distinguishes the WMAS technique from the DAS is thus that the 

wavelength of the light is rapidly modulated (sinusoidally) around a center 

wavelength by a frequency f  with a given modulation amplitude, and the 

signal is detected at a multiple thereof, i.e. at ( 1,2,3,... )nf n etc . 

A typical experimental setup for WMAS is schematically illustrated in 

Figure 3.1. The output of a laser is directed through a sample onto a detector. 

A function generator provides a modulation signal with a frequency f  that 

is fed to both the laser (through its driver) and the reference input of a lock-

in amplifier. The detector signal, ( )S  , defined by ( )I  , is fed to the signal 

input of the lock-in amplifier. The nth harmonic output of the lock-in 

amplifier, detected at an appropriate phase, constitutes the WMAS signal. 

 

Figure 3.1. Schematic illustration of a general setup for WMAS. 
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Due to their narrow bandwidth and rapid frequency tunability, the most 

common light source in WMAS is the diode laser. As is described in the 

subsequent chapter, the technique is then often referred to as Tunable Diode 

Laser Absorption Spectrometry (TDLAS). The main features of WMAS when 

it is based on diode lasers are therefore discussed there. However, we will in 

this chapter scrutinize in some detail some of the inherent properties of the 

WMAS technique and use of the typical behavior of a diode laser as a simple 

model for the modulation procedure. 

The output of a diode laser can be modulated through its injection 

current. Applying a small sinusoidal modulation of frequency f  to the 

injection current, according to 

 ( ) cos(2 )ic c ai t i i ft  , (3.1) 

where ci  represents the center injection current and ai  the injection current 

modulation amplitude, results in a corresponding modulation of the power 

and wavelength/frequency of the diode laser light. In the absence of non-

linear processes in the diode laser, the modulation of the power follows 

instantaneously the modulation of the injection current, i.e. it can be 

described as 

 ( ) cos(2 )c aI t I I ft  , (3.2) 

where cI  and aI  are the center and the amplitude modulation of the power, 

respectively. 

The modulation of the wavelength/frequency, on the other hand, follows 

both as a consequence of the alteration of the current (density of charge 

carriers) though the diode but it is also affected by the change in the 

temperature that originates from the modulated power. This implies that it is 

not fully in phase with the modulation of the injection current; it is almost 

in-phase for low modulation frequencies but it lags the injection current at 

higher frequencies. Moreover, although the name of the technique suggests 

that it is the wavelength that is modulated, it has been found more 

convenient to describe the modulation process in frequency units. The 

instantaneous diode laser light frequency, ( )t , can therefore in general, be 

written as 
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 ( ) cos(2 )c at ft       , (3.3) 

where c  is referred to as the laser center frequency, a  the frequency 

modulation amplitude, and   the phase shift between the modulation of the 

injection current and the frequency of the light. To simplify the 

nomenclature, the phase shift   of the wavelength/frequency is often set to 

zero (since it simplifies the theoretical description). The phase difference 

between the modulation of the wavelength/frequency and the power is 

instead taken into account by a corresponding phase shift of the power (see 

below). This convention is used here. 

When applied to an atomic/molecular transition in a pressure-dominated 

medium with a given FWHM width, c , the modulation gives rise to a 

lineshape of the type 
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It is often advantageous to express the frequency entities (laser center 

frequency detuning and modulation amplitude) in terms of the HWHM of 

the absorption profile, i.e. as a width-normalized center detuning, d , given 

by 

 0
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 , (3.5) 

and a width normalized frequency modulation amplitude, given by 

 
/ 2

a
a
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 . (3.6) 

This implies that the instantaneous laser frequency can be expressed in 

terms of a normalized frequency, ( )t , that can be written as 

 ( ) cos(2 )c at ft     , (3.7) 
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where c  and a  are the normalized detuning and normalized frequency 

modulation amplitude, respectively, and that the time-dependent lineshape 

function can be written as 
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, (3.8) 

where 2 / c  thus is the on-resonance value of the area-normalized 

lineshape function under collision dominated conditions, i.e. 

0 ( 0)L d    , and the second factor constitutes the time dependent 

peak-normalized lineshape function, [ ( )]t  . 

Similar normalizations can be performed also in other regimes, i.e. in the 

Voigt regime and in the Doppler limit, resulting in slightly modified 

expressions for the on-resonance value of the area-normalized lineshape 

functions and peak-normalized lineshape functions [41]. 

3.2 Fourier Analysis of the Detector Signal 

Whenever the laser light is modulated sinusoidally, the detector signal, 

( , , )wms
d aS t  , can be expressed in terms of a Fourier series, e.g. as 
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 (3.9) 

where ( , )even
n d aS    and ( , )odd

n d aS    are the even (cosine) and odd (sine) 

nth Fourier coefficients of the detector signal, given by 
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 (3.10) 

respectively, where   is an integration time equal to 1 f  [41, 43]. 
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3.3 The Lock - In Amplifier Output 

The detector signal is in practice fed into a lock-in amplifier whose output is 

a chosen harmonic of the input signal. The nth harmonic output of a lock-in 

amplifier, ( , , )n d a nS    , also referred to as the nf  WMAS signal, is related 

to the time dependent detector signal, ( , , )wms
d aS t  , according to 

 
0

1
( , , ) ( , , )cos(2 )wms

n d a n d a nS S t nft dt


       


  , (3.11) 

where   is the gain of the lock-in amplifier,   an integration time that is 

much larger than the inverse of the modulation frequency, i.e. 1f  , and 

n  is an user-chosen detection phase. The lock-in amplifier output, 

( , , )n d a nS    , will consist of an in-phase component, ( , )in phase
n d aS   , 

corresponding to when the detection phase angle is zero relative to the pure 

cosine modulation of the wavelength from Eq. (3.3), and an out-of-phase 

component, ( , )out of phase
n d aS    , associated with when the detection phase 

angle is chosen to be / 2 , and can thus be written by  

( , , ) ( , )cos( ) ( , )sin( ) ,in phase out of phase
n d a n n d a n n d a nS S S            (3.12) 

where 
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 (3.13) 

By comparing Eq. (3.13) with Eq. (3.10), or alternatively inserting Eq. 

(3.9) into Eq. (3.13), it becomes clear that the in-phase and out-of-phase 

components of the lock-in amplifier output are equivalent to (except for the 

amplification factor of the lock-in amplifier, β) the even and odd Fourier 

coefficients of the detector signal, respectively. This implies that they can be 

written 
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 (3.14) 

This implies that it is of interest to scrutinize in some detail the even and 

odd Fourier coefficients of the detector signal. 

3.4 The WMAS Analytical Signal 

3.4.1 General expressions for the WMAS analytical signal 

In the absence of a wavelength dependence background signal, i.e. for 

( )L LI I   and ( )T T  , the detector signal, ( , )wmsS t , is given by a sum 

of a constant background signal wms
BGS , and an analytical WMAS detector 

signal, ( , )wms
ASS t , which, according to the Eqs (2.34) and (2.35), can be 

written as 

 wm
BG LS I T , (3.15) 

 0( , ) ( , )wms
AS LS t I T t      . (3.16) 

As is discussed by Kluczynski et al. [41], this implies that the even and odd 

components of the nth Fourier coefficients of the detected signal (for n > 0) 

can be directly expressed in terms of the corresponding Fourier coefficients 

of the wavelength modulated lineshape function, ( , )even
n d a    and 

( , )odd
n d a   , respectively, namely as 
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 (3.17) 

These expressions show the important fact that in the absence of an 

associated power modulation the nth signal output of the lock-in amplifier is 

equal to the nth Fourier coefficient of the analytical signal, which in turn is 

directly proportional to the lineshape function as well as the absorbance of 

the sample. The output of the lock-in is thus independent of the background 

detector signal. 



 

36 

As is shown below, if also the associated modulation of the laser power is 

taken into account, the output of the lock-in amplifier will have 

contributions also from the background signal, which consists of the nth 

Fourier coefficients of the modulated laser power. In addition, the even and 

odd nth Fourier coefficients of the analytical detector signal will depend on 

several Fourier coefficients of the modulated lineshape function and it reads, 

to the lowest orders 

 

 , ( 2) 0

1 1
1

, ( , ) ( )

( , ) ( , )
cos ,

2

even even
AS n n d a L n d a L d

even even
n d a n d a

a

S TI I       
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,(3.19) 

where 1  is the linear power-frequency susceptibility, which can be written 

in terms of the associated modulated power (amplitude), aI , as 1a aI   

and is given in units of (W/Hz or W/cm-1), whereas   is the phase shift 

between the modulation of the current and the frequency of the light. This 

shows that in the more realistic case of a non zero associated power 

modulation also other Fourier components of the lineshape function than 

the nth contribute to the nth harmonic analytical signal adding odd 

symmetry to the in-phase signal. It also provides an out-of phase signal. 

3.4.2 The Fourier coefficients of a modulated Lorentzian 
lineshape function 

As was alluded to above, under atmospheric pressure conditions, the 

lineshape function has basically a Lorentzian form. It has previously been 

showed by Axner et al. [44] that the even component of the nf Fourier 

coefficient of a wavelength modulated Lorentzian lineshape function can be 

written as 

  , ,
2

even n n n
L n d a nn
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, (3.20) 
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where the entities S , S , and P , are given by the expressions 
1/2 1/2( ) ; ( )S P M S P M     and 2 2 1/2( )dP M   , where M is given 

by 2 2
dM Q   , and Q, in turn, is given by 2 1/2(1 )aQ   , and where the 

entities , ,n n nA B C  and nD  are functions of d  and a that depend on the 

order of the detection and are given by Table 1 - 3 in Ref. [41]. For the 

common case with 2f-detection they are given by 
2 2

2 2 22, 2, [(2 ) 2 ]a dA B C         and 2 4 | |dD   . The expressions 

for all various , ( , )even
L n d a    and their dependence on d  and a  can be 

found in Refs. [41, 43]. 

3.4.3 Typical WMAS signals 

It is clear that the lineshape of the analytical signal obtained in WMAS differ 

from the ones that appear in conventional, unmodulated absorption 

spectroscopy. Examples, of the , ( , )even
L n d a    lineshape obtained from a 

Lorentzian absorption profile for 2f, 4f, 6f and 8f-detection under optimum 

conditions, i.e. with normalized modulation amplitudes of 2.20, 4.12, 6.08 

and 8.06, respectively, in the absence of an associated intensity modulation, 

are shown by the curves in Figure 3.2. 

 

Figure 3.2. The even order Fourier coefficients of the wavelength modulated 

Lorentzian lineshape function as a function of 
d

  [i.e. , ( , )even
L n d a   ] for n=2, 

4, 6 and 8 for the modulation amplitudes for which they take their maximum 

values, i.e. a  2.2, 4.12, 6.08 and 8.06, respectively. 

Equation (3.18) predicts that in the presence of an associated intensity 

modulation the even nf components of the detector signal will be slightly 

asymmetric. This is schematically illustrated in Figure 3.3, which compares 

the 2f-signal from a Lorentzian absorption profile (with a normalized 
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frequency modulation amplitude of 2.20) for the cases with and without an 

associated intensity modulation (where the relative linear power modulation 

amplitude, 1 , takes a value of 0.2).  

 

Figure 3.3. The 2f-signal, ,2( , )even
AS d aS    of the Lorentzian absorption profile as a 

function of the normalized frequency modulation (i.e. 2.20a  ) without (solid 

curve) and with (dashed curve) intensity modulation. The linear power 

modulation amplitude 1 is equal to 0.2. 

The expressions for the various Fourier coefficients of lineshape functions 

that have a Voigt or purely Gaussian form are more complex [44]. However, 

it has been shown that the typical features of a given lineshape function for 

various types of media (Collision, Voigt, or Doppler broadened) are similar, 

with only minor differences. For a given experiment, it is therefore often 

suitable to determine the conditions the yield the largest signals or the best 

signal-to-noise conditions by experimental means (papers I - II). 

3.5 WMAS Background Signals 

3.5.1 General expressions for the WMAS background signal 

As was alluded to above, both the laser intensity, ( )LI  , and the 

transmission, ( )T  , might have a frequency dependence. It is even possible 

that these dependences are non-linear (due to non-linear effects in the lasers 

and due to multiple reflections, so called etalon effects, in the transmission). 

This will give rise to background signals and distorted analytical signals in 

WMAS. 

The expression for the light power that impinges upon the detector can, in 

this case, according to Eqs (2.32) and (2.34), be written ( ) ( ) ( )D LI T I   . 
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For sinusoidally modulated light, also this power can be written in terms of a 

Fourier series. In the same manner as was done for the analytical signal in 

the presence of an associated power modulation, it is possible to write an 

expression for the nth Fourier coefficient of this modulated light power, 

, ( , )even
D n c aI   , in terms of sums of products of various Fourier coefficients of 

the transmission, ( , )even
n d aT   , and /

, ( )even odd
L n dI  . The general expression 

for the even and odd components of the Fourier coefficient of the light power 

that impinges upon the detector can in general be written as [41] 
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where ( , )even
n d aT    is the even component of the nth Fourier coefficient of 

the transmission function, while , ( )even
L n dI   and , ( )odd

L n dI   are even and odd 

components of the nth Fourier coefficients of the laser power, respectively. 

Under the conditions that the laser power can be written as a sum of only 

a few Fourier components, these lengthy general expressions can again be 

significantly reduced. Hence, for a system with a wavelength dependent 

transmission, described by its set of Fourier components, ( , )even
n d aT   , the 

expressions for the even and odd components of the nth Fourier coefficient 

of the WMAS background signal can, according to Eq. (3.15), be written as 
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As is discussed by Kluczynski et al. [41], the Fourier coefficients of the 

transmission through an etalon consisting of two low reflectivity surfaces, 
even
nT , can be calculated by series expanding the time dependent 

transmission of an optical resonator according to 
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, (3.25) 

where F is the coefficient of finesse, which is assumed to be small, and 

which, in turn, can be written in terms of reflectivity of the surfaces, R, as  
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, (3.26) 

and where ( )t  is given by 2 ( ) / 2 ( )FSR FSRt t   , where 
FSR   is the 

free spectral range (FSR) of the cavity, given by / (2 )c nL . Expressions for 

various Fourier coefficients of the transmission through an etalon have been 

given by Kluczynski et al. [41]. Using these, this implies that the even 

components of the nth Fourier coefficient of the background signal (n > 0) 

from an etalon can be written as 
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where FSR
c is the FSR-normalized laser center frequency and where the 

coefficients ,
,

even RAM
BG nI , ,1

,
even
BG nI , ,1even

n , ,2
,

even
BG nI  and ,2even

n  are given by the 

general expressions in the tables 5 and 6 in Ref. [41]. The odd components of 

the background signal, , ( , )odd
BG n d aS    are given by an equation similar to Eq. 

(3.27). 

As is shown in Refs [41, 43], for low reflectivity surfaces, the third term is 

often smaller than the second. This shows that the background signal from 

an etalon primarily has a sinusoidal shape during a scan. 

Moreover, the leading term of ,1
,

even
BG nI  (i.e. neglecting the influence of 

associated intensity modulation) is (again for n > 0) given by 

 
,1 [( 1)/2]

, ( 1) (1 ) (2 )even n FSR
n aBG nI F F J 

   , (3.28) 

where [ ]X   indicates the integer part of X, (2 )FSR
n aJ   is the nth-order 

Bessel function of the first kind, and FSR
a  is the FSR-normalized frequency 

modulation amplitude. For 2nd order detection this becomes 

 ,1
2,2 (1 ) (2 )even FSR

aBGI F F J    . (3.29). 

In addition, it is sometime suitable to define the nth normalized Fourier 

coefficient of the background detector signal, , ( , )even
BG n d aS   , as the ratio of 

the even component of the nth Fourier coefficient of the background signal 

and the unmodulted detector signal (on resonance), i.e. as 

 
,

,

( , )
( , ) ,

( 0)

even
BG n d aeven

BG n d a
d

S
S

S

 
 





 (3.30) 

with a similar equation for the odd components, , ( , )odd
BG n d aS   . This entity 

shows how large fraction of the total detector signal that appears as a 

background signal at a given nth harmonic. 

Using the expression for the even component of the nth Fourier coefficient 

of the background signal from above, i.e. Eq. (3.27), and inserting the 

expression for ( 0)dS   , i.e. Eq. (2.34), implies that the nth normalized 

Fourier coefficient of the background detector signal can be written as 
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with a similar equation for the odd component, , ( , )odd
BG n d aS   . 

All this implies finally that the relative 2f-background signal from an 

optical system with an etalon of length L, thus with a FSR of 

/ (2 )FSR c nL  , where n is index of refraction, can be written as 

 ,1
,2 2( , ) (1 ) (2 )cos(2 ) .even FSR FSR even

BG d a c c nS F F J         (3.32) 

3.5.2 Typical WMAS Background signals from a system limited 
by an etalon 

As examples, Figure 3.4 illustrates the relative second and fourth harmonic 

background signals from an etalon created between two glass-air surfaces as 

functions of its optical length. 

 

Figure 3.4. WMAS background signals (2f and 4f) from an etalon created by 

two uncoated surfaces as a function of optical cavity length. The normalized 

linear intensity modulation amplitude 1 ,0/ LI is 0.014 GHz-1. The frequency 

modulation amplitude for the 2nd and 4th harmonic detection was 6.6 and 

12.2 GHz, respectively, which correspond to the optimum conditions of an 

analyte with a HWHM of 3 GHz. Reproduced with permission from [41]. 

This plot shows that the length of the etalon plays an important role for 

the wm-background signal. The figure shows that for the shortest etalon 
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lengths, i.e. those from thin glass plates (a few mm or less) the background 

signal is, in general, smaller than for those of longer etalons (ten of mm or 

larger). 

Moreover, although difficult to see due to the finite resolution of the 

figure, any small change in the length of the etalon, e.g. because of drifts or 

vibrations, will cause significant fluctuations of the background signal. These 

fluctuations, which can appear both as drift and noise, will in general 

deteriorate the detectability of the WMAS technique. 
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4. Tunable Diode Laser Absorption 
Spectrometry  

4.1 General Properties 

When AS is performed by diode lasers it is often referred to as Tunable 

Diode Laser Absorption Spectrometry (TDLAS). Mainly due to the sturdiness 

and robustness of these types of lasers, in particular DFB-types of lasers 

which primarily have been developed for telecommunication purposes, 

TDLAS has become a versatile and widespread optical detection technique 

for non-invasive and non-extractive assessment of species in gas phase for 

environmental monitoring and detection and control of combustion 

processes. To obtain the highest sensitivity, the technique incorporates in 

most cases WMS [9, 45-48] for noise reduction.  

A drawback with these types of laser, however, is that they primarily lase 

in the NIR region, often in the proximity of the communication bands, i.e. 

predominantly in the 1.25 - 1.65 µm range (although they also can be found 

in a few other parts of the NIR region), where they can address various types 

of overtone transition. Unfortunately, these types of transitions are often 

rather weak, which restricts the sensitivity of the technique. Although MIR 

lead-salt [49, 50] and quantum cascade lasers [8, 46, 51-56] can address 

strong transitions in the fundamental vibrational bands of many types of 

molecules, and other types of laser the first overtone band (mainly built 

around antimony-based materials) [57-62], which in general are stronger 

than higher overtone transitions, these types of laser are either not yet 

sufficiently study or manufactured by very few suppliers which preclude 

their use in instrumentations for automated measurement under industrial 

conditions [63]. Most commercially available TDLAS instrumentations are 

therefore still based on DFB telecommunication lasers that work in the NIR 

region, since these are robust and can provide years of unattended operation 

[48, 49, 64].  

4.1.1 Typical transitions addressable by DFB laser-based 
TDLAS  

An overview of some transitions that can be reached by telecommunication 

DFB lasers in a number of molecules is given in Figure 4.1. 
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Figure 4.1. The six panels, A - F, display the integrated line strength at room 

temperature 23 °C (296 K) of the strongest transitions that can be reached by 

telecommunication DFB lasers of six different species, C2H2, CO, CO2, CH4, 

N2O, and HI, respectively. The data is taken from the HITRAN database [32]. 

The figure shows by its various panels the integrated line strength at room 

temperature 23 °C (296 K) for the bands with the strongest transitions from 

C2H2, CO, CO2, CH4, N2O and HI that are addressable by telecommunication 

lasers. As can be seen from the various panels, the integrated line strength 

for the species displayed ranges from a few times 10-23 cm-1/(molecule cm-2) 

to a few times 10-20 cm-1/(molecule cm-2). There are yet several more species 

that have addressable overtone transitions in this wavelength range. This 

shows that a large number of transitions of various molecular species can be 
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reached by DFB telecommunication lasers at room temperatures and thereby 

TDLAS. 

4.1.2 Typical room temperature performance of TDLAS 

From the Eqs (2.3) and (2.21) above and with knowledge about the 

integrated line strengths and the lineshape functions it is possible to 

estimate, for an instrumentation with a given smallest detectable relative 

absorption, i.e. a given I I , the smallest detectable concentration of 

species, expressed in terms of a product of relative concentration and 

interaction length, viz. 

 
/ /

( ) ( )
rel

tot tot

I I I I
c L

S n S p

 

   
 


. (4.1) 

The typical integrated (molecular) line strengths, S , displayed above, 

which range from about 4×10-23 to around 4×10-20 cm-1/molecule cm-2 

correspond to, at room temperature, integrated (gas) line strengths, S , 

ranging from about 10-3 to around 1 cm-2/atm. 

It is now fairly straightforward to estimate the detectability of TDLAS 

using telecommunication DFB lasers. Consider a sample detected under two 

conditions, either under atmospheric pressure condition (i.e. at 1 atm), or at 

a reduced pressure, 0.1 atm (76 Torr). As was alluded to above (in section 

2.4), for the cases when Doppler broadening dominates, i.e. for pressures 

below ~50 Torr, the peak value of the lineshape function, i.e. 

0 0( ) ( )G    , takes, for a molecule with a molecular weight of 30, 

detected in the NIR region covered by telecommunication diode lasers (i.e. 

around 1.5 µm) at room temperature, a value of ~60 cm. For higher 

pressures, for which pressure broadening dominates, the lineshape becomes 

broader whereby its peak value decreases. For a typical molecule for which 

the HWHM broadening coefficient has a value in the 0.05 - 0.07 cm-1/atm 

range, the peak value of the lineshape function becomes roughly one order of 

magnitude smaller under atmospheric pressure condition (i.e. 4 - 6 cm). Let 

us therefore, for simplicity, assume that the pressure broadened lineshape 

function, which has a Lorentzian form, takes a peak value of 5 cm under 

atmospheric pressure conditions, whereas under reduced pressure (0.1 atm) 

the lineshape function has a Voigt form with a peak value of 50 cm. Consider 

moreover two typical transitions, one with an integrated (gas) line strength, 
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S , of 10-3, and another of 1 cm-2/atm, which correspond to integrated 

molecule line strengths of 4×10-23 and 4×10-20 cm-1/molecule cm-2, 

respectively. Under the assumption that DAS can detect a relative absorption 

( /I I ) of 5×10-3, which is not exceedingly high but rather practically 

feasible, whereas WMS with its noise reduction capability, can resolve a 

relative absorption of 5×10-6, which again is feasible, this time if proper 

precaution to background signals, primarily from etalons, are taken, it is 

possible to estimate the smallest detectable relc L  values for the two types of 

transitions considered. The resulting relc L  values are given in Table 4.1. 

 

Table 4.1. Order-of-magnitude minimum detectable relc L -values (in unit of 

ppm∙m) for two typical types of transition (with integrated (gas) line strength, 

S , of 10-3 and 1 cm-2/atm, respectively) detected by DAS and WMS assumed to 

have minimum detectable absorbances of 5×10-3 and 5×10-6, respectively. 

Type of technique; 

/I I  

S′= 10-3 cm-2/atm S′= 1 cm-2/atm 

totp  

(atm) 

relc L  

(ppm∙m) 

totp  

(atm) 

relc L  

(ppm∙m) 

DAS; 5×10-3 
1 ~ 104 1 ~101 

10-1 ~ 104 10-1 ~101 

WMS; 5×10-6 
1 ~101 1 ~10-2 

10-1 ~101 10-1 ~10-2 

 

The table shows, first of all, that for a given technique (i.e. with a given 

detectability) and a given line strength, the minimum detectable 

concentration of a certain species is (within the accuracy used in the estimate 

above) the same under atmospheric pressure conditions as under the 

reduced pressure conditions considered (at 0.1 atm). The reason is that in 

the pressure-broadened regime, the lineshape is dominated by a Lorentzian 

profile whose peak value decreases with pressure, making the product of the 

lineshape function and the partial pressure of absorbers more or less 

constant. Another way of expressing this is to say that the increase in 

number density that comes with the increase in pressure is nullified by the 

decrease in peak value of the lineshape function due to pressure broadening. 

Secondly, the table shows that DAS addressing a weak line, i.e. one with 

an integrated gas line strength of 10-3 cm-2/atm, can detect the gas under 

investigation solely in rather concentrated form; the relc L  product needs, in 

this example, to take a value of around 104 ppm∙m. If the technique is 

addressing a stronger transition (one with an integrated gas line strength of 1 
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cm-2/atm), it can detect gas concentrations down to about 101 ppm∙m. This is 

better and sufficient for some, but not all, types of applications. Often gases 

need to be detected at concentrations below these concentrations. The 

obvious remedy is to apply a modulation technique to reduce the noise and 

thereby increase the detectability.  

When WMS is applied, the estimate indicates that significantly lower 

concentrations can be detected. For the two types of transitions, ―weak‖ and 

―strong‖ overtone transitions, the detectability are in the order of 101 and 10-2 

ppm∙m, respectively. This opens up for additional applications of the TDLAS 

technique based upon telecommunication DFB lasers.  

The required sensitivities to detect four molecular constituents at a 

concentration corresponding to 100 ppm·m under atmospheric pressure 

conditions is given in Fig. 4.2. The various panels show that whereas C2H2 

can be detected by DAS, the other constituents need to be monitored by 

WMS if they are to be detected. 

 

Figure 4.2. The four panels (A - D) display simulated absorption spectra for 

C2H2, CO, CO2 and CH4 at room temperature 23 °C (296 K) at a pressure of 1 

atm for a concentration corresponding to 100 ppm·m The data is taken from 

the HITRAN database [32]. 
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4.1.3 Performance under elevated temperatures 

When gases at higher temperatures are to be detected the situation changes. 

The integrated line strengths are altered. The stronger ones are most often 

decreased whereas a large number of new transitions, so called hot bands, 

appear. This originates from a redistribution of the molecules among a larger 

number of states, as was indicated by Eq. (2.18) above. This implies in 

general both a decreased sensitivity and a reduced selectivity. Spectral 

interferences from other constituents can thereby start to be a problem 

As an example, Figure 4.3 shows by the panels A - C absorption spectra of 

10% H2O, CO2 and CO for an interaction length of 10 cm at a temperature of 

1000 °C in the 6000 - 6500 cm-1 wavelength region, respectively. 

 

Figure 4.3. Panels (A - C): Simulated absorption spectra of 10% H2O, CO2 and 

CO in N2 at a high temperature 1000 °C (1273 K) and atmospheric pressure (1 

atm) for an interaction length of 10 cm in the wavelength 1.538 - 1.666 µm 

(corresponding to the 6000 - 6500 cm-1) region. Note the differences in scales. 

The data is taken from the HITEMP database [65]. 
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The figure shows that it is not trivial to detect % -concentrations or sub-%-

concentrations of CO in hot humid media, e.g. combustive gases, which often 

contain high concentrations (tens of %) of both H2O and CO2. A methodology 

for this has been developed and is given in paper I. 

4.1.4 Assessment of temperature by the TDLAS technique 

Since the shape and the strength of absorption spectra depend on the 

temperature, it is possible to use spectroscopic techniques in general, and 

the TDLAS technique in particular, for assessment of temperature.  

By comparing the signal strength of two lines that originate from two 

different states, with different energies, the temperature can be assessed if 

their integrated line strengths are known. The ratio of two such lines is a 

unique signature of the temperature. The technique can address lines in 

atoms as well as molecules. This technique, which often is referred to as two-

line thermometry, is well established and can be used under a variety of 

conditions [66-71]. 

Moreover, the technique can either address two lines in a particular 

species that is seeded into the gas or it can use an inherent species in the 

system. Examples of the first ones are to use metals atoms such as In, Ga, 

and Tl since they atomize readily at combustive temperatures and have two 

strongly populated lower lying states with a reasonable large energy splitting 

[72-78]. Regarding the second approach, water is a good candidate since it is 

ubiquitous in combustive situations. 

As was alluded to above, when the two-line TDLAS thermometry 

technique is used with DA, a quantification of the absorbance of the two lines 

involved can be made through the integrated absorbance Eq. (2.3) and (2.4), 

which (for a line i) can be written as 

 ( ) ( , ) ( )i i rel tot iA T T d c p LS T  




  , (4.2) 

where ( )iS T , the line strength of the line i, can be written as 
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where 0,iS   and iEare the line strength at the reference temperature 0T , and 

the energy of the lower state of line i, respectively, and 0,i  is the center 

frequency of the transition. 

The ratio of these two integrated absorbances, ( )DAR T , reduces simply to 

the ratio of line strength, which by Eq. (4.3) is given by 
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2 2 0,2 0 0

( )( ) ( ) 1 1
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, (4.4) 

where 0,1 0( )S T  and 0,2 0( )S T  are the line strengths of the two lines at the 

reference temperature 0T , and E   is the difference in energy of the lower 

states of the two lines, i.e. 2 1E E  . Equation (4.4) assumes that the two 

transitions are sufficiently close to each other so the ratio of the last terms of 

Eq. (4.3) can be set to one. 

When WMS is employed and the two-line method for temperature 

measurements is used, it is not possible to make use of the normalization 

property of the line shape function in the same way as is done for DAS. The 

integrated absorption concept cannot therefore be used and the temperature 

dependence of the lineshape function has been taken to account [69, 70]. It 

was shown by Kluczynski and Axner, that, under the condition that the 

sample is optically thin, the 2f-wm-signal, 2, ( , , )i aS T  , from a line i can be 

expressed in terms of Fourier components as [41, 43] 

2, 2, 0,

1, 3,
1,

( , , ) ( ) ( , , ) ( )
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(4.5) 

where ( )iS T  is the integrated (gas) line strength of a single line i, given by 

Eq.(4.3). Under the condition that the laser does not have a significant 
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amount of associated power modulation, i.e. not an exceeding large value of 

1,iI , the ratio of the peak values of the 2f-wm-signals from the two 

transitions, 2 ( , )wm
f aR T , can be written as 

   2,1 0,1 1 2,1 0,1 0,1 0,1
2

2,2 0,2 2 2,2 0,2 0,2 0,2

( , , ) ( ) ( , , ) ( )
, ,

( , , ) ( ) ( , , ) ( )

a awm
f a

a a

S T S T T I
R T

S T S T T I

     


     

   
 

   
 (4.6) 

where 1( )S T  and 2( )S T  are the integrated gas line strength of the first and 

second transition, respectively, 0,i   is the peak position of the 2f-wm signal 

from the line i, and 0,iI  is the power of the light at 0,i  . 

However, the technique requires in general the identification of two well 

separated lines originating from dissimilar states that should preferably be 

within the scanning range of the laser (so they can be probed within a 

common scan). It is not trivial to identify such lines, in particular not if the 

temperature should be measured on an inherent species. The reason is that 

the line spectrum at elevated temperatures can be so dense that no single 

lines can be found. This hampers the use of the technique for assessment of 

temperatures from water vapors in many wavelength regions (paper II). 

4.2 TDLAS Works Performed in this Thesis 

As is further described in Chapter 6, this thesis comprises three scientific 

studies encompassing the TDLAS technique. 

Since CO is an important monitor of the combustion process, it is of 

importance to detect it under various conditions. Water vapor and CO2 are 

two ubiquitous hydrocarbon combustion products that appears in virtually 

all combustive situations. As was illustrated in Fig. 4.3, at elevated 

temperatures, starting at a few hundred degrees, spectral interferences from 

H2O as well as CO2 are abundant which makes detection of a species such as 

CO difficult. The first paper (paper I) is concerned with the development of a 

methodology for detection of %-concentration of CO in hot (around 1000°C) 

humid media (with up to tens of percent of water). 

The second paper (paper II) presents a technique for measuring the 

temperature of a hot gas by addressing water vapor using the TDLAS 

technique. It is well known that the absorption spectrum of water depends 

strongly on the temperature. As was discussed above, the two-line 

thermometer technique, in which the relative absorbance of two closely lying 
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absorption lines that originate from dissimilar excited states is monitored, 

has been around for a long time. It is applicable to situations when two 

individual (and suitable) lines can be identified and addressed. However, at 

high temperatures, a large number of water lines appear and the spectrum 

become denser, sometime even so dense so the lines tend to overlap. This 

has so far precluded the use of water lines for assessing the temperatures in 

combustion situation using standard telecommunication lasers. Here, a new 

methodology that addresses this problem is presented. It does not utilize two 

individual lines, as is common in laser-based techniques for temperature 

assessments; due to the high density of water lines in this wavelength region 

at elevated temperatures it makes use of two groups of lines. 

The third work (paper III) is concerned with detection of nitric oxide 

(NO) at one of its strongest electronic transitions. Since the overtone 

transitions of NO are situated in wavelength regions in which no (or only 

few) lasers are available, the transitions are rather weak, and they have 

strong overlap with those of water it is difficult to detect NO by DFB-TDLAS. 

A remedy is to look for alternative transitions, in other wavelength regions. 

Although the rapid development of quantum cascade lasers have recently 

made it possible to detect NO on its strong fundamental vibrational 

transitions at around 5.3 µm, a different approach was taken here. It was 

investigated to which extent the electronic transitions, at around 227 nm, 

could be used for TDLAS detection of NO. A first work on detection of NO by 

the use of DAS and mW powers of diode laser based UV light (produced by 

frequency quadrupling diode laser light) is presented. The transitions 

addressed have almost two orders of magnitude larger integrated line 

strength as compared to those in the fundamental vibrational band, which in 

turn supersedes those of the overtone transitions by another couple of orders 

of magnitude. This implies that low detection limits in terms of 

concentration can be obtained already for detection of relativity moderate 

absorbance. 
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5 Faraday Modulation Spectroscopy 

5.1 Basic Principles 

Faraday modulation spectrometry (FAMOS), sometimes also referred to as 

Faraday Rotation Spectroscopy (FRS), is a spectroscopic detection technique 

that is based on modulated Magnetic Rotation Spectrometry (MRS) for 

detection of paramagnetic molecules. The basic principle of the FAMOS 

technique is schematically illustrated in Figure 5.1. 

 

Figure 5.1. The basic principle of, and a typical experimental setup for, Faraday 

Modulation Spectrometry (FAMOS). 

A laser beam propagates through a polarizer behind which the light is 

plane polarized. This light is then sent into a cell in which the molecules to 

be detected resides. The molecules are exposed to a magnetic field that 

causes the various states to split into their Zeeman components. By applying 

the magnetic field parallelly to the propagation of the light, the transition 

will split up into a number of transitions that can be induced solely by Left-

Handed or Right-Handed Circular Polarized light (RHCP and LHCP, 

respectively). Since linearly polarized light can be decomposed into two such 

circularly polarized components, they will experience dissimilar transition 

frequencies and thereby interact dissimilarly with the medium. More 

precisely, the two circular components will, in the proximity to a transition, 

experience dissimilar indices of refraction and thereby be phase shifted 

differently, which gives rise to a tilt of the plane of polarization of the light. 

This tilt of the polarization plane is detected by sending the laser beam 

through a second polarizer (called the analyzer) placed after the cell. This 

polarizer is set close to perpendicularly to the first, whereby only a small 

fraction of the light will pass. Any small tilt of the polarization plane of the 

light will then give rise to a change in the transmitted power, which can be 

detected by an ordinary detector. 

The sensitivity of the technique is greatly increased by using a modulation 

of the magnetic field and a lock-in amplifier (not show in the Figure) to 
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detect the signal at the modulation frequency. Therefore, by modulating the 

magnetic field and detecting the signal at the modulation frequency, laser 

amplitude noise and background signals from etalons or from spectrally 

interfering compounds can be largely suppressed (often even fully 

eliminated). 

5.2 The Static Situation  

5.2.1 The split of the transition due to the magnetic field 

In the presence of an external magnetic field, the degeneracy of an atomic or 

molecular energy level is lifted due to the interaction between the magnetic 

moment of the atom/molecule and the external magnetic field. The 

phenomenon is called the Zeeman Effect. The splitting of a spectral line 

depends on the magnetic quantum number of the states, M , as is 

schematically illustrated for a rotational-vibrational transition in NO in 

Figure 5.2. 

 

Figure 5.2. A schematic illustration of the splitting of two states by a magnetic 

state B, exemplified by a R(3/2) ro-vib transition in NO. Each of the two levels 

are split into several sub-states, according to their MJ -value, which range from 

-J to J. The transitions induced by RHCP and LHCP light, which correspond to 

∆MJ = 1 and ∆MJ = -1 transitions, are specifically marked. 

A magnetic field B splits a state with a given angular momentum into a 

number of sub-states according to their magnetic quantum number M  

(which refers to their projection along the direction of the magnetic field), 

each by an amount of BMg B , where g is the g-factor for the state and B  

is the Bohr magneton. This implies that the frequency of a magnetically 
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induced M M   transition between a lower state (i, M") and an upper 

state (j, M′), , ,i M j M   , can be written as 

 0
, , , ( )i M j M i j BM g M g B          , (5.1) 

where 0
,i j  is the center frequency of the transition in the absence of 

magnetic field (in cm-1) and B  the magnetic field (in Gauss). The single and 

double primed quantities refer to the upper and lower states, respectively. As 

is obvious from Eq. (5.1), in the presence of a magnetic field, and in the 

general case (for which g′ and g" take dissimilar values), all of the individual 

M M   transitions occur at slightly different frequencies. This implies 

that a single line will in general be split into a multitude of transitions. 

Although the splitting of a given state is symmetrical around an 

unperturbed level, the frequencies of the ∆M = 1 transitions are not identical 

to those for the ∆M = -1 transitions. Moreover, due to the geometry, solely 

the ∆M = 1 and ∆M = -1 transitions can be induced by the light (by its two 

circular light components). This implies that, as the frequency of linearly 

polarized light is swept across the transition, the two circularly polarized 

light components (that make up the linearly polarized light) will experience 

dissimilar transition frequencies and thereby dissimilar indices of refraction 

as well as phase shifts. As is discussed below, this leads to a rotation of the 

direction of the polarization of the light. 

5.2.2 The detected power and the rotation of the plane of 
polarization 

When light propagates through a Zeeman split medium, it will be affected by 

at least three phenomena; ordinary absorption, circular dichroism, and 

circular birefringence. For the FAMOS technique, for which the modulation 

of the intensity of the transmitted light through two almost perpendicular 

polarizers (between which the sample resides in a modulated magnetic field) 

is measured and for small degrees of absorption, the ordinary absorption 

and the circular dichroism plays an inferior role as compared to circular 

birefringence [17, 22]. As a result, and as is discussed in paper IV, the light 

emerging from the analyzer, which gives rise to the detector signal, can then 

be written as 
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,

, 0

( )
( ) sin 2

2

i jF
i jI I

 
  , (5.2) 

where   is the frequency of the light, , ( )i j   is the frequency dependent 

phase shift between the two circular polarized components of the light, and 

  is related to the angle between the polarization axes of the polarizer and 

the analyzer,  , as / 2    . Since FAMOS most often is performed 

with nearly crossed polarizers,   is in general small. 0I  is the power of the 

radiation after the first polarizer. , ( ) / 2i j   represents the rotation of the 

plane of polarization of the linearly polarized light. 

5.2.3 The phase shift between LHCP and RHCP 

As plane polarized light propagates through a medium consisting of 

molecules whose transition between a state i and state j is split by a magnetic 

field, its LHCP and RHCP light components will experience dissimilar phase 

shifts, here denoted by , ( )L
i j   and , ( )R

i j  , respectively. This implies that 

the phase shift, , ( )i j  , between the two circularly polarized components 

of light can be succinctly written as 

 , , ,( ) ( ) ( )L R
i j i j i j       . (5.3) 

This phase shift, in turn, can be written in terms of the real part of the 

difference between the corresponding wave vectors, , ( )i jk    

, ,( ) ( )L R
i j i jk k  , according to , ,( ) Re[ ( )]i j i jk L    , where L  is the 

interaction length. Since all transitions between states with different 

magnetic quantum numbers, M , contribute at the same time, the phase 

shift of (and thereby the contribution to the wave vector for) a given helical 

component of the light is given by the sum of the phase shifts (and also the 

corresponding contributions to the wave vectors) from all transitions, as was 

illustrated in Figure 5.2. The total phase shift can thereby in general be 

written as a sum of the individual phase shifts caused by all M M   

transitions according to 
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 (5.4) 

where M   and M   are the magnetic quantum numbers of the lower and 

upper states, respectively. 

5.2.4 The phase shift of monochromatic light due to a transition 
in terms of the integrated line strength and a dispersion 
lineshape function 

In the case without magnetic field, as was expressed by Liftin et al. [22], 

the contribution from a transition between two states i and j to the wave 

vector of monochromatic light with a frequency of  , , ( )i jk  , can be written 

as 

 
2

0
, ,

0

| | | |
( ) ( ) [ ( )]

2
i j i j i j L

i j c
k N N Z i

u u


  

 

 
   , (5.5) 

where 2| | | |i j   is the transition dipole moment squared of the 

transition, u  is the most probable velocity of a thermal (maxwellian) velocity 

distribution, iN and jN  are the population densities of molecules in the two 

states, and [...]Z  the complex plasma dispersion function, where 
0 0
, ,i j i j     is the detuning of the light from the transition and L  the 

HWHM of the homogeneous broadening (i.e. the pressure broadening), 

where, in turn, 
0
,i j  is the center frequency of the transition. In order to 

account for a degeneracy, and as long as iN and jN are to be interpreted as 

the total density of molecules in the two states (in cm-3), which is customary, 
2| | | |i j   needs to be interpreted as the weighted transition dipole 

moment squared, ,i j , which can be expressed as 
2(1/ ) | , | | , |ig i M j M   , where ig  is the degeneracy of the lower state 

and where the summation should go over all M   and M  . 

As is shown in paper IV, adhering to these conventions, it is possible to 

express the contribution to the phase shift of a monochromatic wave from a 

transition between a state i and a state j, , ( )i j  , as 
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,

2
2 ,0

,
0

( ) Re[ ( )]

ˆ| | | | ( ) ( , ) ,

i j

disp D D
i j i j L

k L

i j N N L
h c

  


    





   
 (5.6) 

where ˆ disp  is the dispersion counterpart of the area-normalized Voigt 

absorption lineshape function expressed in terms of the Doppler-width 

normalized detuning from the center frequency of the unsplit transition, 
,0

,
D
i j , and the ratio of the homogeneous and inhomogeneous broadening 

(also referred to the Voigt parameter), D
L , given by 0

, ln 2 /i j D   and 

ln 2 /L D  , respectively, where in turn, D  is the Doppler-width of 

the transition (HWHM) given by ln2 /u c . Furthermore, by using the 

definition of the dispersion lineshape function it is possible to write the 

dispersion lineshape function in terms of the complex error function (the 

Faddeeva function)2, [...]w , as 

 
,0 0

, 0 ,ˆ ˆ( , ) Im ( )disp D D
i j L i j L

c
w i

u
     



  
    

  
, (5.7) 

where 0̂  is the peak value of the area-normalized absorption Gaussian 

lineshape function given by ln 2 / ( )D  and ( )w z  is defined by [79] 

 

2

( )
ti e

w z dt
z t








 . (5.8) 

Although the description above is correct, it is not given in its most useful 

form. The reason is that transition strengths seldom are given in terms of 

their transition dipole moments. As was alluded to in chapter 2, they are 

more often given in terms of their integrated line strength, ,i jS . As is shown 

in paper IV, the expression for the phase shift of a monochromatic wave due 

to a transition, Eq. (5.6), can be written in term of this entity. This can be 

derived in two ways: either by use of the definition of the integrated line 

strength, given in Ref. [80], or by the use of the corresponding attenuation of 

                                                             
2 The complex error function, ( )w q , is related to the complex plasma dispersion function, ( )Z q , through 

( ) ( ) /w q Z q i   
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the electrical field vector, , ( )i j  . The latter can be written in two ways, both 

in terms of the imaginary part of the wave vector, ,Im[ ( )]i jk  , viz. as 

 

,

2
2 ,0

,
0

( ) Im[ ( )]

ˆ| | | | ( ) ( , ) ,

i j

abs D D
i j i j L

k L

i j N N L
h c

  


    





   
 (5.9) 

where now ˆabs  is the area-normalized absorption lineshape function, and 

as half of the absorption of light, i.e. , ( ) / 2i j  , where , ( )i j   is given by 

, ˆabs
i j xS N L , according to Eq. (2.3). 

Equalizing these two shows that ,i jS  is given by 

 
2

2
,

0

2
| | | | ( )i j i jS i j N N

h c


 


    , (5.10) 

where iN  and jN  are the relative populations of the states i and j, 

respectively, which, in turn, are given by /i xN N  and /j xN N , respectively, 

where xN  is the density of molecules under investigation (in cm-3). 

This implies finally that the phase shift of the electromagnetic wave in the 

presence of an unsplit transition (i.e. in the absence of a magnetic field) can 

be expressed as 

 
, ,0

, , ,ˆ( ) Re[ ( )] ( , )
2

i j x disp D D
i j i j i j L

S N L
k L       . (5.11) 

As was discussed above, when a magnetic field is applied to a 

paramagnetic molecule, as is shown in Figure 5.2, each sub-state shifts in 

energy according to its magnetic quantum number, M. Since the two circular 

components of the incoming light induce dissimilar transitions [for the case 

with ro-vib transitions, which take place between two states adhering to the 

same Hund’s coupling case, for NO case (a), ∆MJ = ±1 respectively, and with 

other rules for other types of transitions, e.g. electronic transitions, which 

induce transitions between two types of states adhering to different coupling 

cases], they experience different phase shift for each M M   transition 

they interact with. However, it is possible to define a specific integrated line 

strength of each of the split M M   transitions induced by LHCP and 
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RHCP light, /
, ,
L R
i M j MS   , in such a way that the corresponding phase shift can 

be written similar to Eq. (5.11). 

As is illustrated below, it is convenient to introduce a transition specific 

relative (dimensionless) line strength, /
, ,
L R
i M j MS   , as the ratio of the 

transition specific and the total integrated line strength of the unsplit 

transition, i.e. as / /
, , , , ,
L R L R
i M j M i M j M i jS S S     , where 

,

/
, , 1

M M

L R
i M j MS

      for 

each circular light component. This implies that the phase shift of a specific 

helical component of the light (LHCP or RHCP) induced by the M M   

transition can be written as 

 

/
, ,/ , /

, , , ,

, /
, , , ,

ˆ( ) ( , )
2

ˆ ( , ) ,
2

L R
i M j M xL R disp D L R D

i M j M Li M j M

i j x L R disp D D
i M j M i M j M L

S N L

S N L
S

    

  

 
   

   





 (5.12) 

where , ,
D
i M j M    represents the normalized detuning of the light from the 

magnetically induced M M   transition given by 
,0 ,

, , ,
D a D
i j i M j M

    , 

where 
,

, ,
a D
i M j M

    is the (Doppler-width-normalized) shift of the transition 

due to a magnetic field given by 

 
,

, ,
( ) ln 2 /a D

B Di M j M
M g M g B   
     , (5.13) 

where g and g  are the g-factors for the lower and the upper states, 

respectively3.  

Finally, using Eq. (5.4), this implies that the total phase shift between the 

two helical components of the electromagnetic field, , ( )i j  , can be written 

succinctly in terms of the integrated line strength as  

 

,
, , , , ,1

,

, , , ,1

( ) ( , )
2

( , ) .

i j x dispL D D
i j i M j M i M j M L

M M

dispR D D
i M j M i M j M L

S N L
S

S

    

  

   

 

   

 






 (5.14) 

                                                             
3 Note that whereas for the FAMOS technique g′ and g" represent the g-factors for the lower and the upper 

states, respectively, the same entities denote the degeneracy of the two states in the description of AS. 
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As is further discussed below, the expression for the relative line strength 

depends on the type of transitions induced. 

5.3 Introducing Modulation 

In the normal mode of operation of FAMOS the magnetic field is sinusoidally 

modulated while the detector signal is demodulated at the modulation 

frequency. The magnetic field ( )B t  can thereby be written as 

 0( ) cosB t B t , (5.15) 

where 0B  is the amplitude of the magnetic field and   is the angular 

modulation frequency (in rad/s). Since the transition frequency of a 

magnetically split transition depends on the magnetic field, the modulation 

of the field will lead to a corresponding modulation of the wave vector, 

, ( , )i jk t , and phase shift, , ( , )i j t  , which, in turn, implies that also the 

transmitted intensity, , ( , )F
i jI t , is modulated given by 

 
,

, 0

( , )
( , ) sin(2 )

2

i jF
i j

t
I t I

 
  . (5.16) 

As is discussed below, , ( , )i j t   takes different forms depending on 

which molecule and type of transition that is addressed.  

5.3.1 The FAMOS signal in terms of the Fourier coefficients of 
the magnetic field modulated lineshape function for an 
arbitrary transition 

Since the FAMOS signal constitutes the component of the detected power 

modulation that is in phase with the modulation of the magnetic field this 

component need to be extracted. This is often practically achieved by the use 

of a lock-in amplifier. This implies that the (in phase) FAMOS signal, 

denoted by , ( , )F
i jS t , can be written as 
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,
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2

F F
i j i j

i j

S t I t t dt

t
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 (5.17) 

where   is an instrumentation factor including gain of the lock-in amplifier 

and the sensitivity of the detector. 

Inserting the expression above, Eq. (5.14), for the phase shift, , ( , )i j t  , 

into Eq. (5.17) implies that the FAMOS signal includes integrals of the form 

 2
, ,

0

[ ( ), ]cos( )disp D
i M j M Dt t dt




     , (5.18) 

where (...)disp  is the Doppler-peak-normalized modulated dispersion 

lineshape function, defined as the ratio of the area-normalized modulated 

dispersion lineshape function, ˆ (...)disp , and the peak-value of the Gaussian 

line shape function, 0̂ . Since the modulated lineshape function is periodic, 

it is possible to identify the expression above as the even component of the 1st 

Fourier coefficient of the Doppler-peak-normalized magnetic-field-

modulated dispersion lineshape function, in line with what has been done 

for the WMS technique [41, 43, 44]. As is shown in paper IV, by denoting 

these integrals 
, ,0 ,

, ,1 ( , , )
disp even D a D D

i j i j L    , the FAMOS signal can be 

expressed as 

 
,0 ,0 ,

, , 1 , ,( ) ( , , )F F F D a D D
i j i j i j i j LS S     , (5.19) 

where 
,0

,
F
i jS  is an entity referred to as the FAMOS signal strength, given by 

 
0,0

, 0

ˆ
sin(2 )

8

ij xF
i j

S N L
S I


  . (5.20) 

The 
,0 ,

1 , ,( , , )F D a D D
i j i j L     function is termed the Doppler-peak-

normalized FAMOS lineshape function and is, in the general case, given by 
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 (5.21) 

where the /
, ,
L R
i M j MS    are the relative line strengths of the magnetically 

induced M M   transition addressed by LHCP and RHCP light, 

respectively. As is discussed in paper IV, the latter ones are in turn defined 

as 23| ; | | ; |i M j M   , where 2| ; | | ; |i M j M    are the 

corresponding dimensionless relative transition dipole moments, and where 
, ,0 ,

,1 , ,
( , , )

disp even D a D D
i j Li M j M

      thus is the even component of the first 

Fourier coefficient of the Doppler-peak-normalized magnetic field 

modulated dispersion lineshape function for the transition, given by 

, ,0 ,
, , , , ,1

0

2
( , , ) [ ( ), ]cos( ) .

disp even D a D D disp D D
i j i j L i M j M Lt t dt



       


   (5.22) 

As before, [...]disp  is the dispersion counterpart to the Doppler-peak 

normalized Voigt absorption profile for the M M   transition, although 

this time it is time dependent through, , , , ( )D
i M j M t    which is the time 

dependent Doppler-width-normalized detuning between the M M   

transition and the light, given by 

 
,0 ,

, , , , , , ,
( ) cos( )D D a D

i M j M i j i M j M
t t        , (5.23) 

where, as above, 
,0

,
D
i j  is the Doppler-width normalized detuning of the 

light from the unmodulated transition, given by 
0
, ln 2 /i j D  . 

,
, , ,
a D
i M j M

    

is the Doppler-width-normalized modulation amplitude of the M M   

transition, which, in this general case, is given by 

 
, 0

, , ,

( ) ln 2a D B
i M j M

D

M g M g B



 

   
 . (5.24) 
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5.3.2 The signal strength 

The FAMOS signal needs sometimes to be expressed in terms of the partial 

pressure, xp , or the concentration (mole fraction), xc , of the constituent in 

question instead of its number density, xN . This can be done by using the 

gas integrated line strength, ,i jS  , which is given in units of cm-2/atm. Under 

these conditions, the FAMOS signal strength can be written in either of the 

forms 

 

, 0,0
, 0

, 0
0

,0,
,

0
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sin(2 )

8

ˆ
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8
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S p L
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S c p L
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p
c S

p


 


 









 (5.25) 

where totp  is the total pressure of the sample, 0p  the reference pressure (in 

this case taken as 1 atm), and ,0,
,
F atm
i jS  is the FAMOS signal strength under 

atmospheric pressure conditions, given by 

 
, 0 0,0,

, 0

ˆ
sin(2 )

8

i jF atm
i j

S p L
S I


 


 . (5.26) 

5.4 FAMOS of NO Addressing a Rotational-vibrational Q-
Transition  

The ro-vib transitions of NO take place within the electronic 2 ( )X    

ground state, which adheres to the Hund coupling case (a). For these type of 

states and for magnetic field strengths typical of FAMOS (often referred to as 

―weak’’ magnetic fields), a magnetic field lifts the degeneracy of a state with a 

given total angular momentum number of the state, JM , which ranges from 

-J to J. This implies that the Doppler-width-normalized modulation 

amplitude, Eq. (5.24), can be written as 

 
, ,

,, , ,
[ ( / ) ]a D a D

J J J J i ji M j M
M g g M  
     , (5.27) 
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where, in turn, ,
,
a D
i j  is given by 0 ln 2 /J B Dg B   and, as above, Jg  and 

Jg  are the g -factors for the lower and upper JM  states, respectively. 

Moreover, as is further discussed in paper IV, the relative line strengths 

correspond to the relative transition dipole moments square of a transition 

between two states, which, again for states adhering to the Hund case (a), 

can be succinctly expressed in terms of 3-J symbol, viz. as [81, 82] 

 

2

/ 2
, , ,

1
3| ; | | ; | 3

1

L R
i M j M J J

J J

J J
S i M j M

M M
  

  
      

   
, (5.28) 

where JM   takes the values of ( 1)JM    for RHCP and LHCP light, 

respectively. 

In the case of a Q-transition, for which J J J    and subsequently, 

J J Jg g g   , all transitions that are induced by LHCP (for which 

1M   ) appear at one frequency whereas those that are induced by RHCP 

(for which 1M   ) occur at another. This implies that there is a given 

modulation amplitude for LHCP light, 
, ,

,
a D L
i j , and another for RHCP light, 

, ,
,
a D R
i j . Moreover, these two modulation amplitudes become independent of 

JM  and can be written as 

 
, , / ,

, , 0 ln2 /a D L R a D
i j i j J B Dg B       . (5.29) 

This implies that the relative line strength for each of the circular 

polarization states becomes a sum over all possible 3-J factors. Since any 

such sum [over all M   states for a given M  value (+1 or -1)] becomes 1/3, 

the sum over all relative line strengths become unity. This implies that the 

FAMOS lineshape function, given by Eq. (5.21), can, for a Q-transition, be 

considerably simplified; it will consist of the difference between two Fourier 

coefficients, one for each of the helical light components. Denoting this 

FAMOS lineshape function by 
,2 ,0 ,

, ,1 ( , , )F D a D D
i j i j L    , it can be written as 
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where the 
, ,0 , , /

, ,1 ( , , )
disp even D a D L R D

i j i j L     functions are the Fourier 

coefficients for the magnetic field modulated lineshape, given by Eq.(5.22) 

with the normalized modulation amplitude , , /
,
a D L R
i j , induced by either 

LHCP or RHCP light, respectively. 

Moreover, due to symmetry reasons, as was concluded in paper IV, the 

two circularly polarized light components experience opposite time 

dependences, which lead to 

 
, ,,0 , , ,0 , ,

, , , ,1 1( , , ) ( , , )
disp even disp evenD a D R D D a D L D

i j i j L i j i j L         . (5.31) 

This implies that the expression for the FAMOS lineshape function for a 

Q-transition can be written succinctly as 

 
,,2 ,0 , ,0 ,

, , , ,1 1( , , ) 2 ( , , )
disp evenF D a D D D a D D

i j i j L i j i j L        , (5.32) 

where 
,

,
a D
i j  thus is given by 0 ln 2 /J B Dg B  . 

It is sometimes suitable to express the FAMOS signal for a transition as a 

signal strength-and concentration-normalized FAMOS signal, i.e. in terms of 

the FAMOS signal strength under standard pressure conditions normalized 

with respect to the concentration of the constituent under investigation, i.e. 

as 
,0,

, ,( ) / ( )F F atm
i j i j xS S c , which henceforth will be denoted by , ( )F

i jS  . As 

can be seen from Eq. (5.25), this normalized FAMOS signal will simply be 

given by 
,2 ,0 ,

0 , ,( / ) ( , , )F D a D D
tot i j i j Lp p     , which, according to Eq. (5.32), 

also can be written as 
, ,0 ,

0 , ,( / )2 ( , , )disp even D a D D
tot i j i j Lp p     . Moreover, 

by expressing the pressure in terms of the Voigt parameter, which can be 

done as [ / (2 ln 2)] D
tot D Lp    , , ( )F

i jS   can be expressed in either of 

the forms 
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 (5.33) 

where 
,D atm

L  is the Voigt parameter under atmospheric pressure 

conditions, given by 02 ln 2 / Dp  , where   is the (HWHM) collision 



 

69 

broadening coefficient. This expression can thus be used for assessing 

various general properties of FAMOS addressing Q-transitions. 

Equation (5.33) above can predict the dependence of the on-resonance 

value of the normalized FAMOS signal from a Q-transition of NO on the 

modulation amplitude (or magnetic field) and the Voigt parameter (or the 

pressure). Two such investigation are shown in Figure 5.3 (A and B, 

respectively). 

Panel A in Figure 5.3 illustrates the dependence of the on-resonance value 

of the normalized FAMOS signal from a Q-transition on the modulation 

amplitude for a variety of Voigt parameters (0.1, 0.25, 0.5, 1, 2, 5, 10, 15, 20 

and 25, respectively). The upper axis represents the magnetic field 

corresponding to the modulation amplitude for the Q3/2(3/2) transition in 

the fundamental ro-vib band of NO. For this particular transition the various 

curves represent pressures of ~3, 7, 15, 29, 58, 146, 290, 440, 585 and 730 

Torr, respectively. This shows, for example, by the curve representing a Voigt 

parameter of 2, which corresponds to a pressure 58 Torr (dashed curve), that 

the maximum signal under these conditions is obtained for a magnetic field 

slightly above 200 G. 

 

Figure 5.3 panel A: The 1st Fourier coefficient of the Doppler-peak-normalized 

magnetic field modulation dispersion lineshape function as a function of 

normalized modulation amplitude. The ten curves represent Voigt parameter 

(
D

L
 ) of 0.1, 0.2, 0.4, 0.67, 1, 1.5, 2, 2.5, 5, 10, 15 and 20, respectively, where 

the curve with lowest value for large modulation amplitudes represents the 

smallest Voigt parameter. Panel B: The 1st Fourier coefficient of the modulated 

dispersion lineshape functions as a function of Voigt parameter. The curves 

represent normalized  modulation amplitudes (
,

,
a D

i j ) of 0.1, 0.2, 0.4, o,5 0.67, 

1, 1.5, 2, 2.5, 5, 10, 15 and 20, respectively. 
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Panel B shows the dependence of the on-resonance value of the 

normalized FAMOS signal on the Voigt parameter for various modulation 

amplitudes (0.1, 0.2, 0.4, o.5 0.67, 1, 1.5, 2, 2.5, 5, 10, 15 and 20, 

respectively). The upper axis represents the corresponding pressures for the 

Q3/2(3/2) transition in the fundamental ro-vib band of NO. For this 

particular transition the various modulation amplitudes correspond to 

magnetic field amplitudes of ~7, 14, 28, 35, 47, 70, 105, 140, 175, 350, 700, 

1050 and 1400 G, respectively. The curves representing ,
,
a D
i j  of 0.4, 1 and 

2.5 (for a magnetic field of 28, 70 and 175 G) are drawn as dashed, dotted 

and dashed-dotted, respectively. 

These figures show that for a given Voigt parameter (or pressure) the 

FAMOS signal takes a maximum value for a given modulation amplitude (or 

magnetic field). In the same way, for a given modulation amplitude 

(magnetic field) the FAMOS signal takes a maximum value for a certain 

Voigt parameters (pressure). The reason for this maximum is that the signal 

will be under-modulated for small modulation amplitudes (magnetic fields) 

or large Voigt parameters (pressures) but over-modulated for large 

modulation amplitudes (or small Voigt parameters). 

5.5 FAMOS of NO Addressing Electronic Transitions 

As has been discussed in some detail in paper V, FAMOS addressing the 

electronic transitions in NO has some general features in common with, and 

some different from, FAMOS addressing ro-vib Q-transitions. The 

differences are all related to the fact that the upper electronic state is a    

state, which lacks orbital angular momentum ( 0)  . This implies that it 

follows Hund’s coupling case (b) [83]. This has some essential consequences 

for FAMOS, both regarding the energy level structure in the absence of 

magnetic field and the splitting of the levels. It implies, for example, that the 

energies of the rotational states in the upper electronic state are not given by 

their total angular momentum, J, but rather by their quantum number N, 

and that the states split according to their sM -value (not their JM -value). 

5.5.1 A simple two-transition model of NO 

Electronic transitions in NO take place predominantly between the 2X   

and 2A   states. As is further discussed in both paper III and V, there are 12 

branches of transitions between these states. For most transitions, there are 
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overlaps between various branches. This is, for example, the case between 

the Q22(J") and the QR12(J") branches. This is further discussed and 

illustrated in paper VI, in which the Q22(21/2) and QR12(21/2) states are 

simultaneously targeted. 

Moreover, since the upper level lacks orbital angular momentum, and 

therefore follows Hund’s case (b), each level splits an amount 0s s BM g B , 

where sg  is the g-factor for a free electron, which is ≈2. This implies that the 

total splitting of the upper level is 02 BB . This is considerably larger than 

that of the lower level, which is 02 J BJg B . For the particular transitions 

targeted in paper VI, Q22(21/2) and QR12(21/2), for which the Jg - factor for 

the lower state has a value of -2.47×10-3 [19], this implies that the total 

splitting of the lower state is 00.05 BB , which is solely a factor of 1/40 of 

that of the upper state. This small difference in splitting opens up for a 

convenient approximation, namely to neglect the splitting of the lower level 

with respect to that of the upper. This implies that the system can be 

modeled as one in which there are only one lower and two upper levels. This 

is schematic illustrated in Figure 5.4(b) and henceforth referred to as the 

three-state approximation. 

 

Figure 5.4. The simple three-level model for FAMOS addressing an electronic 

transition in NO molecule. The two panels (a) and (b) represent the case 

without and with magnetic field, respectively. 

In the case without magnetic field, as is shown in Figure 5.4(a), for 

symmetry reasons, the total line strength for LHCP and RHCP light from a 

lower state, 2 ( , )i J N    to an upper state, 
2 ( , , )iF J N     are equal; they are 

each equal to the total line strength of the transition, denoted by ,S  , 

where the subscripts   and   refer to the state 2 ( , )i J N    and 
2 ( , , )iF J N    , respectively. This implies that if we, for formal reasons, 

define a relative line strengths for the unsplit transition for LHCP and RHCP 
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light, as ,
LS   and ,

RS  , respectively (where the over bar indicates that it is 

a relative line strength), we find that they are both unity. 

In the presence of a magnetic field, and under the three-state 

approximation, the situation changes to that shown in Figure 5.4(b). We 

have here assumed that the upper state, 2 ( , , )iF J N     is split by the 

magnetic field into two states, 2 ( , , , 1/ 2)i SF J N M      and 
2 ( , , , 1/ 2)i SF J N M      , denoted by 2 (1/ 2)  and 2 ( 1/ 2)   for short, 

and that they are each shifted an amount 0M S S BS
E M g B  . The lower 

state, 2 ( , )J N    is assumed not to be split. Since the lower and upper 

states are given in dissimilar basis sets, one in terms of JM , the other in 

sM , both the LHCP (L) and RHCP (R) light can induce transitions to each of 

the two upper states, although to dissimilar extent. If ,
LS   and ,

RS   

denote the relative line strengths for the transitions induced by LHCP and 

RHCP light from a lower 2 ( , )i J N    state to an upper 2 ( , , )iF J N     state 

in the absence of magnetic field, 
/
, , ,1/2

L R
MJ

S   and 
/
, , , 1/2

L R
MJ

S    are the 

corresponding relative line strengths in the presence of a magnetic field for 

the transitions induced by LHCP/RHCP light to the 1/ 2SM   and 

1/ 2SM    states, respectively. 

As is shown in paper V, this implies that the FAMOS signal from an 

electronic transition of NO, 
, ,0
, ,( )F E DS    , can be written in a form similar 

to that of a Q-transition within the ro-vib band, i.e. as  

 
, ,0 , ,0 ,

,, , , ,1( ) ( , , )F E D F F E D a D D
LS S             , (5.34) 

where we have used the same nomenclature and notation as was used for the 

pure ro-vib Q-transition above, and where the FAMOS lineshape function for 

an electronic transition, 
,

1
F E , can be written [according to Eq. (5.21)], as 

 

, ,0 ,
,1 , , ,1/2

, ,0 ,
, , ,1/2 ,1 , , ,1/2

, ,0 ,
, , , 1/2 ,1 , , , 1/2

( , , )

( , , )

( , , ) ,

F E D a D D
LM J

disp evennet D a D D
M LMJ J

disp evennet D a D D
M LMJ J

S

S

   

     

     

   

    

     



 



 (5.35) 

where the normalized modulation amplitudes, 
,
, , ,

a D
M MJ S 

  are given by 
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 , 0
, , ,

ln 2a D S S B
M MJ S

D

M g B
 





 , (5.36) 

and the Fourier coefficients are given by Eq. (5.18). We have also introduced 

, , ,1/2
net

MJ
S   and , , , 1/2

net
MJ

S    as shorthand notations for the differences 

in relative line strengths for LHCP and RHCP light, respectively, i.e. 

, , ,1/2
net

MJ
S   , , ,1/2 , , ,1/2

L R
M MJ J

S S     and , , , 1/2
net

MJ
S     

, , , 1/2 , , , 1/2
R L

M MJ J
S S     , respectively. 

Moreover, it can be concluded, because of symmetry, that the two 

magnetically induced transitions 2 2( , ) (1/ 2)i J N     and 
2 2( , ) ( 1/ 2)i J N      have equally strong net relative line strengths 

, , ,1/2 , , , 1/2
net net net

M MJ J
S S S       . It is thereby possible to write the 

FAMOS lineshape function as 

,, ,0 , ,0 ,
, , ,1 1 , , ,1/2

,2 ,0 ,
, ,1

( , , ) 2 ( , , )

( , , ) .

disp evenF E D a D D net D a D D
L LMJ

net F D a D D
L

S

S

       

   

        

    




(5.37) 

This implies finally that the FAMOS signal from an electronic transition in 

NO can be expressed as  

 

, ,0 , ,0 ,
,, , , ,1

,0 ,2 ,0 ,
, , ,1

, ,0 ,2 ,0 ,
, , ,1

( ) ( , , )

( , , )

( , , ) .

F E D F F E D a D D
L

F net F D a D D
L

F E F D a D D
L

S S

S S

S

        

     

     

    

    

   







 (5.38) 

This illustrates that the expression for FAMOS addressing electronic 

transitions in NO can, within the three-state approximation, be written in a 

manner equivalent to that for a ro-vib Q-transition, i.e. as a product of a 

signal strength and the 
,2

1
F -function. Equation (5.38) shows furthermore 

that the signal strength of FAMOS addressing electronic transitions in NO, 
, ,0
,

F ES  , can be written as a product of the signal strength of FAMOS 

addressing a Q-transitions, given by Eq. (5.25), 
,0

,
F
i jS , and the net relative 

line strength, 
netS . This implies also that the expression for the signal 

strength for FAMOS addressing electronic transitions in NO can be written 

as 
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 , ,0 , ,0, ,2 ,0 ,
, , , , ,1

0

( ) ( , , ) ,F E D F E atm F D a D Dtot
NO L

p
S S c

p
               (5.39) 

where , ,0,
,

F E atmS   is , ,0
,

F ES   for a pressure of 1 atm, NOc  is the concentration 

in a gas, 0p  a reference pressure (1 atm), and totp  the total pressure of the 

gas  

5.5.2 The FAMOS signal strength of NO addressing electronic 
transitions 

Since the expression of the signal strength above contains the integrated line 

strength, the interaction length and the peak value of the Gaussian lineshape 

function in Eq. (5.38), it is possible to define a normalized FAMOS signal 

also for the electronic transitions in NO, 
, ,0
, ,( )F E DS    , given by 

 

, ,0
, ,, ,0

, , , ,0,
,

,2 ,0 ,
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0

, ,0 ,
,1 , , ,1/2

0

( )
( )

( , , )

2 ( , , ) .

F E D
F E D

F E atm
NO

F D a D Dtot
L

disp even D a D Dtot
LM J

S
S

S c

p

p

p

p

   
   

 

   

   




   

   







 (5.40) 

As can be seen by a comparison with Eq. (5.33), this expression does not 

have much in common with that for ro-vib Q-transitions, it is in fact 

identical to it. 

5.5.3 The on-resonance-normalized FAMOS signal of NO 
addressing electronic transition; its dependence on 
magnetic field and pressure 

The normalized FAMOS signal from electronic transitions of NO as a 

function of magnetic field and pressure, modeled as a three-level system, is 

schematically illustrated in Fig 5.5. The seven curves in panel A show the 

peak value of the normalized FAMOS signal, 
,
,

F ES  , for an electronic 

transition in NO as a function of the magnetic field amplitude, for a set of 

pressures, ranging from 1 to 760 Torr. The seven curves in panel B illustrate 
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the same peak value of the normalized FAMOS signal as a function of 

pressure, for magnetic fields ranging from 50 to 5000 G.  

 

Figure 5.5 panel A: The peak value of the normalized FAMOS signal as a 

function of magnetic field amplitude for a variety total pressure, ranging from 1 

to 760 Torr. The seven curves represent, from the bottom to the top (at the 

highest magnetic field amplitude), the total pressure of 1, 25, 50, 100, 300, 500 

and 760 Torr, respectively. Panel B: The peak value of the normalized FAMOS 

signal as a function of pressure for a variety of magnetic field amplitude, 

ranging from 50 to 5000 G. The seven curves represent from the bottom to top 

(at highest pressure), the magnetic field amplitude of 50, 100, 500, 1000, 

2000, 3000 and 5000 G, respectively. 

Similar to what was concluded for FAMOS on Q-transitions in NO, panel 

A shows that for each pressure (a given curve), there is a magnetic field 

amplitude that maximizes the normalized FAMOS signal. Panel B shows, in a 

similar manner, that for a given magnetic field (a given curve) there is a 

pressure that maximizes the signal. Thus, from plots like these it is possible 

to assess not only some of the properties of the FAMOS technique addressing 

electronic transitions in NO, in particular its magnetic field and pressure 

dependences, but also the optimum conditions. If the experimental 

conditions are not fully known, for example regarding the actual magnetic 

field amplitude, it is often possible to determine the conditions that yield the 

largest conditions by experimental means. 

5.6 A Comparison Between FAMOS Addressing a Ro-vib 
Transition and an Electronic Transitions in NO 

A comparison between the simulations for ro-vib Q-transitions and an 

electronic transition in NO shows that there are some similarities, e.g. the 

signal shapes and the dependence on magnetic field and pressure. However, 

there are also some differences. As shown in Figure 5.3 for the ro-vib Q-

transition in NO and Figure 5.5 for an electronic transition, it can be seen 
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that the typical optimum magnetic field amplitude required to produce 80% 

of the maximum signal are around ~100 G for the former, whereas for an 

electronic transition it is more than one order of magnitude larger, viz. 

~1800 G. This agrees well with the fact that the magnetic field amplitudes 

for which the two techniques take the same normalized modulation 

amplitude, EB  and QB , respectively are related to each other according to 

 
,

,

2
18

EEE
J D

JQ Q Q
s i jD

gB
g

B g

 

 
   , (5.41) 

where E
D  and 

Q
D  represent the Doppler broadening for a typical 

electronic transition and a ro-vib Q-transitions, and where ,
E
   and ,

Q
   

represent the frequencies of the two transition, respectively. This shows that 

FAMOS addressing electronic transitions are not only larger (due to large 

integrated line strength) but also that the technique required a significantly 

stronger magnetic field (~18 times larger than FAMOS addressing 

rotational-vibrational Q-transitions), which to a certain extent can hamper 

its practical realization. 
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6 Experimental Setup 

As was discussed above this thesis is concerned with both TDLAS and 

FAMOS. The TDLAS works have included both ordinary telecom-DFB-lasers 

for detection of CO and assessment of temperature in humid media (the 

papers I and II) and a unique fully-diode-laser based laser system producing 

tunable cw-light in the UV-region for detection of NO on its electronic 

transition (paper III). The same laser was also used for the first FAMOS 

detection of NO addressing an electronic transition (paper VI). The present 

chapter describes the experimental set-ups for these studies, whereas the 

following chapter reports on some of the results. 

6.1 TDLAS Methodology Development 

6.1.1 Development of a methodology for assessment of CO in 
hot humid media (paper I) 

The experimental setup used for the development of a methodology for 

detection of CO in media with high concentrations of water under evaluated 

temperature condition is schematically illustrated in Figure 6.1. 

 

Figure 6.1. Schematic illustration experimental setup. Water vapor was 

generated in an evaporator into which calibrated flows of distilled water, N2 

and CO were flushed and sent through a heated quarts cell place in the furnace. 

Measurements were performed by a LDS6 instrument from Siemens process 

analytics. The laser light was collimated and sent through a quarts cell placed 

in a furnace before it was impinging upon a detector. 
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The measurements were performed in a 300 mm long fused silica cell with 

gas inlet and outlet with wedged windows (Scientific Lab Glass i Lund AB, 

Löberöd, Sweden) placed inside a furnace (Nabertherm GmbH, Lilienthal, 

Germany). Water vapor was produced by a Hovacal vaporizer (IAS GmbH, 

Frankfurt am Main, Germany). N2 gas was let through the Hovacal control 

unit and mixed either with pure N2 or with premixed gases containing 10% 

CO in N2 before entering the vaporizer. Water concentrations up to 40% 

were investigated. The N2 flow was regulated by the Hovacal, whereas the 

flow of the premixed gas was regulated by a separate mass flow controller. 

After the vaporizer, a part of the flow was shunted off in order not to have a 

too-large flow of gas through the cell (to assure that the correct temperature 

was reached). 

Measurements were performed by a LDS6 instrument from Siemens 

Process Analytics. The diode lasers used were two DFB lasers 

(NLK1C5EAAA, NEL, Japan), working in the 6386 - 6402 cm-1 and the 

6401.0 - 6419.5 cm-1 regions. The light was collimated by a collimator 

(F240APC-1550, Thorlabs, North Newton, NJ USA) producing a narrow 

beam through the furnace. The light was detected by a standard InGaAs 

LDS6 detector unit from Siemens Process Analytics. The modulation 

frequency was 20 kHz and the scan rate was 20 Hz. The modulation 

amplitude was approximately 0.1 cm-1 (ranging from 0.09 to 0.105 cm-1 

depending on the transition addressed and laser used). The data was 

gathered by a data acquisition program written in LabView (National 

Instruments, Austin, TX, USA). Data treatment and fitting was done by 

programs in Matlab (The MathWorks, Natick, MA, USA). 

6.1.2 Development of a methodology for assessment of 
temperature of humid gas by TDLAS in the C-band 
addressing transitions in H2O (paper II) 

The experimental setup for temperature measurement in water vapor, 

schematically illustrated in Figure 6.2, was in parts similar to that for 

detection of CO in humid media. This time, however, no CO was added and 

the light was produced by a free standing DFB-laser setup. 
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Figure 6.2. Experimental setup. Water vapor was generated in an evaporator 

into which calibrated flows of distilled water and N2 were flushed and sent 

through a heated quarts cell placed in a furnace. To reduce the flow of gas in 

the cell, some of the gas mixture was shunted off prior to the cell. Collimated 

laser light was sent through the furnace tube and cell onto an AC-detector. The 

detector signal was fed into a lock-in amplifier to extract a 2f-wm-signal. 

A distributed feedback (DFB) diode laser (NEL, NLK1C5EAAA) was 

mounted on a commercial laser mount (Thorlabs, LM14S2). The laser was 

driven with a combined low-noise diode laser current and temperature 

controller (ILX Lightwave, LDX-3724B), allowing for a ~20 cm-1 tuning 

range by temperature. The output of the laser was collimated by a standard 

anti-reflection-coated collimator (Thorlabs, F240APC-1550) and sent 

through the heated quarts cell onto a 2 mm diameter AC-photodetector 

(Germanium Power Devices, GAP 2000) with a preamplifier. The diameter 

of the beam was below 1 mm over its entire path. A part of the light was split 

off and sent through an etalon (1.5 GHz) for calibration purposes. The signal 

from the photodiode was detected at twice the modulation frequency by a 

lock-in amplifier to yield a 2f-signal, and its output was acquired by a 

computer equipped with 12 bit DAQ card and a data acquisition program 

written in LabView. A triangular ramp from a function generator was used to 

scan the laser system. 

6.1.3 Detection of NO by diode laser based UV laser 
instrumentation addressing its strong electronic 
transitions (paper III) 

The experiment setup for detection of NO by cw-UV-diode laser light 

addressing its strong electronic transitions is shown in Figure 6.3. 
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Figure 6.3. Schematic illustration of the experimental setup for detection of NO 

by UV-diode-laser-AS addressing the electronic transitions. ECDL, external 

cavity diode laser; OI, optical isolator; BS, beam spliter; M, mirror; TA, tapered 

amplifier; L, lens; PZT, peizoactuator; D, photo detector; KNbO3, potassium 

niobate frequency-doubling crystal; BBO, β-barium borate frequency-doubling 

crystal; FDC, frequency-doubling cavity; WM, wavelength meter; FG, function 

generator; TIDA, transimpedance detector amplifier and PA, preamplifier. 

A fully diode-laser-based cw-UV laser system (UV-DLS) producing mW 

powers of light in the 226 - 227.0 nm range was used. The UV laser system 

(Toptica, TA-FHG-110) was purchased from a commercial supplier of diode-

laser systems as a fully integrated system, although built according to our 

performance specifications for the particular purpose of detection of NO in 

the 226 - 227 nm region. The system is built on a common base plate with all 

electronics conveniently gathered in a set of racks. The heart of the system is 

an ECDL in an external grating configuration (ECDL, model DL100) 

producing 40 mW of cw-light at ~ 907 nm. The light passes an optical 

isolator before it is fed into a tapered amplifier (TA), producing light at 

powers of approximately 700 - 800 mW. This light is fed into an external 

cavity, locked to the frequency of the laser by the Pound-Drever-Hall 

technique and containing a KNbO3 crystal, which produces light at 

approximately 453 nm with an output power of approximately 300 mW. This 

light is, in turn, fed into a second external cavity, locked to the frequency of 

the laser by the Hänsch-Coulliaud technique and containing a BBO crystal, 

that in general produces light at approximately 226.6 nm at output powers of 

a few mW (up to 10 mW, depending on wavelength). The UV power of the 
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laser is regulated by a ―slow‖ regulation, controlling the current to the diode, 

and one ―fast‖ regulation, directly affecting the tapered amplifier. 

Experiments were made in a 100 mm long fused-silica cell with wedged 

window. The UV light was split by the use of a thin beam splitter (BS). One 

part was passing through the sample cell before it was directed to a detector 

(D5) referred as to the ―analyte signal‖, whereas the other was aimed direct 

to another detector (D6) called the ―background signal‖. The output from the 

two detectors were sent to a two channel transimpedance detector amplifier 

TIDA (Scitec Instruments Ltd., IVC102) followed by two combined low-pass 

filter and preamplifiers (PA1 and PA2, Stanford, SR560). The signals were 

then directed to a computer with an A/D card (National Instruments, 

DAGmx 6251) and LabView software. The experiments also utilized a 

wavelength meter (WM, Burleigh, WA-1500) for wavelength calibration. The 

laser system was scanned in a sinusoidal manner (to reduce the stress on the 

locking of the cavities at the turning points of a triangular ramp) by the use 

of a function generator. 

6.2 FAMOS of NO Addressing its Electronic Transitions 

The experimental setup for FAMOS addressing the electronic transitions of 

NO is schematically illustrated in Figure 6.4. 

 

Figure 5.7. Schematic illustration of FAMOS based upon a fully-diode-laser-

based UV laser system for detecting NO on its electronic transitions. 
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It used the same fully-diode laser-based UV laser system producing mW 

powers as for the UV-TDLAS work. The laser light was sent through two 

nearly crossed Rochon prism polarizer (CVI Melles Griot, RCHP-5.0-MF), 

which were placed on each side of a 10 cm long fused silica cell with wedged 

windows which, in turn, was placed inside a homemade magnetic solenoid. 

The polarizer after the cell (referred to as the analyzer) was offset with 

respect to the perpendicular direction of the first polarizer by an angle of 12 

degrees. The transmitted light after the analyzer was detected by a sensitive 

UV detector (New Focus, large Area UV photoreceiver Model 2032). The 

magnetic field was generated by a solenoid made of 530 turns of copper wire 

(with an inner diameter of 76 mm) that was coupled in series with capacitors 

(with a capacitance of 0.31 µF) to create a resonance circuit with a resonance 

frequency of 2.5 kHz. A lock-in amplifier served two purposes; (i) to generate 

the sinusoidal signal that was sent to the commercially available power 

amplifier (PA, Apart, Pubdriver 2000) whose output was used to drive the 

resonant circuit in order to create the alternating magnetic field used to 

modulate the NO molecule, and (ii) to demodulate the detector signal. A 

triangular ramp from a function generator was used to scan the laser system. 

The output of the lock-in amplifier was sent to a computer equipped with an 

A/D card (National Instruments, DAGmx 6251) and LabView software. 
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7 Experimental Results 

7.1 Development of a Methodology for Assessment of CO in Hot 
Humid Media (paper I) 

As was shown above (Figure 4.3), under elevated temperatures both H2O 

and CO2 have large densities of lines in the wavelength ranges where CO has 

its strongest absorption lines. As is described in some detail in paper I, the 

work therefore commenced by a theoretical analysis aiming for an 

identification of potentially suitable transitions for detection of CO in hot 

humid media, using a DFB-laser working in the C-band. Due to a high 

concentration of CO2 lines in parts of the C-band, of which some overlap 

with the transition bands of CO, a part of the R-branch of the 2nd overtone 

band of CO (the R12-R27 transitions) was considered the potentially most 

suitable region for detection of CO in hot humid media. Of these transitions, 

four particular transition, R13, R14, R18 and R24, had the additional 

advantage that they did not have a strong overlap with any H2O-line 

(although they were still all affected by the presence of water). 

Figure 7.1 presents, by the eight groups of panels, the results from an 

investigation of the four main individual candidate lines (i.e. the R13, R14, 

R18, and R24 transitions), represented by four rows of groups, respectively, 

measured at two different temperatures (800 and 1000 °C), illustrated by the 

left and the right columns of groups, respectively. 

The first row of panels in each group (A1, A4, B1, B4, etc) shows, by the 

solid curves, the 2f-wm-TDLAS spectra from 7% CO and 30% H2O in N2. The 

dashed-dotted curves display ―reference water spectra‖, i.e. previously 

measured and stored spectra from 30% H2O. The dashed curves, which in 

most cases are indistinguishable from the dashed-dotted curves, illustrate 

―fitted reference water spectra‖, i.e. fits of the stored water spectra to the 

combined CO and H2O spectra. 

The second and third rows of panels in each group display the results of 

two different methodologies for retrieval of the CO content from the 

measured spectra, referred to as the ―background-subtracted single-species-

fitting technique‖ and the ―dual-species-fitting technique‖, respectively. 

The second row of panels in each group (A2, A5, B2, B5, etc) shows 

thereby by the solid curves ―subtracted residual CO spectra‖, originating 

from a background-corrected single-species-fitting, i.e. the difference 



 

84 

between the combined CO and H2O signal and a stored reference water 

spectrum. The dashed-dotted curves present 2f-wm-spectra fitted to the 

subtracted residual CO spectra. 

The third row of panels in each group (A3, A6, B3, B6, etc) illustrate by the 

solid curves ―fitted and subtracted residual CO spectra‖, representing the 

difference between the combined CO and H2O signal and a fitted water 

spectrum. The dashed-dotted curves depict the corresponding fit of a 2f-wm 

model function representing the CO response. 

 

Figure 7.1. The 2f-wm-signals from 7% CO and 30% H2O in N2 and 30% H2O in 

N2, around the R13, R14, R18, and R24 transition, represented by the eight 

groups of panels, respectively, at 800 °C and 1000 °C, left and right columns, 

respectively (paper I). 
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Since any small shift in frequency between the combined CO and H2O 

signal and the reference water spectrum will give rise to a noticeable 

background in the residual CO spectra for the background-subtracted single-

species-fitting technique (the second row of panels in each group), the 

spectra with largest slopes of the background will in general give rise to the 

largest residues. The use of the dual-species-fitting technique (the third row 

of panels in each group) eliminates much of this problem. The fitted and 

subtracted residues from the dual-species-fitting technique are in all cases at 

least as good as, or better than, the subtracted residue originating from the 

background-subtracted single-species-fitting technique. Moreover, for most 

of the transitions, the final residue is significantly smaller than the residual 

CO spectrum. This demonstrates that the dual-species-fitting technique 

works well under the prevailing conditions. In addition, the time for 

execution of the dual-species-fitting technique is not significantly longer 

than that of the background-subtracted single-species-fitting technique. This 

implied that the remaining part of the assessment of a suitable methodology 

for detection of CO in hot humid media by telecommunication DFB lasers 

was performed solely by the dual-species-fitting technique. 

The success of this methodology depends, however, on the ability to 

perform the aforementioned procedures also under fluctuating water and 

temperature conditions. A separate study of the temperature-dependence of 

the background signals from water around these four transitions was 

therefore made. It was found that the background signal from water around 

the R14 transition changes the least as a function of temperature. This 

transition was therefore chosen as the main candidate line for assessment of 

CO in hot humid media. 

An investigation was then performed to assess the ability to retrieve the 

CO response from a combined CO and H2O spectrum when the 

measurement and the H2O reference spectrum had been measured at 

different temperatures. 

Figure 7.2 shows the result such a study for the main candidate line (R14). 

In the upper panel of each group, the solid curve represents the combined 

signal measured at 850 °C, whereas the dashed curve represents the best fit 

to the combined CO and H2O spectrum of a reference water spectrum (taken 

under the temperature indicated in the panel). Hence, for most groups of 

panels, the actual CO and H2O spectrum and the water reference spectrum 

were taken at dissimilar temperatures. The solid curve in the lower panel in 

each group represents the difference between the combined CO and H2O 
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spectrum and the corresponding fitted reference water spectrum, referred to 

as the fitted and subtracted residual CO spectrum, whereas the dashed curve 

represents the corresponding fit of the 2f-wm model function for CO to this 

residual CO spectrum. 

 

Figure 7.2. A 2f-wm-signal from a combined CO and H2O spectrum measured 

at 850 °C around the R14 transition of CO evaluated by means of reference 

water spectra taken at nine different temperatures. The nine groups of panels, 

A - I represent reference spectra corresponding to 700, 750, 800, 830, 850, 

870, 900, 950, and 1000 °C respectively. The solid curve in the upper panel in 

each group of panels (A1, B1, C1, etc) represents the combined CO and H2O 

spectrum from 7% of CO and 30% of H2O at 850 °C, while the dashed curve 

corresponds to the best fit of a reference water spectrum taken at the 

temperature to which the particular panel corresponds utilizing the dual-

species-fitting technique. The solid curve in the lower panel in each group (A2, 

B2, C2, etc) represents the difference between the combined CO and H2O 

spectrum and the fitted water spectrum, thus the fitted and subtracted residual 

CO spectrum which contains the CO information. The dashed curve represents 

the corresponding fit of the 2f-wm model function for CO (paper I). 

The various panels in Figure 7.2 demonstrates the relative good 

temperature insensitivity of the lineshape of this particular line. This 

illustrates that it is possible to obtain a good reduction of the influence of 

water on the R14 line under varying temperature conditions although the CO 

and H2O spectra and the reference spectra are recorded at different 

temperatures. This suggests that a single reference water spectrum could be 
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used to correct for the influence of water on combined CO and H2O spectra 

taken at a range of temperatures, referred to as the single-reference-spectral-

fitting methodology. 

It was then investigated to which extent a fluctuating temperature can 

affect the assessment of CO from combined spectra. Figure 7.3 presents the 

retrieval of the CO concentration from a combined CO and H2O spectrum 

from a series of evaluations using reference spectra from 30% water (in N2) 

taken at a variety of temperatures, ranging from 700 °C to 1000 °C. 

 

Figure 7.3. Assessed CO concentrations from a gas mixture of 7% CO and 30% 

H2O in N2 at 850 °C using the single-reference-spectral-fitting methodology in 

combination with the dual-species-fitting technique addressing the R14 line. 

(paper I). 

Figure 7.3 shows that all data points include, within their error limits, the 

nominal CO concentration of 7%. The errors represent 2 , where   is the 

standard deviation of the root-mean-square of the short-term and long-term 

types of noise (which was assessed of 1.8%). The data indicate that there is 

neither any evidence of any systematic error in the methodology developed, 

nor any temperature dependence. This vouches for a good assessment of CO 

in hot humid media under fluctuating temperature conditions using the 

single-reference-spectral-fitting methodology in combination with the dual-

species-fitting technique by addressing the R14 line. 

A similar investigation regarding the influence of a changing 

concentration of H2O was performed. It was showed in paper I that the 

developed methodology manages to compensate for this correctly and 

thereby retrieve the correct CO concentration from measurements also 

under such condition. 
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7.2 Development of a Methodology for Assessment of the 
Temperature of Humid Gas by TDLAS in the C-band 
Addressing Transitions in H2O (paper II) 

In order to correctly assess species concentrations and reaction rates in hot 

media, and for purposes of real-time regulation and process control, it is of 

importance to be able to assess the temperature on an on-line basis. As was 

described above, the two-line thermometry technique has been worked out 

in detail for a variety of applications, and can be applied either to species 

that exist naturally in the gas or those that are specifically added (as often is 

the case for atomic species). It is clearly an advantage if the formed 

technique can be used. In such a case and, for best performance, the 

temperature assessment should be performed on a species that exist in fairly 

unaltered concentrations. Water is often such a species. Simultaneous 

measurements of H2O and various other constituents have therefore been 

done by the TDLAS technique. However, at elevated temperatures the 

absorption spectrum of water is dense, making it difficult to find two closely 

lying, well separated, suitable lines for thermometry using TDLAS. This is 

particularly the case in the C-band, in which it is possible to find both sturdy 

DFB lasers that can provide unattended operation for time-periods of years 

and overtone transitions in a number of species of interest. This makes it 

non-trivial to perform an on-line assessment of temperature on water by 

such lasers. However, paper II presents a slightly different alternative, 

namely a methodology in which two groups of lines have been addressed. It 

is shown that the temperature can be assessed with a standard deviation of 

less than 0.3% in the 700-1000 °C interval. 

Figure 7.4 shows some examples of the use of the two groups of lines 

targeted. The solid curves in the upper panel in each group of panels shows 

the measured 2f-wm-signal of the selected groups of lines (in the 6390.23 - 

63911.57 cm-1 wavelength range) from an atmospheric-pressure H2O/N2 

mixture with a relative concentrations of water of 40% for four different 

temperatures (200, 400, 600, and 800 °C, respectively). The 2f-wm-

response from a Lorentzian lineshape function was fitted to each group of 

lines by using Eq. (4.5). The dashed curves show these fits. In many cases, 

the fits agree with the measured curves amazingly well (within the thickness 

of the curve), whereby they provide a good representation of the actual 

measured 2f-wm-signals. The residuals are displayed by the second curve in 

each panel. 
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Figure 7.4. The solid curves in each upper panel in each group of panels show 

typical 2f-wm-signal from scans over the selected two groups of lines in the 

wavelength range 6390.23 - 6391.57 cm-1 from an atmospheric pressure 

mixture of H2O/N2 with a relative concentration of H2O of 40% for different 

temperatures; 200, 400, 600, and 800°C, respectively. The fits are showed 

with dashed curves, while the residuals are displayed in the lower panel in each 

group (paper II). 

The peak values of the fits to 2f-wm-signals from the two groups of lines 

from an atmospheric-pressure H2O/N2 gas mixture with 40% water are 

presented in Figure 7.5 by the individual markers as a function of 

temperature (for a modulation amplitude of 0.103 cm-1). Fits of the 

temperature dependence of the line strength of a pair of individual 

transition, given by Eq. (4.3), are shown by the dashed curves. It can be seen 

that each group of lines has a temperature dependence that is qualitatively 

similar to that of a single line, which for low T increases with temperature 

and has a maximum for a given higher temperature. The figure also shows 

that the two groups of lines indeed have dissimilar temperature 

dependences. This vouches for a possibility to use their ratio for temperature 

assessments. The ratio of the peak-values of the fitted 2f-wm-function was 

therefore constructed. 
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Figure 7.5. The peak value of the fits to the 2f-wm-signals from the two groups 

of lines as a function of temperature from an atmospheric - pressure H2O/N2 

gas mixture with 40% water and modulation amplitude of 0.103 cm-1. The 

relatively large error bars originate from fluctuations in the water 

concentration. The dashed curves represent fits of the line strength (paper II). 

Panel (a) in Figure 7 6 shows the ratio of the peak values of the fitted 2f-

wm-functions to the two groups of H2O lines from an atmospheric-pressure 

H2O/N2 gas mixture with 40% water as a function of temperature for three 

different modulation amplitudes ( a  0.090, 0.103 and 0.118 cm-1, 

represented by solid circles, squares, and triangles, respectively). The solid 

curves are the corresponding fits of third order polynomials. The figure 

shows that the ratio increases monotonically with temperature, in agreement 

with the indication of the measurements, and that the fits describe all 

individual data point well. This implies that the measured ratios and their 

temperature dependence were found to be qualitatively similar to those of 

the simulations. 

Panel (b) shows by the solid markers (left axis) and open markers (right 

axis) the corresponding absolute and relative sensitivities, respectively. The 

absolute sensitivity is, under most condition, in the 2.5×10-3 - 4×10-3 °C-1 

range over the temperature investigated. This implies that an assessment of 

the temperature with an accuracy of 3 °C requires an assessment of the ratio 

with an accuracy of ~1%. The relative sensitivity ranges over an order of 

magnitude with the highest ratios for the lowest temperature, in reasonable 

agreement with predictions from simulation. All this demonstrates that the 

developed methodology for temperature assessment in hot humid media by 

a DFB-laser working in the C-band works well. 
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Figure 7.6 (a). The ratio of the peak values of fitted 2f-wm-functions to the two 

groups of lines from an atmospheric-pressure H2O/N2 gas mixture with 40% 

water as a function of temperature for three different modulation amplitudes 

of 0.090, 0.103 and 0.118cm-1, represented by solid circles, squares, and 

triangles, respectively. Figure 7.6 (b). The corresponding absolute and relative 

sensitivities plotted with solid and open markers and referring to the left and 

right axes, respectively (paper II). 

7.3 Detection of NO Addressing its Strong Electronic 
Transitions by Diode-Laser-Based UV Laser 
Instrumentation (paper III) 

Nitric oxide (NO) is a reactive and an environmentally hazardous species 

that give rise to direct health effects, contributes to ground-level ozone, and 

causes acid rain. It is therefore of importance to minimize its formation as 

well as presence in our society. It is non-trivial to detect NO by ordinary 

DFB-laser-based TDLAS, partly due to overtone transitions in regions in 

which DFB-lasers are not directly available, and partly due to strong overlaps 

of those transitions with water. A recently popular alternative is to detect NO 

on its fundamental vibrational band at around 5.2 µm, since the integrated 

line strengths for those transitions are 2-3 orders of magnitude larger than 

those at the overtone transitions. As an alternative we have investigated 

whether it is possible to address the electronic transitions in the UV-range, 

since these have almost yet another 2 orders of magnitude larger line 

strength. With access to a fully-diode-laser based laser system producing 

mW powers of light in the UV region, such investigations have been 

performed (paper III). 

To assess the sensitivity of the technique for detection of NO on the 

targeted combined Q22(21/2) and QR12(21/2) transition using the 

instrumentation described in the previous chapter, absorption signals were 

recorded for a set of pressure (ranging from 0.5 to 650 Torr) of 100 ppm of 

NO in a gas mixture with N2 at room temperature. Some of the results of 

such a study is illustrated in Figure 7.7. Panel (a) displays the normalized 
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net-analytical spectra from a set of such measurement, whereas panel (b) 

shows the corresponding integrated absorption. As can be seen from panel 

(a), the absorption line broadens substantially by collision broadening as the 

pressure is increased. Panel (b) shows, however, that the integrated 

absorption is essentially linear with the pressure, in agreement with 

predictions. 

 

Figure 7 7. Panel (a) Normalized net-analytical spectra for a set of total 

pressures of the 100 ppm of NO/N2 gas mixture. The various curves represent 

total pressures of 0.5, 1.1, 2.1, 4.2, 16.1, 64.2, 100, 128, 148, 200, 256, 298, 349, 

400, 448, 497, 554, and 650 Torr, respectively. Panel (b) shows by the 

individual markers, the integrated absorption calculated from the set of 

measurements data displayed in panel (a). 

Using a definition of limit of detection as the concentration (or pressure) 

that gives rise to a signal whose magnitude is 3 times the standard deviation 

of the noise from empty cell measurements showed that NO could be 

detected down to 20 μTorr, which corresponds to 3 ppb∙m under low 

pressure conditions. 

By fits of Voigt profiles to data such as that displayed in panel (a) the 

collision broadening and the collision shift of the transitions addressed could 

be assessed. The result of such an analysis is shown in Figure 7.8. From the 

plot it can be seen that the collision width is linear with pressure, which is in 

agreement with expectations. The slopes of the curves, which correspond to 

the collision-broadening and the shift coefficients by this particular 

transition of NO by N2 at room temperature, were found to be 0.581 and -

0.174 cm-1/atm, respectively. As is discussed in paper III, this is in good 

agreement with previous assessments of similar transitions. 
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Figure.7.8. The collision broadening and the collision shift of the targeted 

Q22(21/2) and QR12(21/2) transitions in NO as a function of total pressure, 

corresponding to the left and right axes, respectively (paper III). 

7.4 FAMOS of NO Addressing its Electronic Transitions (paper 
VI) 

As was alluded to above, FAMOS is a technique for detection of 

paramagnetic molecules in general and NO in particular. This technique 

takes advantage of the fact that a transition in a paramagnetic molecule can 

alter the polarization state of incident linearly polarized light in the presence 

of a magnetic field. The field breaks the magnetic degeneracy of the states, 

which gives rise to a splitting of the levels, as well as the transition. As the 

frequency of the light is scanned across the transition, RHCP and LHCP light 

experience dissimilar refractive indices (referred to as circular 

birefringence), which in turn lead to dissimilar phase shifts and rotation of 

the polarization plane of a linearly polarized beam (referred to as the 

Faraday effect). By placing the sample between nearly crossed polarizers, the 

rotation is detected as an alteration of the power. By employing a modulated 

magnetic field and detecting the signal at the modulation frequency, laser 

amplitude noise and background signal from spectrally interfering 

diamagnetic compounds or etalons can be largely suppressed; the 

detectability of FAMOS can supersede that of ordinary DAS by at lease 2-3 

orders of magnitude. The technique has proven to be very useful for 

detection of NO on its fundamental vibration band in the mid-IR region, 

where one particular transition, Q3/2(3/2), has been identified as the most 

sensitive. Even transportable systems with low or even sub-ppbv 
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detectability have been developed. All this suggests that also FAMOS 

addressing the strong transitions in the electronic band should be an 

attractive method for detection of NO. 

To assess the FAMOS technique for detection of NO addressing electronic 

transitions the fully diode-laser-based UV laser was used to target the 

overlapping Q22(21/2) and QR12(21/2) lines using the experimental setup 

described in the previous chapter. Figure 7.9 shows FAMOS signals taken 

under different pressure conditions as a function of detuning frequency. The 

solid curve in each upper panel presents experimental data resulting from an 

average of 10 scan under various pressure condition (4.2, 20, 40, 60, 90 and 

150 Torr, respectively) of 100 ppm of NO, thus corresponding to partial 

pressure of NO between 420 µTorr and 15 mTorr. Each curve represents the 

average over 10 spectra. The dashed curves in each panel corresponds to a fit 

made by the two-transition model, using Eq. (5.39). The lower part of each 

panel displays the residual.  

 

Fig 7.9. FAMOS signals from 10 ppm∙m of NO at pressure 4.2 (a), 20 (b), 40 

(c), 60 (d) 90 (e) and 150 (f) Torr. The experimental data are shown by solid 

curves, the dashed curves are fits and the residuals are displayed below each 

panel (paper VI). 

There is a fairly good (although not perfect) agreement between the 

various spectra and the fits. The rms of the residual is around 3% for the 

lowest pressures but consistently around 1 - 1.5% for the higher pressures. 

The discrepancies are assumed to originate primarily from the neglect of 

Dicke narrowing or speed-dependent effects, but they could also be caused 

by spatial inhomogeneities of the magnetic field in the interaction volume (in 
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the axial as well as radial direction), a non-complete overlap between the two 

transition addressed, or simplifications in the model of the FAMOS signal. 

The peak value of the FAMOS signal as a function of total pressure, 

evaluated from simulations and measurements with a given magnetic field 

amplitude (130 G) is shown by individual markers in Figure 7.10. The figure 

shows that the FAMOS signal increases with pressure up to maximum at 

around 130 Torr, after which it decreases. Although the two curves differ by 

their initial slope and their curvature (with the experimental one displaying a 

slower increase with pressure), the general trends of the two curves are the 

same. This general agreement verifies the validity of the pressure 

dependence of the three-level model for the transitions addressed. 

 

Figure 7.10. Square markers, right axis: The peak values of the FAMOS signal 

as a function of the total pressure, for a magnetic field amplitude of 130 G. 

Circular markers, left axis: Simulations built on the three-state model (paper 

VI). 

Nitric oxide (NO) could be detected down to a partial pressure of 13 μTorr, 

roughly corresponding to 10 ppb∙m, for an atmospheric pressure sample, 

which demonstrates the feasibility of FAMOS for sensitive detection of NO 

addressing its strong electronic band. 
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8 Future Activities in the Field – 
Education and Research 

The experiences gained in this PhD programme, in particular the 

development of instrumentation for sensitive and selective detection of atom 

and molecules, the use of various detection techniques, and the improved 

understanding of the basics of the underlying physical principles of these 

techniques, makes it possible to both enhance the field of teaching and 

education as well as perform simple experiments/research activities at my 

home university. In particular, it will be possible to initiate an educational 

programme within the field of laser-based techniques.  

Examples of demonstrations or laboratory assignments that can be 

pursued range from properties of diode lasers (their mode of operation, the 

tunability, etc) to spectroscopic demonstrations (detection of molecular 

constituents in gas phase, e.g. CO, CO2, C2H2, HCN, H2O). Access to a 

furnace and a flow cell, experiments and demonstrations of the pressure and 

temperature dependence of spectra, both by DAS and TDLAS using WMS, 

can be performed (similar to the study illustrated in paper II). Of special 

importance is the appearance of hot bands in molecular spectra at high 

temperature, and their role for spectroscopic interferences (as was illustrated 

by paper I).  

These basic activities can then be expanded to various types of 

applications, for example detection of CO2 in breath. A typical TDLAS scan 

over a suitable transition in CO2 from exhaled breath of a human individual 

(the author of this thesis) containing a few percent of CO2 is displayed in Fig. 

8.1 panel (a). As can be seen, the TDLAS technique can clearly assess the 

presence of CO2 in breath. Panel (b) displays the pressure dependence of the 

signal, which is in agreement with expectations; the increase in signal for the 

lowest pressures originates from the increase in the density of analyte 

molecules whereas the decrease at higher pressure originates from the 

collisional broadening, which makes the detection under-modulated. 
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Figure 8.1. Panel (a): A scan over the 6361.16 cm-1 transition in CO2 from the 

breath of a human individual. Panel (b): The pressure dependence of the peak 

value of the TDLAS signal. 

Since the DFB-lasers primarily work in the NIR range, where most 

molecules only have overtone transitions with limited line strength, the 

technique cannot be directly applied to all types of investigations. However, 

in order to improve on the sensitivity of the TDLAS technique, it can be 

combined with a multi-pass cell. Such a cell, with an effective integration 

length of 30 m, thus increasing the typical interaction length by around a 

couple of orders of magnitude, has been acquired and will be incorporated to 

the TDLAS instrumentation at my home university. This provides 

possibilities to include the principles of multi pass cells in the course 

curriculum as well as to open up for other types of applications, e.g. the 

presence of CO in the breath of smokers.  

The use of lasers, which are excellent tools for a variety of non-invasive 

measurement techniques, opens also up for other types of demonstrations 

and laboratory assignments suitable for students at my home university. 

Examples of such laboratory practice or assignments consist of 

characterizations of the vibrational movement of tuning forks and 

assessments of the thermal expansion of metals (e.g. in the form of rods) by 

either triangulation or interferometric techniques and to use this 

information to determine what material the rods are made of. Other 

examples are the assessment of the index of refraction of gases by 

interferometric technique or the construction of a (coherent) laser radar for 

detection of distance and velocities. 
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9 Summary, Conclusions, and Outlook 

There are a number of more or less established absorption spectrometry 

techniques suitable for quantitative assessment of molecules in gas phase. 

Two of the most common ones are laser-based DAS and WMAS, which have 

dissimilar complexity but also dissimilar detectability. Whereas the simplest 

one, DAS is capable of detecting species down to fractional absorptions 

(∆I/I) of 10-3, limited by 1/f-noise from the laser and the optical system, 

WMS can reach sensitivity down to 10-5 or 10-6, which corresponds to the 

presence of species in concentrations down to ppm∙m concentration 

(strongly dependent on the type of species and its transitions), often limited 

by multiple reflections in the optical system, so called etalons, through which 

both low frequency 1/f-noise from the optical system and laser couple. When 

these techniques are based upon tunable diode lasers, and often 

telecommunication DFB-lasers, they are referred to as TDLAS. Due to the 

development of DFB-diode lasers, TDLAS has been developed to a technique 

that can be used for surveillance and industrial process control applications 

with years of unattended operation. However, a drawback with this 

technique is that it relies mainly on DFB-lasers that primarily are developed 

for telecommunication whereby they can only interact with molecules or 

fairly weak overtone transitions. This restricts the use of this technique to 

applications in which moderate sensitivities are sufficient, i.e. often 

concentrations in the ppm region. It sometimes also suffers from spectral 

interferences from major combustion species, e.g. H2O and CO2, that can 

exist in significant concentrations, since these have numerous transitions in 

the telecommunication band, in particular at elevated temperatures. 

The FAMOS technique is an alternative technique, built on dispersion, 

that can be used for detection of paramagnetic molecules such as NO and 

NO2. It shows a sensitivity that is 2 - 3 orders of magnitude larger than that 

of DAS and often even superseding the sensitivity of the more commonly 

used WMAS technique. Detection limit of NO in the low ppb range have been 

obtained. This technique has the advantage that it is insensitive to both 

etalons and spectral interferences (i.e. most) species, e.g. H2O and CO2. 

For some applications, however, there is a demand for even more 

accurate, sensitive and selective detection of gases or for simpler techniques 

with the same high detectability. This thesis has been devoted to further 

development of both conventional and new laser based spectroscopic 
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techniques, of both TDLAS and FAMOS, for selective and sensitive detection 

of gaseous species and temperature assessment. 

A methodology for assessment of CO in hot humid media (around 1000 °C 

and tens of percent of water) by the TDLAS technique using a 

telecommunication DFB laser has been developed. Since both H2O and CO2 

have a large density of transitions in the range in which CO has accessible 

transitions, and in particular at elevated temperatures, detection of CO in 

such media is far from trivial. Moreover, since the R-band in CO is stronger 

than the P-band under evaluated temperatures, and since CO2 has 

significantly stronger transitions in the wavelength range of the latter than in 

the former, the investigation was restricted to the former, and in particular 

the part of the R-band that yields the strongest signal, in the 1.559 - 1.565 µm 

range (corresponding to the 6390 - 5415 cm-1). The most suitable line in this 

region for detection of CO in hot humid media was identified. It was found 

that the R14 line at 6395.4 cm-1 does not have direct overlap with any strong 

water line and appears in a spectral region in which the structure of the 

water spectrum only has a weak dependence on temperature and water 

concentration. Using a dual-species fitting technique that incorporates 

fitting of both a previously measured water background reference spectrum 

and a 2f-wm-lineshape function, it is shown that percent concentrations of 

CO can be assessed with good accuracy in media with (T≤1000 ◦C) and water 

concentration (cH2O≤40%). 

Water vapor is a ubiquitous hydrocarbon combustion product that 

appears in virtually all combustive situations. At high temperatures, a large 

number of water lines appear and the spectrum become denser, sometime 

even so dense so the lines tend to overlap. This has so far precluded the use 

of water lines for assessing the temperatures in combustion situation using 

standard telecommunication lasers in the C-band (around 1.56 µm). A 

technique for assessment the temperature of a hot humid gas by addressing 

the water vapor using the TDLAS technique has been described. In contrast 

to virtually all laser-based spectrometric techniques, the technique 

developed does not utilize two individual lines. Instead, due to the high 

density of water lines in this wavelength region at elevated temperatures, the 

methodology makes use of two groups of lines. The two groups of lines used 

have been found to have favorable properties for accurate temperature 

assessment in the 200 - 1000 °C range, primarily a separation that is within a 

single DFB laser (less than 1 cm-1), adequate line strength, and good 

temperature dependence. It was demonstrated that the temperature could be 

assessed with as accuracy below 0.3%. 
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As a means to developed new laser based techniques, detection of nitric 

oxide (NO) at one of its strongest electronic transitions has been investigated 

by using of a direct absorption spectroscopic technique. These transitions 

have almost two order of magnitude larger integrated line strengths as 

compared to transitions in the fundamental ro-vib band. A simple 

differential mode of detection and mW powers of diode laser based UV light 

(produced by frequency quadrupled diode laser light) was used. It was 

shown that the system is capable of detecting NO down to low μTorr 

pressure concentrations under room temperature, low-pressure (Doppler 

broadened) conditions. 

FAMOS is a spectroscopic technique based on modulated magnetic 

rotation spectrometry that can provide sensitive detection of paramagnetic 

molecules in general, and NO in particular. The technique often shows a 

sensitive that is significantly larger than that of DAS and often even 

superseding the sensitivity of the more commonly used WMS technique 

which frequently is used for TDLAS [17, 20-24]. Although it has previously 

been used for detection of primarily NO, its theoretical description had not 

been fully worked out in the literature. In one of the paper presented in this 

thesis is (paper IV), it is shown that it is possible to express the FAMOS 

signal in term of both integrated line strength of the targeted transition and 

the even component of the 1st Fourier coefficients of a magnetic field 

modulated dispersive lineshape function, which greatly simplifies the 

description of the technique and opens up the possibility of rapid fits to the 

measurements since cumbersome numerical solutions of integrals largely 

can be avoided. Explicit expressions incorporating the integral line strength 

of the transition for the most commonly used ro-vib Q-transitions have been 

developed. In addition, a new theoretical model has been developed for the 

case of strong electronic transition in NO. The model is based on a simple 

but effective approximation that allows for a reduction of the number of 

transitions needed for an accurate description of FAMOS addressing 

electronic transitions (paper V). The first experimental demonstrations of 

UV-FAMOS for detection of NO have been presented (paper VI). Although 

the range of parameters that could be addressed by this particular 

experimental setup did not include the optical conditions, they showed that 

the novel two-transition model predict spectra and pressure-dependences 

that show reasonably good agreement with the experimental spectra, which 

in turn supports the prediction made by the model regarding optimum 

conditions (i.e. pressure and magnetic field). Although the instrumentation 

only allowed measurements for under-modulated conditions, i.e. for low 
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magnetic fields, it can be predicted that the optimum magnetic field strength 

is one order of magnitude larger than for the ro-vib transition in NO. Hence, 

it might be possible to achieve a significant improvement of the present 

detection limit of ten ppb∙m, which demonstrates the feasibility of the 

technique. 

It is clear that laser based spectroscopic techniques in general, and those 

based upon absorption or dispersion in particular, have a great potential for 

sensitive, selective, and accurate assessment of molecular constituents under 

a variety of conditions. However, although these types of techniques are 

applicable to a number of applications, they are still not fully applicable to all 

kinds of applications. Therefore, new techniques need to be developed. The 

work presented in this thesis constitutes a small step towards the ongoing 

further development of existing techniques or development of new 

techniques, thereby broadening their application areas. 
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10 Summary of the Papers 

Paper I 

Methodology for Detection of Carbon Monoxide in Hot, Humid 

Media by Telecommunication DFB Laser-Based TDLAS 

L. Lathdavong, J. Shao, P. Kluczynski, S. Lundqvist and O. Axner 

Appl. Optics, 50, 1-20 (2011) 

This paper deals with the development of a methodology for detection of 

carbon monoxide (CO) in hot, humid media by the use of TDLAS based upon 

a telecommunication DFB laser working in the C-band. The use of such a 

laser makes the technique sturdy and robust, and thereby potentially useful 

for practical or industrial applications. Telecommunication lasers can 

address the ν"=0 to ν′=3 overtone band in CO, whose P and R branches 

appear in the 6250 - 6350 and 6350 – 6420 cm-1 regions, respectively. At 

elevated temperatures, these wavelengths ranges have significant overlaps 

with the spectra of both CO2 and H2O. Detection of CO in hot, humid media 

by the use of DFB-laser-based TDLAS is therefore not trivial.  

A detailed analysis of the spectral interferences of H2O and CO2 on the 

detection of CO at elevated temperatures was performed. One particular 

transition was identified as the ―most suitable‖. By addressing the R14 line at 

6395.4 cm-1, and by using a dual-species fitting technique that incorporates 

the fitting of both a previously measured water spectrum and a 2f-

wavelength modulated lineshape function, it is demonstrated that percent-

levels of CO can be detected in media with tens of percent of water (up to 

40% was investigated) at temperatures up to 1000 °C with an accuracy of a 

few percent. Most importantly, it is shown that it suffices to utilize a single 

stored reference water spectrum (which is fitted to, and thereafter subtracted 

from, a combined spectrum of CO and H2O) for retrieval of the CO response 

from a hot combustive gas, irrespective of the temperature and the 

concentration of water. This methodology opens up for a simpler and 

automated assessment of CO in hot humid media. 

I participated in the construction of the setup, I was responsible for and 

performed the measurements, I participated in the theoretical discussions 

and the analysis of the data, and I contributed to the preparation of the 

manuscript. 
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Paper II 

Methodology for Temperature Measurements in Water Vapor 

Using Wavelength-Modulation Tunable Diode Laser Absorption 

Spectrometry in the Telecom C-Band 

J. Shao, L. Lathdavong, P. Kluczynski, S. Lundqvist, and O. Axner 

Appl. Phys. B, 97, 727 - 748 (2009) 

This paper is concerned with the development of a DFB-laser based TDLAS 

system for measurements of temperature in water vapor in the 

telecommunication C-band (at ~1.56 µm). The technique uses a standard 

telecommunication DFB diode laser and wavelength modulation 

spectrometry. Due to the high density of water lines in this wavelength 

region at elevated temperature the methodology does not make of two 

individual lines, but rather two groups of lines. The two groups identified 

were found to have favorable properties for accurate temperature 

assessment in the 200 - 1000 °C range, primarily a separation that is within a 

single DFB laser scan (i.e. within 1 cm-1), adequate line strengths, and 

sufficient difference in temperature dependence. It is demonstrated that the 

ratio of the peak values of the 2f-wm-signal, R , increases monotonically 

with temperature, T, with a relative sensitivity, ( / ) / ( / )R R T T  , above or 

around unity for most of the pertinent temperature range (200 – 1000 ◦C). 

The standard deviation of the temperature assessment was found to be < 

0.3% for an integration time of 1 s. It is also shown that the temperature 

assessment has virtually no dependence on water concentration but a weak 

dependence on modulation amplitude.  

In this paper I participated in the construction of the setup and all 

experiments (performed jointly with J. Shao), I participated in the 

discussion concerning the theoretical basis of the methodology, I took part in 

some of the data analysis, and I contributed to the preparation of the 

manuscript. 
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Paper III 

Detection of Nitric Oxide at Low ppb·m Concentrations by 

Differential Absorption Spectrometry Using a Fully Diode - Laser-

Based Ultraviolet Laser System 

J. Shao, L. Lathdavong, P. Thavixay, and O. Axner 

J. Opt. Soc. Am. B, 24, 2294 - 2306 (2007) 

This paper presents instrumentation for detection of nitric oxide (NO) by 

absorption spectrometry (AS) in the ppb range on its electronic 
2 2( 0) ( 0)X A        transition. The system has been constructed 

around a fully-diode-laser-based laser system producing mW powers of 

ultraviolet light at ~227 nm and its analytical performance has been 

evaluated. It is shown that by using direct AS (DAS) under low-pressure 

(Doppler broadened) conditions together with a simple differential mode of 

detection (using a pair of detectors and a simple signal subtraction 

procedure), and by targeting the combined Q22(10.5) and QR12(10.5) 

transitions in NO, the system is capable of detecting NO down to 3 ppb·m 

under low pressure conditions (at S/N = 3 for a signal averaging of 5 s). The 

combined line strength of the targeted lines was assessed to 3.1 × 10-18 cm-

1/(molecule cm-2), which supersedes typical line strengths of the 

fundamental vibrational band and the first and second overtone bands of NO 

by ~2, ~3, and ~5 orders of magnitude, respectively. This illustrates the 

enormous potential of the UV-AS technique for sensitive detection of NO. 

The data allowed for an assessment of the collision broadening and shift of 

the targeted lines in NO by N2. These were assessed to 0.581 and -0.147 cm-

1/atm, respectively, which are in good agreement with previous assessments 

of similar lines.  

My contributions to this paper were as follows: I constructed a major part 

of the experimental setup, and I participated in all the experiments (which 

were made jointly with J. Shao), the discussion of the theoretical basis of the 

technique, and the analysis of the results. I also contributed to the 

preparation of the manuscript. 
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Paper IV 

Quantitative Description of Faraday Modulation Spectrometry in 

Terms of the Integrated Linestrength and 1st Fourier Coefficients 

of the Modulated Lineshape Function 

J. Westberg, L. Lathdavong, C. Dion, J. Shao, P. Kluczynski, S. Lundqvist, 

and O. Axner 

J. Quant. Spectrosc. Radiat. Tr., 111, 2415 - 2433 (2010) 

The paper provides a quantitative description of the strength and shape of 

the FAMOS technique. It is first demonstrated that the FAMOS signal can be 

expressed in terms of the integrated line strength of the targeted transition, 

S, which is the common entity to quantify line strengths in the NIR and MIR 

regions. Secondly, since the technique relies on a periodic modulation of the 

transition frequency induced by an alternating magnetic field, it is explicitly 

shown that it is possible to express the FAMOS signal concisely in terms of 

1st Fourier coefficients of a magnetic-field-modulated dispersive lineshape 

function for left- and right-handed circularly polarized light. Expressions for 

the FAMOS signal in terms of the integrated line strength and such Fourier 

coefficients are separately given for three cases:  

(i) for transitions between two arbitrary types of states;  

(ii) for transitions between two states that both belong to Hund’s 

coupling case (a), as is the case for general rotational-vibrational 

transitions of NO; and finally  

(iii) for the commonly used rotational-vibrational Q-transitions 

between such states.  

It is also shown that the FAMOS signal from a rotational-vibrational Q-

transition can be expressed concisely in terms of solely one 1st Fourier 

coefficient. A general analysis of FAMOS addressing an arbitrary Q-

transition as well as the most sensitive 3/2(3 / 2)Q  transition in NO is given. 

The pressure and magnetic field dependences of the FAMOS signal for 

various conditions are given and the conditions for maximum signal are 

identified. The work also opens up for description of FAMOS addressing 

other types of transitions, i.e. the electronic transitions in NO, which takes 

place between two states that couple by dissimilar coupling cases. 

In this paper, I participated in the development of the theory, I performed 

some of the simulations, and I participated in the discussions. 
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Paper V 

Faraday Modulation Spectrometry of Nitric Oxide Addressing its 

Electronic 
2 2X A    Band: I. Theory 

L. Lathdavong, J. Westberg, J. Shao, C. Dion, P. Kluczynski, S. Lundqvist, 

and O. Axner 

Appl. Optics, 49, 5597 - 5613 (2010) 

A simple three-level/two-transition model of Faraday Modulation 

Spectrometry (FAMOS) addressing the electronic 
2 ( 0)X       

2 ( 0)A      band in nitric oxide (NO) is developed. The model is given in 

terms of the integrated line strength, S, and 1st Fourier coefficients for the 

magnetic-field-modulated dispersive lineshape function. Although the two 

electronic states respond differently to the magnetic field (they adhere to 

dissimilar Hund’s coupling cases), it is shown that the technique shares 

many properties with FAMOS when rotational vibrational Q-transitions are 

targeted; the lineshapes have a similar form and the signal strength has the 

same type of magnetic field and pressure dependence. Using the model 

developed, simulations were performed in order to assess the pressure and 

magnetic field dependence of the FAMOS signals on the quantitative basis 

under various conditions. Differences as compared to when Q-transitions are 

addressed are that the maximum signal appears for larger magnetic field 

amplitudes and pressures, ~1500 G and ~200 Torr, respectively. 

In this paper, I participated in and contributed to the discussions about, 

and the development of, the theory, I performed some of the simulations, 

and I took part in the preparation of the manuscript.  
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Paper VI 

Faraday Modulation Spectrometry of Nitric Oxide Addressing its 

Electronic 
2 2X A    Band: II. Experiment 

J. Shao, L. Lathdavong, J. Westberg, C. Dion, P. Kluczynski, S. Lundqvist, 

and O. Axner 

Appl. Optics, 49, 5614 - 5625 (2010) 

This paper presents a first demonstration of FAMOS of nitric oxide (NO) 

addressing its strong electronic 2 2( 0) ( 0)X A        band. The 

instrumentation was constructed around a fully-diode-laser-based laser 

system producing mW powers of ultraviolet light targeting the overlapping 

 22 21 / 2Q  and  21/ 2Q
12R  transitions at ~226.6 nm. The work verifies 

the new two-transition model of FAMOS addressing the electronic 

transitions in NO given in paper V. Although the experimental 

instrumentation could not address all the parameter space of the theory, the 

lineshapes, the pressure dependence, and the dependence on magnetic field 

could be verified under low-field conditions. NO could be detected down to a 

partial pressure of 13 µTorr, which demonstrates the feasibility of FAMOS 

for sensitive detection of NO addressing its strong electronic band. This work 

finally demonstrates that FAMOS addressing electronic transitions, 

performed with optimized instrumentation, primarily the optimum magnetic 

modulation amplitude, truly has the potential of detecting NO at low (or sub-

) ppb∙m concentrations, which demonstrates the feasibility of the technique.  

My contributions to this paper were the following: I took part in the 

construction of the experimental set up and I performed all measurements 

(jointly with J. Shao), I performed a major part of the analysis of the data 

and I contributed to the preparation of the manuscript. 
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