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RESUME EN FRANCAIS

L’invention du peigne de fréquences optiques (OFC) a la fin des années 1990 a par-
tir de lasers femtosecondes a modes bloqués a révolutionné le domaine de la métrologie
de précision temps-fréquence, en fournissant un moyen direct de relier les fréquences op-
tiques et micro-ondes. Avant I'avenement de ces lasers, des chaines de multiplication de
fréquence massives, partant de la seconde du Systéme International d'unités (SI) définie
par les horloges atomiques & micro-ondes '33Cs, étaient nécessaires pour combler le fossé
vers les fréquences optiques, en utilisant une série d’oscillateurs a verrouillage de phase
(HOLLBERG et al., 2005 ; DIDDAMS et al., 2020). Les peignes de fréquences ont remplacé
ces systemes encombrants et complexes par un seul laser femtoseconde a modes bloqués.
Ces lasers peuvent synthétiser 10°-10° modes optiques également espacés en fréquence, et
avec une stabilité de 1 sur 10'8. Ils permettent une conversion directe de fréquences micro-
ondes a optiques et d’optiques a micro-ondes, ainsi qu’'une mesure précise de la fréquence.
Cela a ouvert la voie a la comparaison des horloges atomiques, a la mesure de transitions
optiques (UDEM et al., 1999a), aux différences de fréquences optiques entre des lasers
(UDEM et al., 1999b, REICHERT et al., 1999 DIDDAMS et al., 2000a), de fréquences op-
tiques (absolues) de lasers (DIDDAMS et al., 2000b) ainsi que la premiére horloge atomique
entierement optique (DIDDAMS et al., 2001) avec une stabilité a long terme meilleure que
les horloges atomiques définissant les standards SI (UDEM et al., 2002). Dans les années
qui ont suivi, plusieurs autres démonstrations ont eu lieu : la stabilisation complete d'un
peigne de fréquence (JONES et al., 2000), une horloge moléculaire optique (YE et al.,
2001), le test de constantes fondamentales (BIZE et al., 2003) et la synthese optique de
précision d'un signal micro-onde (DIDDAMS et al., 2003). La moitié du prix Nobel de
physique 2005 a été attribuée a Ted Hénsch et John Hall pour leur contribution a la mé-
trologie des fréquences optiques et I'invention des peignes de fréquence optiques (HALL,
2006, HANSCH, 2006).

Les applications des peignes de fréquence se sont rapidement étendues au-dela de leur

champ d’application initial, a savoir la métrologie de précision. Une liste non exhaustive
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contient : 1'étalonnage précis des spectrographes astronomiques (MURPHY et al., 2007),
la génération d’impulsions XUV et attosecondes (KELLER, 2003, BALTUSKA et al., 2003),
la spectroscopie moléculaire de précision (SUGIYAMA et al., 2023) et la détection de gaz
a I'état de traces (ALDEN et al., 2017), la microscopie cohérente (POTMA et al., 2002) et
la télémétrie précise (MINOSHIMA & MATSUMOTO, 2000). En particulier, le développe-
ment de sources fiables émettant dans I'infrarouges moyen a permis d’atteindre une haute

sensibilité de détection pour les applications de chimie physique (WEICHMAN et al., 2019).

La spectroscopie par peigne de fréquences offre la possibilité d’une large couverture
spectrale, d’une résolution temporelle rapide et d’'une grande sensibilité. Cela a permis la
premiere détection simultanée et quantitative d’especes clés impliquées dans les réactions
chimiques, a savoir les réactifs, les especes transitoires et les produits (FLEISHER et al.,
2014 ; HOGHOOGHI et al., 2023). Cette capacité a ouvert la voie a la mesure des taux de
réaction et des rapports de branchement avec un biais minimal. Ces travaux ont été réa-
lisés soit a température ambiante, soit a haute température, mais aucun n’a encore réussi
a mesurer des taux de réaction précis aux températures pertinentes pour la chimie inter-
stellaire. L’objectif de cette these est le développement d’un instrument capable de relever
un tel défi. Cet instrument devrait étre capable de détecter de multiples especes, avec une
résolution temporelle de I'ordre de la microseconde, sensible a des densités moléculaires

aussi faibles que 10 molécules/cm!3.

L’idée générale de notre approche repose sur un spectrometre a transformée de Fourier
a absorption renforcée par cavité optique fonctionnant dans 'infrarouge moyen et sondant
un écoulement uniforme supersonique, comme illustré sur la figure 1. L’environnement
froid est obtenu via I’expansion supersonique de I’échantillon, ce qui permet d’obtenir des
températures effectives de quelques dizaines de kelvins, et sera finalement combiné avec
une technique de photolyse par laser pulsé. Les écoulements supersoniques sont le coeur du
Département de Physique Moléculaire de 'Institut de Physique de Rennes (IPR), histori-
quement pour la cinétique de réaction avec la technique CRESU (Cinétique de Réaction e
Eéoulement Supersonique Uniforme). Ils ont été largement utilisés avec les techniques de
fluorescence induite par laser, de spectrométrie de masse, de spectroscopie a micro-ondes
et de spectroscopie a cavité optique dans l'infrarouge proche (ROWE & CANOSA, 2022).
La nouveauté de ce projet doctoral est ’ajout de la spectroscopie d’absorption par peigne
de fréquences a la liste des techniques compatibles avec les environnements du CRESU.
Le défi a relever était double : 1) concevoir un spectrometre capable de résoudre la micro-

seconde sans réduire la couverture spectrale et 2) réaliser des mesures de spectroscopie
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Figure 1 : Schéma de I'instrument en cours de développement a I'TPR. Un laser excimere
est utilisé pour générer des radicaux par photolyse d'un gaz précurseur détendu dans un
écoulement supersonique uniforme. L’échantillon moléculaire est sondé transversalement
a la direction de I’écoulement par spectroscopie a cavité optique basée sur un peigne de
fréquences dans I'infrarouge moyen. La transmission de la cavité est analysée a I'aide d'un
spectrometre a transformée de Fourier résolu en temps.

de précision dans les conditions difficiles créées par les grands groupes de pompage né-
cessaires a la génération d’écoulements supersoniques. La premiere partie du défi nous a
amenés a concevoir une nouvelle technique spectroscopique, la spectroscopie par temps
de déclin de cavité par transformée de Fourier, reposant sur un spectrometre a trans-
formée de Fourier (FTS) résolu en temps. Pour cette premiere étape de développement,
nous sommes restés dans la gamme de télécommunications de I'infrarouge proche, ou les
dispositifs optoélectroniques sont facilement disponibles et comparativement moins chers

que leurs homologues de 'infrarouge moyen.

Dans le premier chapitre, nous détaillerons les bases des peignes de fréquence optiques
(OFC). Nous passerons rapidement en revue les différents types de sources de peignes
de fréquences, et nous présenterons les actionneurs et les schémas de contrdle pour sta-
biliser un peigne de fréquences optiques. Dans une deuxieme section, nous présenterons
la source peigne de fréquences utilisée tout au long de cette these. La troisieme section
sera consacrée a l’examen des différents spectrometres existants pour la spectroscopie par
peigne de fréquences. La quatrieme section se concentrera sur la spectroscopie a transfor-

mée de Fourier et I'impact de sa fontion d’instrument (ILS) sur les spectres d’absorption,
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ainsi que sur la méthode utilisée pour récupérer des spectres sans ILS avec une résolution
des modes du peigne. Cette section se terminera par la présentation du spectrometre a

transformée de Fourier a scan rapide utilisé tout au long de cette these.

Le deuxieme chapitre portera sur la spectroscopie d’absorption dans I'infrarouge par
cavité optique. La premiere section se concentrera sur la signature spectrale des molécules
dans l'infrarouge, l'origine de la forme des raies d’absorption, les mécanismes d’élargisse-
ment de ces raies en fonction des conditions de température et de pression et les différents
profils d’absorption nécessaires pour modéliser les spectres d’absorption moléculaires. La
deuxiéme section sera consacrée aux cavités Fabry-Perot, détaillant leurs modes spatiaux
et fréquentiels, leurs fonctions de transfert en transmission et en réflexion utilisées pour
modéliser les spectres d’absorption obtenus avec une cavité optique, ’accord des modes
spatiaux et fréquentiels nécessaire pour coupler un OFC a la cavité, la réponse transitoire
de la cavité et son application a la spectroscopie par temps de déclin de cavité (CRDS).
La derniere section de ce chapitre détaillera les schémas d’asservissement électroniques
nécessaires pour effectuer des mesures spectroscopiques précises d’absorption renforcée

par cavité optique a 'aide d'un peigne de fréquences.

Le troisiéme chapitre présentera la technique CRDS par transformée de Fourier (FT-
CRDS). La premiere section passera en revue ’état de l'art des techniques CRDS a large
bande. La deuxieme section entrera dans les détails de la premiere démonstration de la
technique FT-CRDS, couvrant le dispositif expérimental, I'acquisition et le traitement
des données, 'application a la mesure de I'air ambiant, la comparaison des performances
avec la spectroscopie d’absorption par cavité (CEAS) ainsi que les limites de la technique.
La troisiéme section présentera un dispositif FT-CRDS amélioré, développé conjointe-
ment avec Dominik Charczun et Piotr Mastowski de I'université de Torun en Pologne.
Ce dispositif a été appliqué a une mesure précise du CO dans ’argon. La section pré-
sentera les résultats ainsi que leur budget d’incertitudes, et une comparaison avec une
mesure précédente utilisant la CRDS. Le nouveau dispositif permet de décupler la sen-
sibilité grace a une modification de ’approche de stabilisation. Les résultats de ce cha-
pitre ont été publiés dans un article de démonstration de faisabilité dans Optics Express
(DuBrROEUCQ & RUTKOWSKI, 2022) et la deuxiéme installation a été publiée dans les
actes de CLEO/EQEC en 2023 (DUBROEUCQ et al., 2023a).

Le dernier chapitre portera sur le couplage des jets supersoniques avec la spectroscopie
en peigne renforcée par cavité optique. La premiere section présentera les principes de

base des jets supersoniques et passera en revue leurs applications en spectroscopie. La
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deuxieme section présentera le dispositif expérimental, en détaillant le couplage peigne-
cavité, les supports de miroir de cavité concus pour amortir les vibrations mécaniques
dues au groupe de pompage, le schéma de stabilisation du peigne et de la cavité ainsi que
I’appareil générants les jets supersoniques. La deuxieme section couvrera la spectroscopie
d’un jet supersonique d’acétylene dilué dans l'argon. Elle présentera le traitement des
données permettant d’obtenir le spectre final, le modeéle de transmission de la cavité
utilisé pour ajuster les données expérimentales, ’étalonnage de la réflectivité des miroirs
de la cavité avec la technique FT-CRDS et les conditions du jet obtenues. Les résultats
préliminaires ont été publiés dans les actes de CLEO/EQEC en 2023 (DUBROEUCQ et al.,
2023b).

En conclusion, nous avons a présent développé deux parties essentielles de I'instrument
de spectroscopie par peigne de fréquences optiques pour la cinétique des réactions froides

(voir la figure 2).

Premierement, nous avons démontré qu'un FTS résolu en temps est capable de ré-
soudre des événements dépendant du temps a I’échelle de la microseconde. Nous ’avons
soumis au test le plus rigoureux qui soit en 'appliquant a une technique de CRDS multi-
plexée, la FT-CRDS. Nous avons montré que les éléments spectraux individuels pouvaient
étre récupérés sans ambiguité apres la transformation de Fourier. Nous pensons donc avoir
atteint les spécifications requises en matiere de résolution temporelle et de large couverture
spectrale pour la cinétique des réactions. Au cours du processus, la technique FT-CRDS
s’est avérée suffisamment prometteuse pour faire ’objet d’une étude plus approfondie. La
premiere étape consistait a augmenter la finesse de la cavité jusqu’aux valeurs typiques
utilisées en CRDS sans réduire la largeur de bande spectrale, ce qui a déja été réalisé
a I’Université de Torun. Nous y montrons que la FT-CRDS a un potentiel de sensibi-
lité au-dela du profil de Voigt. Les prochaines étapes comprendront : 1) la combinaison
avec les méthodes de résolution sub-nominal et d’entrelacement (MASLOWSKI et al., 2016
RUTKOWSKI et al., 2018) afin de parvenir a une spectroscopie d’absorption sans étalon-
nage a la fois sur 'axe de l'intensité et de la fréquence, et 2) le transfert technique vers

I'infrarouge moyen.

Deuxiémement, nous avons démontré la mesure d’un échantillon dans un jet super-
sonique par spectroscopie d’absorption renforcée par cavité basée sur des peignes de fré-
quences. Nous avons appliqué le systéme a la spectroscopie d'un jet d’acétylene dilué dans
I’argon, et nous avons entrelacé 18 spectres sub-nominal pour obtenir un spectre a une

température de 8,5 K. Néanmoins, I'analyse spectroscopique en cours a mis en évidence
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des questions restées sans réponse : 1) la ligne d’absorption la plus forte présente un profil
étrange, encore inexpliqué; 2) les jets de fente devraient produire différentes températures
de vibration, de rotation et de translation (T, > Tror > Tirans), Ce qui n’a pas été vérifié
ici. La densité estimée de 1'acétyléne au cceur du jet était de 6,0x 10 molécule/cm?; soit
trois ordres de grandeur plus élevés que les densités minimales des especes transitoires
a 10" molécule/cm®. Pour accroitre la sensibilité, on peut soit augmenter la longueur
d’interaction, soit sonder des lignes d’absorption plus fortes. La premiere option consiste
a augmenter la finesse de la cavité, qui pourrait facilement étre multipliée par un facteur
de 2 & 5 pour atteindre une densité détectable de 10 sans compromettre la résolution
temporelle. Le second objectif sera atteint en transférant la technique dans l'infrarouge
moyen, ou les sections efficaces des raies d’absorption moléculaires sont 2 a 3 ordres de
grandeur plus élevées.

Les perspectives immédiates du développement du dispositif expérimental sont la mise
en ceuvre d'une nouvelle source DFG, couvrant la région 3-10 pm (SOBON et al., 2017 ;
SOTOR. et al., 2018). Cette source est un peigne de fréquences et peut étre stabilisée a
la fois sur le taux de répétition et la fréquence de décalage grace a l'ajout d’'un AOM
sur le bras erbium de la DFG (LEE et al., 2017). Cela permettra d’asservir le peigne
sur une cavité optiques, dont larrivée est prévue pour les prochains mois. A terme, ce
spectrometre dans l'infrarouge moyen sera couplé a une chambre supersonique et a un
laser pulsé de photolyse pour réaliser la premiere spectroscopie infrarouge de précision

d’especes radicalaires.
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INTRODUCTION

The invention of the optical frequency comb (OFC) in the late 1990s from modelocked
femtosecond lasers revolutionized the field of precision time and frequency metrology, by
providing a direct way of linking optical and microwave frequencies. Before their advent,
large-scale frequency multiplication chains starting from the SI standard set by 3Cs mi-
crowave atomic clocks were necessary to bridge the gap to optical frequencies, using a se-
ries of phase-locked oscillators (HOLLBERG et al., 2005 ; DIDDAMS et al., 2020). Frequency
combs replaced these bulky and complex systems with a single femtosecond modelocked
laser. These laser could synthesize 10°-10° optical modes equally spaced in frequency, and
with a stability of 1 part in 10'®. They provide direct microwave-to-optical and optical-
to-microwave conversion as well as a precise frequency ruler. This opened the way for the
comparison of atomic clocks, the measurement of optical transitions (UDEM et al., 1999a),
optical frequency differences between lasers (UDEM et al., 1999b, REICHERT et al., 1999
DIpDAMS et al., 2000a) and optical frequencies of lasers (DIDDAMS et al., 2000b) as well
as the first all-optical atomic clock (DIDDAMS et al., 2001) with a long-term stability
better than the atomic clocks defining the SI standards (UDEM et al., 2002). In the fol-
lowing years, several other demonstrations went by : the full stabilization of a frequency
comb (JONES et al., 2000), an optical molecular clock (YE et al., 2001), testing of funda-
mental constants (BIZE et al., 2003) and optical precision synthesis of microwave signal
(DIDDAMS et al., 2003). Half of the 2005 Physics Nobel prize was awarded to Ted Hansch
and John Hall for their contribution to optical frequency metrology and the invention of
optical frequency combs (HALL, 2006, HANSCH, 2006).

The applications of frequency combs soon broadened beyond their original scope of
precision metrology. A non-exhaustive list contains : precise calibration of astronomical
spectrographs (MURPHY et al., 2007), XUV and attosecond pulse generation (KELLER,
2003, BALTUSKA et al., 2003), precision molecular spectroscopy (SUGIYAMA et al., 2023)
and trace gas sensing (ALDEN et al., 2017), coherent microscopy (POTMA et al., 2002) and
precise distance ranging (MINOSHIMA & MATSUMOTO, 2000). In particular, the develop-
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Introduction

ment of reliable mid-infrared sources enabled sensitive detection for physical chemistry
applications (WEICHMAN et al., 2019).

Frequency comb spectroscopy offers the potential for broad spectral bandwidth to-
gether with fast time resolution and high sensitivity. This opened up for the first si-
multaneous and quantitative detection of the key species involved in chemical reactions,
namely reactants, transient species and products (FLEISHER et al., 2014 ; HOGHOOGHTI
et al., 2023). This capability paved the way for measuring reaction rates and branching
ratios with minimal bias. These works have been performed either at room temperature
or at high temperature, but none have succeeded yet at measuring accurate reaction rates
at the temperatures relevant to interstellar chemistry. The aim of this thesis is the deve-
lopment of an instrument capable of tackling such a challenge. Such an instrument should
be able to detect multiple species, with a microsecond-level time resolution, sensitive to

molecular densities as low as 10'° molecule/cm?.

Laser photolysis for
radical production

MIR comb
Bellow _.
source ¢ / Time-resolved FTS
NeariR | | oo %?%0 Fourier transform
fslaser @] [ 3 spectrometer
/ QQQD “~]_ Uniform
Cavity mirror ye supersonic
flow
] “|de Laval
vacuum nozzle
chamber

Figure 2 : Schematic of the instrumentation being developed at IPR. An excimer laser
is used to generate radicals through photolysis of a precursor gas expanded in a uniform
supersonic flow. The molecular sample is probed transversally to the flow direction using
cavity-enhanced spectroscopy based on a mid-infrared frequency comb. The cavity trans-
mission is analyzed with a time-resolved Fourier transform spectrometer.

The general idea of our approach relies on a cavity-enhanced absorption Fourier trans-
form spectrometer operating in the mid-infrared probing a supersonic uniform flow, as
illustrated on figure 2. The cold environment is obtained wvia supersonic expansion of the

sample yielding effective temperatures down to few tens of kelvins and will be ultima-
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tely combined with pulsed-laser photolysis. Supersonic flows are the workhorse of the
Molecular Physics Department at the Institute of Physics of Rennes (IPR), historically
for reaction kinetics in the CRESU technique (CRESU is a french acronym standing for
reaction kinetics in uniform supersonic flows). They have been extensively employed with
laser-induced fluorescence, mass spectrometry, microwave spectroscopy and near-infrared
cavity ring-down spectroscopy (ROWE & CANOSA, 2022). The novelty of this doctoral pro-
ject is the addition of frequency comb absorption spectroscopy to the list of techniques
compatible with CRESU environments. The challenge to tackle was double: 1) designing
a spectrometer capable of resolving the microsecond without reducing the bandwidth and
2) performing precision spectroscopy in the harsh conditions created by the large pumping
groups required in generating supersonic flows. The first part of the challenge led us to
design a new spectroscopic technique, Fourier transform cavity ring-down spectroscopy,
relying on a time-resolved Fourier transform spectrometer. For this first stage of develop-
ment, we remained in the near-infrared telecom range where optoelectronics devices are

readily available and comparatively cheaper than their mid-infrared counterparts.

In the first chapter, we will detail the basics of optical frequency combs (OFCs). We
quickly review the different types of comb sources and introduce the actuators and control
schemes for stabilizing an OFC. In a second section, the comb source used throughout
this thesis is presented. The third section is dedicated to the review of the different
spectrometers of frequency comb spectroscopy. The fourth section concentrates on Fourier
transform spectroscopy and the impact of its instrumental lineshape (ILS) on absorption
spectra as well as the method used to retrieve ILS-free spectra with comb mode resolution.
This section ends on the presentation of the fast-scanning Fourier transform spectrometer

used throughout this thesis.

The second chapter will cover infrared cavity-enhanced absorption spectroscopy. The
first section focuses on the spectral signature of molecules in the infrared, the origin of the
lineshapes of absorption lines, the broadening mechanisms of those lineshapes depending
on the temperature and pressure conditions and the different absorption profiles needed
to model molecular absorption spectra. The second section is dedicated to Fabry-Perot
cavities, detailing their spatial and frequency modes, their transmission and reflection
transfer functions used to model cavity-enhanced absorption spectra, the frequency and
spatial mode matching required to coupled an OFC to the cavity and the cavity transient
response and its application to cavity ring-down spectroscopy (CRDS). The last section

of this chapter details the locking schemes necessary to perform precise cavity-enhanced
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absorption spectroscopic measurements with a frequency comb.

The third chapter will present the Fourier transform CRDS technique (FT-CRDS).
The first section reviews the state-of-the-art of broadband CRDS techniques. The se-
cond section goes into the details of the first demonstration of FT-CRDS, covering the
experimental setup, the data acquisition and processing, the application to ambient air
measurements, the performances comparison with cavity-enhanced absorption spectro-
scopy (CEAS) and the technique limitations. The third section presents an improved
FT-CRDS setup developed jointly with Dominik Charczun and Piotr Mastowski from To-
run University in Poland. This setup was applied to a precise measurement of CO in argon.
The section presents the results along with their uncertainty budget, and a comparison
with a previous measurement with CRDS. The new setup allows a tenfold increase of the
sensitivity thanks to a modification of the stabilization approach. The results of this chap-
ter have been published in a proof-of-concept paper in Optics Express (DUBROEUCQ &
RUTKOWSKI, 2022) and the second setup was published in the CLEO/EQEC proceedings
in 2023 (DUBROEUCQ et al., 2023a).

The final chapter will focus on the coupling of supersonic jets with cavity-enhanced
comb spectroscopy. The first section presents the basic principles of supersonic jets and a
review of their applications in spectroscopy. The second section presents the experimental
setup, detailing the comb-cavity coupling, the cavity mirror mounts designed to dampen
mechanical vibrations due to the pumping group, the stabilization scheme and the su-
personic jet apparatus. The second section covers the spectroscopy of a supersonic jet of
acetylene seed in argon. It presents the data processing yielding the final spectrum, the
cavity transmission model used to fit the experimental data, the calibration of the cavity
mirrors reflectivity with FT-CRDS and the retrieved jet conditions. The preliminary re-
sults have been published in the CLEO/EQEC proceedings in 2023 (DUBROEUCQ et al.,
2023b).
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1 — OPTICAL FREQUENCY COMBS AND
FOURIER TRANSFORM SPECTROSCOPY

Optical frequency combs (OFCs) provide a stable comb of evenly spaced optical fre-
quencies, with a single comb containing tens of thousands of teeth. Each tooth (or mode)
is equivalent to a narrow-linewidth single mode laser. Frequency combs can then be used
as a broadband light source for spectroscopy while providing high frequency resolution
and spectral density, like continuous-wave (cw) laser diodes (WEICHMAN et al., 2019).
We can distinguish two ways of performing spectroscopy with an OFC, depending on
whether the OFC is used or not as the probe interrogating a sample. If the comb is the
probing source, it is often referred to as direct frequency comb spectroscopy. In the op-
posite case, a cw laser is used as the probe and its absolute frequency is monitored with
a wavemeter. In addition, a beatnote between the cw laser and the OFC gives a relative
frequency precision and accuracy beyond the wavemeter performances. The comb is then
used as a frequency ruler, in the so-called comb-assisted or comb-referenced spectroscopic
techniques (M ADDALONI et al., 2013).

This chapter will focus on the fundamental principles of frequency combs and direct
frequency comb spectroscopy. In the following sections, we will detail the principles of op-
tical frequency combs, the presentation of the OFC source used throughout this thesis, the
different spectrometers for direct frequency comb spectroscopy and the implementation

of Fourier transform spectroscopy with an OFC.

1.1 Fundamentals of optical frequency combs

1.1.1 Time and frequency formalism

Optical frequency combs were first identified from stabilized Titanium-Sapphire (Ti:Sa)

femtosecond modelocked lasers (REICHERT et al., 1999). In the time domain, a modelocked
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1 — Optical frequency combs Fourier transform spectroscopy

femtosecond laser emits a train of femtosecond pulses, depicted on the top part of figure

1.1. The pulses are separated in time by 7,., the pulse repetition period:
Trep = 2L /v, (1.1)

where L is the length of the laser cavity and v, is the pulse group velocity in the cavity.
For each pulse, we identify the carrier in red with 7. its period, and the envelope in
dashed grey with A7, the width of the envelope. The pulses are quasi-identical, except for
an increasing phase slip between the carrier and the envelope from one pulse to another.
This carrier-envelope phase slip increases by a constant amount, the carrier-envelope offset
Adeeo- It originates from residual dispersion inside the laser cavity, which induces a small
difference between the phase and group velocity:

Ao = 2022 ¢ (1 - 1), (1.2)

Te Vg Vg

with v, the phase velocity and c the celerity of light in vacuum.

Time domain Trep
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Figure 1.1 : The top panel shows a time domain representation of a train of pulses by
a femtosecond modelocked laser, with the carrier period 7., the pulse period 7,¢, and the
pulse width A7,. There is a pulse-to-pulse phase slip between the envelope (grey) and the
carrier (red) that increases by a constant amount Ag.,. The bottom panel displays the
Fourier transform of the pulse train, which exhibits a comb-like figure with discrete teeth,
each one representing a given comb mode in the frequency domain.

The time dependent electric field associated to the single m‘* pulse then is:

Epulse (t) _ Eem;elope (t o mTT6p>ei(QWVc(t*mTrep)‘i’mAd)ceo)’ (13)
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1.1. Fundamentals of optical frequency combs

where the carrier of frequency v, = 1/7. is modulated in time by the envelope, with
Eepvelope(t) the function describing its temporal shape. Assuming a Gaussian pulse of

width A7,, we have:
. \2
Eem;elope<t) - EO . €_<TTP) ) (14)

with Ey the peak electric field. The electric field describing the pulse train is then the

sum of the electric fields of successive pulses:

Etrain (t) — Z Een’uelope (t . mTTep)ei(QWVc(t—mTrep)+mA¢ceo) . (15)

The comb structure in the frequency domain is then obtained by taking the Fourier

transform of Fy.q, (t):

+o0 (
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The second exponential term in the sum of equation 1.6 implies that the frequency domain
representation of the pulse train exhibits evenly-spaced, discrete frequencies for which the
phase of consecutive pulses adds coherently, hence the name of "frequency comb". These
frequencies verify that:
APeeo — 2TV, Trep = 270, (1.7)

with n and integer. The solution for the frequencies is then:
n + A¢C€O

Trep 2T Trep

(1.8)

Up =

Taking fr., = 1/7,p the repetition rate and feeo = Adeeo - frep/2m the carrier-envelope off-
set frequency (usually shortened to offset frequency), yields the expression for the discrete

comb frequencies in the optical domain:

Vp = nfrep+fceoa (19)
with 0 < feeo < frep- The comb spectrum is displayed on the bottom part of figure

1.1. Each discrete colored line is a comb "tooth" or mode, evenly-spaced by f.,. At the

frequency origin, the hypothetical "first" comb mode is shifted by f..,. The first exponential
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1 — Optical frequency combs Fourier transform spectroscopy

term in the sum of equation 1.6 indicates that, with a pulse whose envelope is Gaussian, the
frequency domain representation of the comb exhibits a Gaussian envelope as well, with a
full-width at half-maximum (FWHM) inversely proportional to the pulse width Avys ~
1/Ar,. The broader the comb spectrum, the shorter the pulse. The comb spectrum is also
centered on v, the carrier frequency.

The two frequencies f,., and f., typically lie in the hundreds of MHz range, giving
n = 10° — 10°. For example, a frequency comb emitting near 1550 nm (~ 200 THz) with
a FWHM of 80 nm (~ 10 THz) with f,.., = 100 MHz, has 100,000 modes centred on
n ~ 2 x 10°. Equation 1.9 represents the marvel of frequency combs: their deterministic
nature. Only two degrees of freedom in the radiofrequency range, f,., and fe.,, allow
to control hundreds of thousands of phase-coherent frequencies in the optical domain. To
monitor these two degrees of freedom, a photodetector whose bandwidth is higher than f,.,
can detect the amplitude modulation of the optical pulse train. However, no information
about f., is retrieved, as consecutive comb modes have the same offset frequency. A
scheme called f-2f interferometry was then developed to detect the comb offset frequency,
described in section 1.1.3 (TELLE et al., 1999 ; JONES et al., 2000).

The next section will cover the different systems that can generate frequency combs,

especially in the infrared part of the electromagnetic spectrum.

1.1.2 Comb sources

While frequency combs originated from Ti:Sa femtosecond modelocked lasers, many other
types of sources have been developed in the past two decades (FORTIER & BAUMANN,
2019), covering different regions of the electromagnetic spectrum, from the terahertz to
the extreme ultra-violet (P1cQUE & HANSCH, 2019).

Most of the commercial "turn-key" frequency combs are based on rare-earths doped
fiber-based oscillators, mainly ytterbium, erbium and thulium respectively covering the 1,
1.5 and 2 um regions (SCHIBLI et al., 2004 ; Kim & SONG, 2016 ; FORTIER & BAUMANN,
2019). While fiber combs can be engineered to reach the mid-infrared region in the 3-5 pm
range (DUVAL et al., 2015), the main techniques to generate frequency combs at higher
wavelengths are optical parametric oscillators (OPO, ADLER et al., 2009 ; LEINDECKER
et al., 2011) and difference frequency generation (DFG, ERNY et al., 2007; GAMBETTA
et al., 2008). Both techniques rely on non-linear crystals to generate radiation at lower
frequencies in the infrared from a source in the near-infrared. OPO and DFG combs are

commonly used for spectroscopic applications (WEICHMAN et al., 2019), as they reach
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1.1. Fundamentals of optical frequency combs

the molecular fingerprint regions at 3-5 pm (HECKL et al., 2016; SOBON et al., 2017)
and 8-10 um (IWAKUNI et al., 2018; LEE et al., 2017). Intra-pulse DFG or combining
OPOs and DFGs may even yield radiation further in the infrared (KOwWLIGY et al., 2019;
STEINLE et al., 2016).

Mid-infrared frequency combs have also been obtained from quantum cascade lasers
(QCLs, Huar et al., 2012) and interband cascade lasers (ICLs, BAGHERI et al., 2018).
While the spectral bandwidth of QCL combs are usually narrower than DFG or OPO
combs, they can reach high optical power even in the far-infrared, on the order of the
watt at 8 wm (Jouy et al., 2017). Due to the compactness of QCL lasers, QCL combs
usually have a repetition rate on the order of 10 GHz, which, in principle, make them
less suitable for spectroscopy applications. Nonetheless, spectroscopy with QCL and ICL
combs has been demonstrated (ibid.; STERCZEWSKI et al., 2017). Terahertz frequency
combs have also been obtained with QCLs (BURGHOFF et al., 2014).

Another type of frequency combs worth mentioning is the micro-resonator combs, often
referred to as "micro-combs" or "Kerr combs", which have attracted considerable attention
in the past decade (DEL'HAYE et al., 2007 ; KIPPENBERG et al., 2011). Although their
repetition rates are in the 100 GHz range, their chip-scale manufacturability and their

silicon-compatibility open up the way to "spectroscopy on a chip" (YU et al., 2016).

The next section is dedicated to the f-2f interferometer which gives access to of fec,.

1.1.3 f-2f interferometer

The carrier-enveloppe offset frequency requires a f-2f interferometer to be measured, des-
cribed on figure 1.2. This interferometer was first proposed by TELLE et al. (1999), and
involves a non-linear process, second harmonic generation (SHG). A frequency comb with
an octave spanning spectrum, implying that the highest frequency is equal to twice the
lowest frequency, propagates in a highly non-linear fiber to generate a supercontinuum
spectrum. The supercontinuum is then focused into a SHG crystal to produce a second
harmonic spectrum. The lowest frequency comb mode of the fundamental spectrum, of
frequency v(m) = mfrep + feeo, is then frequency-doubled to 2v(m) = 2(mfrep + feeo)-
The nearest comb mode is then the highest frequency comb mode from the fundamental

spectrum v(2m) = 2m frep + feco-

Their beatnote can be recorded with a photodetector and a microwave spectrum analyzer.
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Figure 1.2 : Schematic of a f-2f interferometer. The amplified comb is fibered to highly
non-linear fiber to generate a supercontinuum, which is then focused into a SHG crystal
to generate a second harmonic spectrum. The beatnote between the highest frequency
comb mode of the fundamental spectrum and the lowest frequency comb mode of the
harmonic spectrum is monitored with a photodetector and yields f..,.

Their frequency difference then yields f..,, as:

2v(m) —v(2m) = 2mfrep + 2fceo) — CMifrep — feeo) = feco- (1.10)
0 . — . :
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Figure 1.3 : Output signal of an f-2f interferometer shown on a spectrum analyzer. From

left to right, we observe the beatnotes corresponding to feeo, frep —

2frep — feeo and 2f,¢,. Measured with RBW = 30 kHz.

fceoa fre}m frep + fceoa

The RF spectrum monitored output of a f-2f interferometer is shown on figure 1.3,
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1.2. Er:fiber frequency comb

with a resolution bandwidth (RBW) of 30 kHz. As frequency increases, we can see from
left to right on the frequency axis the beatnotes corresponding to feeo, frep — feeor frep,
Jrep + feeor 2frep — Jeeo and 2frep.

The next section will present the Erbium:fiber (Er:fiber) frequency comb used throu-
ghout this thesis.

1.2 Er:fiber frequency comb

1.2.1 Oscillator, actuators and outputs

The laser is a ModeHybrid from Mode-Locked Technology, with its block diagram shown
on figure 1.4. The oscillator is an Er:fiber frequency comb, emitting in the near-infrared at
1550 nm. The repetition rate of the comb is f,., = 100 MHz. A fiber port gives access to the
oscillator output (~ 1 mW), and a BNC (for Bayonet Neill-Concelman) connector allows
to monitor the f,., beatnote. The oscillator spectrum is shown on figure 1.5. The comb
repetition rate and offset frequency can be tuned with five actuators: a stepper motor, an
intracavity electro-optic modulator (EOM), fast and slow piezoelectric transducers (PZT)

and the oscillator pump current.

Yo
fep Monitor  Osc monitor f-2f module - feeomonitor
(BNC) (FC/APC, 1 mW) (BNC)
- @@
{ [
: E Supercontinuum SuPe,rcom'"uum
Oscillator i — optical output
A =1550 nm (FC/APC, 1030-2060 nm, 100 mW)
frep =100 MHz ~
| EOM,, H PZT, 0 ” PzT ” Stepper ” Pump, ‘ ( \
Amplified 1550 nm
155(:_:."' — optical output
amp e (FC/APC, >110 mW)
S
Wavelength . 1060 nm optical
conversion module Y';t;rblum-tli.(f).ped Pulse output
iber amplifier compressor
1550 = 1060 nm (f -space, 3W, 150 fs)

Figure 1.4 : Block diagram of the ModeHybrid frequency comb. An Er:fiber oscillator
emitting near 1550 nm is split in four different outputs: the oscillator output, the amplified
1550 nm output, the supercontinuum output (spanning 1030-2060 nm), and a 3W 1060 nm
output. The f,., value is monitored through a coaxial output, and a f-2f interferometer
module gives access to feeo.
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Figure 1.5 : Spectrum from the oscillator output of the frequency comb.

The impact of each actuator on f,., and f.., as a change in frequency per volt applied
is summarized on table 1.1. It should be noted that the slow PZT and the pump current
both induce a comparable variation of f,., and f.., per volt applied, while both frequencies

are much more sensitive to the intracavity EOM.

Table 1.1 : Change on f,¢, and f.., depending on the voltage applied to each of the laser
actuators.

Actuators PZT SLOW PZT FAST EOM osc Pump current
frep change [Hz/V] 12.3 0.3 244 8.4
feeo change [MHz/V] 0.49 - 138 1

The oscillator light is then split in three ways. The first one goes to the f-2f module,
which has a BNC output to monitor the f., beatnote. The second one is stretched in a
highly nonlinear fiber to yield a supercontinuum, whose output (~ 100 mW) is accessible
with a fiber port. The supercontinuum spectrum, displayed on figure 1.6, almost covers
2000 cm™ (1030-2060 nm). This output could be used as a precise relative frequency
reference for continuous-wave lasers used in cavity ring-down spectroscopy (see section
2.2.4.2) in a comb-assisted spectroscopy scheme (MADDALONI et al., 2013), provided that

the comb modes are stabilized to a sub-MHz level in the optical domain.
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Figure 1.6 : Spectrum of the comb supercontinuum output. It spans 2000 cm™ from
5700 to 7700 cm™. Absorption features visible between 6700 and 7500 cm™ come from
water vapor present in the laboratory air.
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Figure 1.7 : Spectrum of the comb amplified output. It spans 500 cm™ from 6200 to
6700 cm™. Note the noisy part of the baseline between 6350 and 6550 cm™, inherent to
the amplifier.
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The third one is fibered to an EOM, to generate sidebands from the comb modes at the
modulation frequency. The light is split again in two fibers after the EOM. The first one
is amplified with an Erbium-doped fiber amplifier, yielding an amplified 1550 nm output
with 110 mW of output power. The amplified light is accessible with a fiber port. The
corresponding spectrum is shown on figure 1.7. The second one goes through a wavelength
conversion module, shifting the central frequency of the spectrum from 1550 to 1060 nm.
It is amplified by an ytterbium-doped fiber amplifier, and the laser pulse is compressed
in a pulse compressor. The 1060 output is free-space, with 3W of output power, and will

be used to pump an OPO to generate a mid-infrared frequency comb.

1.2.2 Beatnotes stabilization

Either degree of freedom of the frequency comb, f,., and f.., can be stabilized with the
different actuators of the laser. Figure 1.8(a) compares the beatnote of a free-running f,
with beatnotes of a locked f.c,.
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Figure 1.8 : (a) - Comparison of free-running and locked f., beatnotes with a resolution
of 300 Hz. The error signal for the lock was obtained with a phase detector and an
arbitrary waveform generator. We observe three conditions: free-running (blue), locked
(phase detector linear range = 256, red), locked (phase detector linear range = 32,

). A significant reduction in the beatnote width is observed when f., is locked to
a frequency reference, and as the phase detector linear range decreases. (b) - Beatnote of
frep locked to a frequency reference with a 100 Hz resolution.
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The offset frequency was compared in a phase-detector with the output of an arbi-
traty waveform generator (AWG). The phase detector output was fed to a proportional-
integrator (PI) servo-controller (NewFocus LB1005S) with a PI corner of 30 kHz and a
-20 dB gain. The servo controls the comb oscillator intracavity EOM to lock f.., to the
frequency set on the AWG. When the lock is on with a phase detector linear range of
2567, there is a significant reduction of the beatnote linewidth, as seen from the red trace
compared to the free-running f.., in the blue trace. The yellow trace displays the locked
feeo beatnote with the phase detector linear range reduced to 327. A significant reduction
of the linewidth is observed, although resonance peaks are visible on each side of the

beatnote.

The same lock can be performed on f,., with the PZT actuators. The locked f,¢,
beatnote is shown on figure 1.8(b). No comparison is made here to a free-running f,.,
as the spectrum analyzer used has a maximum resolution of 100 Hz, which is too low to

differentiate between the locked and free-running case.
The next section will cover the spectrometers used in direct frequency comb spectro-

SCOPY.

1.3 Direct frequency comb spectroscopy

As frequency combs are broadband sources, one requires a spectrometer to analyze the
light transmitted by the studied sample. The following subsections will describe the main
categories of spectrometers used with frequency combs. The spectrometers can be sepa-
rated into two main families: the dispersion techniques (virtually imaged phased array
spectrometer, grating spectrograph and Vernier spectrometer) and the Fourier transform
techniques (Fourier transform spectrometer and dual-comb spectrometer).

Throughout this section, the noise-equivalent absorption at 1s averaging time per
spectral element will be often mentioned. This quantity is commonly used in frequency

comb spectroscopy to assess and compare the performances of spectrometers. It is defined

T
NEAY = a1 —4 1.11
i\ 2 (1.11)

with v, the minimum detectable absorption, Tj., the acquisition time and M the num-
1/2

as:

ber of resolved spectral elements. NEA'® is expressed in cm™ Hz /2 per spectral element.
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1.3.1 Grating spectrograph

The most simple dispersing spectrometer is a spectrograph, coupling a diffraction grating
and a imaging CCD array. The light diffracted by the grating is integrated by the CCD
array. GRILLI et al. (2012) presented a setup where the comb is coupled to an enhance-
ment cavity, and the cavity output is analyzed by a grating spectrograph. They reported
a remarkable sensitivity of the setup, with NEA' = 1.5x10"" ¢m™ Hz /2. The same
apparatus was later used for in situ, real-time measurements of highly reactive halogena-
ted radicals. While the instrument was compact and transportable, its spectral resolution
was limited to 15 GHz, constraining measurements to atmospheric conditions, which is
generally the case with grating spectrographs.

We will now cover the other types of dispersing spectrometers.

1.3.2 VIPA spectrometer

A simple dispersing spectrometer is made of a diffraction grating to spatially disperse
the comb light onto a detector array to record the spectrum. However, the resolution
is then limited by the diffraction grating itself, whose resolution is too low to resolve
individual comb modes. Another approach requires a cross-disperser, coupling a grating
with a virtually imaged phased array etalons (VIPA). The VIPA etalon was first presented
by SHIRASAKI (1996) for telecommunications applications (X1A0 & WEINER, 2004). It
is a plane parallel solid etalon whose internal reflections interfere in a way that different
frequencies leave the etalon at different angles. The VIPA has very high angular dispersion,
30 to 40 times higher than a conventional dispersion grating, but a lower free-spectral
range (FSR) in the tens or hundreds of GHz, which depends on the etalon thickness and
the refractive index of the material.

A basic VIPA spectrometer is described on figure 1.9(a): after passing through the
sample, the comb light is coupled as a plane beam with a cylindrical lens into the VIPA
at a slight angle, and the different beams exiting the etalon are cross-dispersed by a
dispersion grating and imaged onto a 2D CCD camera. A schematic of the output of the
spectrometer onto the camera is displayed on figure 1.9(b). The red dots are the resolved
comb modes, separated by the comb mode spacing along the vertical axis and by the
VIPA FSR along the horizontal axis, with the whole vertical range containing one VIPA
FSR. The 1D spectrum is then reconstructed by following the vertical alignments of comb

modes, starting from the bottom of each new line, as shown on the right part of the figure
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with the white dots. Figure 1.9(c) shows a typical image recorded by the camera. The two
black lines represent the limits of one VIPA FSR. Each dot corresponds to a resolved comb
mode, with different colors corresponding to their respective intensities. Darker colours
correspond to higher optical power. Some brighter spots are visible, corresponding to

modes absorbed due to molecular absorption.

Frequency comb
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Figure 1.9 : (a) - Schematic of a VIPA spectrometer. The comb light is focused as a
plane with a cylindrical lense in the VIPA aperture. The VIPA diffracted beams are then
cross-dispersed with a grating, and imaged onto a CCD camera. (b) - Schematic of the
output of a VIPA spectrometer recorded onto a camera. The resolved comb modes (red
dots) are separated by the comb mode spacing along the y axis and by the VIPA FSR
along the x axis. The full y range corresponds to one VIPA FSR. The frequency axis
is shown on the right part of the image, with black arrows on white dots. (c) - Image
from a camera. Each dot correspond to a resolved comb modes. The different colors
correspond to different intensities of the comb modes, the darker the more optical power.
Some brighter spots are visible, due to molecular absorption of certain comb modes. (b)
and (c) reproduced from DIDDAMS et al. (2007).

The typical performances of a VIPA spectrometer are:

« frequency resolution < 1 GHz,
o compatible with enhancement cavities,
e spectral coverage < 100 cm™,

o time resolution ~ 10 s,
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» acquisition rate depending on the camera, typically in the hundreds of Hz,

o NEA™ = 10'° em™ Hz "'/2 per spectral element.

The first demonstration of a VIPA spectrometer with a frequency comb was perfor-
med by DIDDAMS et al. (2007) in the visible range, and VIPA spectrometers have been
demonstrated in the mid-infrared for more than a decade (NUGENT-GLANDORF et al.,
2012). To the best of my knowledge, the record frequency resolution for a mid-infrared
VIPA spectrometer is 190 MHz (ROBERTS et al., 2020). While VIPA etalons have not
yet been demonstrated at longer infrared wavelengths than the 3-5 um range, dispersive
spectrometers using instead an immersion grating have achieved a resolution of 460 MHz
in the 8-10 pm region (IWAKUNI et al., 2019).

An important work was presented by FLEISHER et al. (2014) where they used a VIPA
spectrometer to perform time-resolved frequency comb spectroscopy (TR-FCS). Their
setup consisted of a mid-IR frequency comb centered on 3.8 um coupled to an enhancement
cavity with a 1,250 finesse. They used a dither-lock scheme (ADLER et al., 2010). The
VIPA spectrometer had a resolution of 1 GHz, with a spectral bandwidth of 65 cm™
limited by the physical dimensions of the camera. The time resolution was 25 ps and the
camera acquisition rate was 250 Hz. They reported a NEA' of 1.1x 10° ¢cm™ Hz /2
per spectral element. They could follow the concentration over time of the trans-DOCO
radical after the laser photolysis of a precursor. They also demonstrated the monitoring
of multiple reaction products over time. Their demonstration paved the way for reaction
kinetics and branching ratios measurement based on TR-FCS. In a follow-up paper, they
determined the rate coefficient of the OD+CO — trans-DOCO reaction (BJORK et al.,
2016).

The main advantages of a VIPA spectrometer is the absence of moving parts and
its high time-resolution down to the microsecond timescale. This makes it particularly
suitable in reaction kinetics experiments, where it enables the monitoring of the evolving
concentrations of multiple chemical species over time. Moreover, VIPA spectrometers are
fully compatible with enhancement cavities, typically in the dither-lock scheme previously
mentioned, enabling a significant increase in sensitivity. One of the drawbacks of a VIPA
spectrometer is the sensitivity of the VIPA etalon to temperature. Under temperature
variations it may expand or contract, inducing a change on its FSR and resulting in a
change of position of the comb modes on the camera. As the technique heavily relies on
calibration ("dark") frames of the camera to extract quantitative information from data,

the modes wandering from pixels to pixels due to the changing FSR may tamper with
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the calibration. The other drawback of the VIPA spectrometer is the limitation of the
spectral bandwidth by the physical dimensions of the camera, typically below 100 cm™.

1.3.3 Vernier spectrometer

The Vernier spectrometer is another approach to broadband comb light detection. In this
case, the comb is filtered using an optical cavity, yielding a much larger repetition rate.
The cavity FSR is set so that every m'* comb mode is resonant with every n'* cavity
mode, with FSR/ f,¢, = m/n the Vernier ratio. The comb transmitted by the cavity then
has a repetition rate m X f,¢,. The successive transmitted comb modes are then sufficiently
spaced in frequency to be resolved with a standard grating spectrometer. As the length
of the cavity is tuned, using a piezoelectric transducer (PZT), different families of comb
modes will successively be in resonance with the cavity modes. It is worth mentioning
that the cavity also acts as an enhancement cavity.

The typical performances of a Vernier spectrometer are:

o frequency resolution > 1 GHz but comb mode resolution is achievable,
« spectral coverage ~ 200 cm™, up to 2000 cm™,

e time resolution ~ 10 ms,

e acquisition rate ~ 20 Hz,

o NEA'™ = 10'° cm™® Hz /2 per spectral element.

The first demonstration of cavity-enhanced spectroscopy with a frequency comb was
presented by GHERMAN & ROMANINI (2002) in a Vernier approach. GOHLE et al. (2007)
later proposed a setup for a Vernier spectrometer, based on a simple spectrograph and
a CCD camera. A tilting mirror was synchronized with the cavity length scan, allowing
to streak along the vertical axis of the camera the cavity transmission diffracted by the
grating along the horizontal axis. As the cavity length is scanned and different families
of comb modes are successively in resonance, they are imaged succesively onto the CCD
array. It results in a 2D image that can be reordered into a 1D spectrum, similarly to the
VIPA spectrometer. An alternative approach was proposed by RUTKOWSKI & MORVILLE
(2014) called Vernier continuous-filtering. The CCD camera and the tilting mirror are
replaced by a rotating grating and a photodetector. This approach is detailed below.

With Ly = ¢/ f,¢p the perfect match cavity length, the cavity length can be changed
to Lo+ AL, creating a cavity free-spectral range FSR = f,.,(1 — AL/Ly) and inducing a
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relative mismatch between the comb and the cavity € = 1 — FSR/ f..p, = AL/Ly. While
the cavity length can be set so that every m' comb mode is resonant with every n'”
cavity mode, a high Vernier ratio (or low value of €) allows comb modes adjacent to the
perfect coincidence of the comb-cavity modes to partially resonate with the cavity. This
leads to a low resolution Vernier filtering, with each order having a Lorentzian lineshape
dvy = ¢/AF (with F = FSR/T the cavity finesse and I' the cavity FWHM) and being
separated from the next order by the Vernier free-spectral range FSR,, = ¢/AL.

Frequency comb

Rotating
grating

Photodetector

Digitizer

Figure 1.10 : Schematic of a continuous-filtering Vernier spectrometer. The comb is cou-
pled into an optical cavity which acts as a filter and an enhancement cavity. The cavity
length is slightly detuned from the comb repetition rate, yielding consecutive orders of
Vernier filters. The cavity transmitted light is dispersed onto a grating. Only a fraction
of the diffracted light is allowed to pass through an aperture, and recorded with a photo-
detector. As the cavity is scanned in length, consecutive Vernier orders are transmitted.
The grating is synchronously rotated to keep the same beam on the photodetector. In one
scan of the cavity, the whole comb spectrum can then be recorded.

The setup they presented is simply described as the one shown on figure 1.10. The
cavity is scanned in length with a piezo actuator (PZT) mounted on the back of a cavity
mirror, and the grating is synchronously rotated. By adjusting their relative amplitude
and phase, the beams diffracted by the grating are quasi stationary in space, whereas the
transmitted comb teeth are swept as the cavity length is scanned. This allows to scan
the entire comb spectrum in a single diffracted beam. A spatial filter is used to block the
other diffracted beams. A record NEA'™ of 6 x 10'' cm™ Hz /2 per spectral element was
reported, with 10,000 spectral elements recorded in 100 ms, a 1 GHz resolution and a
300-finesse cavity. In a second attempt (RUTKOWSKI & MORVILLE, 2017), they reported
a NEA®™ = 1.1 x 10" cm™ Hz'/2, with 31,300 spectral elements acquired in 1s, covering
2000 cm™. The resolution was 2 GHz and the cavity finesse 3,000.

KHODABAKHSH et al. (2016) presented a continuous-filtering Vernier setup in the
mid-infrared. In a second article (KHODABAKHSH et al., 2017), they reported NEA' =
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1.7%x10° em™ Hz /2 per spectral element with a 8 GHz resolution and a 25 ms acquisition
time.

Although Vernier continuous-filtering is a sensitive technique, its main drawbacks are
the precise synchronization of the tilting/rotating mirror/grating and the cavity length
sweep, the instrumental function (due to the Lorentzian envelope of a Vernier order)
convolved with the cavity transmission, the relative frequency scale calibration based on

an etalon and the rather low resolution achievable in a single scan.

1.3.4 Fourier transform spectrometer

Fourier transform spectroscopy has been a major tool for decades for molecular spec-
troscopy in the infrared (GRIFFITHS et al., 2007), usually referred to as FTIR. It has
been mainly used with so-called incoherent thermal souces, typically heated SiC produ-
cing a continuum of thermal radiations in the infrared. These sources can be replaced
by optical frequency combs, as was demonstrated by MANDON et al. (2009). Frequency
combs drastically improve Fourier transform spectroscopy compared to an incoherent
light source. The significantly higher spectral brightness of frequency combs leads to an
increased signal-to-noise ratio for the same acquisition time. Prior to this demonstration,
TILLMAN et al. (2005) and MANDON et al. (2007) performed Fourier transform spec-
troscopy with femtosecond modelocked lasers, respectively in the mid and near-infrared.
The first demonstration of cavity-enhanced Fourier transform spectroscopy with an OFC
was presented by KAssSI et al. (2010). They coupled a Ti:sapphire comb with a 80 MHz
repetition rate to a cavity with twice the FSR. They designed a locking scheme to actively
lock the cavity to the comb, using an acousto-optic modulator to generate an error signal.
The cavity length was then locked to the comb with a PZT and a PID. Unlike previous
demonstrations, they used a continuous scanning FTIR. They reported a NEA!® = 3x 107

1/2 with a resolution of 3 GHz.

cm ! Hz

Figure 1.11(a) shows a typical setup combining a frequency comb and a Fourier trans-
form spectrometer. After passing through the sample, the comb light is coupled into the
Michelson interferometer. The beam is separated on a 50/50 beamsplitter, with one "sta-
tic" arm (red) reflecting off a fixed mirror, while the other reflects off a moving mirror
(blue). As the mirror position is scanned, the comb modes are Doppler shifted by +2v/c
with v the speed of the mirror and ¢ the celerity of light, and the optical path difference
(OPD) between the two arms of the interferometer increases. Both arms recombine on

the beamsplitter, yielding two outputs recorded with two photodetectors in a balanced
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Figure 1.11 : (a) - Schematic of a Fourier transform spectrometer. The comb light is
separated with a beamsplitter into two arms of the Michelson inteferometer (transmitted,
reflected). Each arm reflects off a corner cube mirror. One mirror is fixed, while the other
can translate. The reflected beams recombine on the beamsplitter, and the two outputs of
the interferometer are recorded with balanced detection (PD1,2: photodetector). (b) - A
typical FTS interferogram with a frequency comb, exhibiting bursts spaced by ¢/ f,¢, in the
OPD domain. (c) - The spectrum obtained from the FFT of a single-burst interferogram.

detection scheme. The interference pattern thus recorded is called an interferogram. With
a frequency comb, the interferogram exhibits bursts evenly spaced by ¢/ f., in the OPD
domain, as seen on figure 1.11(b). These bursts correspond to the OPD values where both
arms are in phase. Computing the fast Fourier transform (FFT) of the interferogram then
gives the spectrum. Figure 1.11(c) shows the spectrum obtained for a single-burst inter-
ferogram. As shown on figure 1.12, the beatnote between the pairs of unshifted (blue)
and shifted (red) comb modes interfere and produce a down-converted acoustic comb on
the photodetector (black), with a down-conversion factor equal to 2v/c. While typical
FTS exhibit nominal resolution in the tens of MHz, the sub-nominal method enables an
achievable resolution equal to the comb modes linewidth (typically on the order of the
kHz), as will be detailed in section 1.4.2.

The typical performances of a FTS coupled to an optical frequency comb are:

38



1.3. Direct frequency comb spectroscopy
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Figure 1.12 : Down-conversion of a frequency comb from optical to acoustic frequen-
cies by a Fourier transform spectrometer. The beatnotes from pairs of fixed (blue) and
Doppler-shifted comb modes (red) on the photodetector yield an acoustic comb with a
mode spacing 2 f,.,v/c. The down-conversion factor is 2v/c with v the speed of the inter-
ferometer translation stage and c the celerity of light.

o frequency resolution down to the comb modes linewidth (~ kHz) with the sub-

nominal method,
o compatible with enhancement cavities,
« spectral coverage as broad as the spectral range of the beamsplitter,
e acquisition rate < Hz, one interferogram every few seconds,

o NEA™ ~ 10'% cm™ Hz "'/2 per spectral element.

An important milestone for frequency comb Fourier transform spectroscopy was the
work presented by FoLTYNOWICZ et al. (2011). They locked an Er:fiber comb with a
repetition rate of 250 MHz to a 60 cm long cavity, whose finesse was 8,000, using the
Pound-Drever-Hall locking scheme (PDH, see section 2.3.1). They used a fast-scanning,
twice-folded Michelson interferometer for fast acquisition, and an autobalanced detec-
tor (HOBBS, 1997) to reach shot-noise limited sensitivity. They reported a NEA! =
3.4x10" cm™ Hz'/? per spectral element at a resolution of 380 MHz. In a following
article, FOLTYNOWICZ et al. (2013) presented a cavity-enhanced frequency comb Fourier
transform spectrometer in the mid-infrared. The comb was locked with a two-point PDH
lock to a 3,800 finesse cavity. They retrieved a NEA™ = 6.9x10™'! ecm™ Hz'Y/2 per spectral

element, with a resolution of 800 MHz.
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Nowadays, spectroscopic measurements are routinely conducted in the mid-infrared,
in the molecular fingerprint regions at 3-5 um (KHODABAKHSH et al., 2016 ; SADIEK et
al., 2020 ; SADIEK et al., 2023 ; HIALTEN et al., 2023) and 8 um (HJALTEN et al., 2021).

Using a FTS for frequency comb spectroscopy benefits from its robustness, as the
technique has been around for decades. The improvements of fast-scanning FTS and
autobalanced detection greatly contributed to increase the sensitivity of the technique,
compared to older step-scan FTIRs. A FTS also has the advantage of having the broadest
achievable spectral bandwidth, being only limited by the spectral range of the beamsplitter
and detector. A F'TS can also resolve individual comb modes and provide an absolute
frequency axis with the sub-nominal method, which will be covered in section 1.4.2. The
main drawback of these spectrometers however, is the reliance on mechanical moving
parts. This results in a relative slow acquisition rate, compared to other spectrometers,
which makes a F'TS less suitable to time-resolved spectroscopy, although it has been
performed with an FTIR (SmITH & PALMER, 2006).

1.3.5 Dual-comb spectrometer

Dual-comb spectroscopy (DCS) is a form of Fourier transform spectroscopy without the
Michelson interferometer, and involves no moving part. Instead of a Doppler-shifted comb
by the moving mirror of the interferometer, a second frequency comb (with a slightly dif-
ferent repetition rate than the first comb) is used as a reference to map the first comb
modes. This approach was first proposed by SCHILLER (2002) as a way to measure the
transmission and phase properties of a sample. In their proposed setup, one comb inter-
rogates the sample while the second comb acts as a local oscillator to retrieve the change
in amplitude and phase that each probe comb mode has undergone. The schematic of
a dual-comb spectrometer shown on figure 1.13 is very close to the one they proposed.
This is equivalent to the asymmetrical "dispersive" approach in FTIR (GRIFFITHS et al.,
2007), on the contrary of the symmetrical approach where both combs probe the sample.

The principle of DCS is shown on figure 1.14. The two combs, of repetition rates f,ep,
(in blue) and frep + 0 frep (in red), are detected by the same photodetector. Each pair
of comb modes produces a beatnote in the radiofrequency domain. The down-converted
radiofrequency comb then has a mode spacing equal to the repetition rate difference 9 f,.,.
The down-conversion factor then does not depend on the speed of a moving part of a Mi-
chelson inteferometer, but solely on the ratio ¢ f,ep/ frep. The time-domain signals produced

by the two combs is analogous to interferograms from Fourier transform spectroscopy, and
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Figure 1.13 : Schematic of a dual-comb spectrometer. The probe comb goes through
the sample while the local oscillator comb goes around the cell. Their repetition rates are
slightly detuned. They recombine on a beamsplitter, and each output is recorded with
photodetectors (PD1,2) in a balanced detection scheme.
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Figure 1.14 : Down-conversion of frequency combs from optical to radiofrequencies by a
dual-comb spectrometer. The beatnotes from pairs of modes from the probe comb (red)
and the local-oscillator comb (blue) on the photodetector yield a radio comb with a
mode spacing 6 f,¢p, the relative difference in the two combs repetition rates. The down-
conversion factor is 0 frep/ frep-
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can be recorded with standard photodetectors whose bandwidths lie in the MHz range.
The acquisition time to resolve the radiofrequency comb teeth is 1/ f,.,. There is a direct
trade-off between acquisition time and spectral coverage. For example, a 100 MHz comb
with a million modes can be resolved in a few milliseconds (CODDINGTON et al., 2016).
However, it is important to note that single shot spectra have a low SNR and thus requires
averaging of successive acquisition. To do so, the two combs need to maintain a relative
coherence time longer than the acquisition time. Stabilizing both combs is thus necessary
to achieve high SNR. The time coherence of most dual-comb spectrometers is of the order
of 1 s. However, CHEN et al. (2018) presented a phase-stable dual-comb interferometer
with a time coherence of 2,000 s. The typical performances of a dual-comb spectrometer

are:

« frequency resolution down to the comb modes linewidth (~ kHz) with fully-referenced

combs,
o compatible with enhancement cavities,
o spectral coverage ~ hundreds of cm™,
o time resolution ~ 10 us,

 acquisition rate set by 0 f,e, typically in the 100 Hz-1 kHz range.

Dual-comb spectroscopy has notably been used in precise spectroscopy measurements.
CODDINGTON et al. (2008) performed the measurement of the complex spectrum of hy-
drogen cyanide gas in a cell with a dual-comb spectrometer centered at 1550 nm with a 100
MHz repetition rate, and retrieved 155,000 comb modes in 1s. Both combs were tightly
phase locked to common narrow-linewidth cw lasers for coherent averaging of spectra.
BERNHARDT et al. (2010) later demonstrated the first cavity-enhanced dual-comb spec-
trometer. An ytterbium-doped fiber comb was coupled into a 230 cm long cavity, whose
FSR matches the comb repetition rate, and a finesse of 1,200. The comb was locked with
PDH to the cavity. The cavity transmitted light was recombined with the free-running
local oscillator comb. They reported a NEA" = 1.0x10° em™ Hz'/? with a 4.5 GHz
resolution and a single spectrum acquisition time of 18 us.

The main advantages of DCS over dispersive spectrometers is then its relative ease of
use, the absence of moving parts and fully-resolved comb modes below the millisecond-
timescale. Compared to F'TS, the acquisition time of a single spectra is much faster and
without any moving parts. However, the noisy nature of single spectra requires coherent

averaging to reach high SNR (ROY et al., 2012). Moreover, acquiring two frequency combs

42



1.4. Fourier transform spectroscopy with frequency combs

is an expensive feat and their stabilization is complex for cavity-enhanced applications. A
major trend nowadays is then the generation of two distinct combs from the same source,
using a variety of approaches. This simplifies the stabilization of both combs (LIAO et al.,
2020).

In the following section, we will described more precisely the implementation of FTS,

the approach used throughout this thesis.

1.4 Fourier transform spectroscopy with frequency

combs

As frequency combs are pulsed femtosecond lasers, the interferogram obtained in an FTS
is a train of bursts separated by an optical path difference of ¢/ f,..,. The longer the OPD,

the higher the resolution of the final spectrum. The FTS resolution is obtained as

C
= 1.12
fFTS Amam’ ( )

with fprs the FTS resolution in Hz and A,,,, the maximum OPD of the interferogram.

Acquiring two or more bursts allows to resolve individual comb modes. However, a F'T'S
exhibits an instrumental lineshape (ILS), which may result in the distortion of narrow

absorption features when a single comb mode is absorbed.

1.4.1 Instrumental lineshape

The spectrum obtained with a FTS usually suffers from ILS, due to both the misali-
gnement and divergence of the beams inside the spectrometer and the finite length of
the acquired interferogram. In the case of the collimated laser beam, such as with a fre-
quency comb, the ILS mainly originates from the truncation of the interferogram OPD
(GRIFFITHS, 1986). The ILS induces a broadening of absorption lines along with a reduc-
tion of their intensity by a few percent, and an oscillation ("ringing") on each side of the
line (DAvis, 2001). Assuming a boxcar function for the interferogram truncation, the ILS

in the frequency domain is then a cardinal sine function:
A, S {W(V — yo)Amm/c}
c {W(V — VO)Am(w/C} ’

with zero crossings at values of v—1jq that are integer multiples of ¢/A,,4.. In the frequency

(1.13)

fILS(V> Vo) =

domain, the FTS spectrum is thus convolved with the ILS. As the comb modes have
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linewidths orders of magnitude narrower than the FTS nominal resolution, they can be
approximated as Dirac d-functions. The convolution then simplifies to a product, and the
spectrum after the Fourier transform is obtained as the sum of all the comb mode powers

P, multiplied by their corresponding ILS:

SFTS(V) = A Z PanLs(l/, l/n), (114)

with A a parameter accounting for the detector gain and responsivity, and v, the frequency

of the n'* comb mode.
Figures 1.15(a) and 1.15(b) display the ILS resulting from the absorption of several
comb modes by a broad absorption line, and the absorption of a single comb mode due to

an absorption line narrower than the comb repetition rate. The nominal resolution of the
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Figure 1.15 : Comparison of ILS for an absorption line (a) - broader and (b) - narrower
than f,, and with a F'T'S nominal resolution fprs > f,cp. The vertical black lines represent
the comb modes, the dashed lines represent the ILS on the most absorbed comb mode of
index n,ps, the solid lines depict the sum of the ILS for all comb modes and the circular
markers show the FTS sampling points, with a dashed trace as a guide to the eye. The
x-axis shows the comb mode index centered on n,. In the case of a broad absorption
line spanning several comb modes in (a), no distortion due to ILS is visible and the FT'S
sampling points map the absorption profile. However, with a narrow line only absorbed
by one comb mode in (b), the summed ILS exhibits a strong ringing due to the ILS from
the absorbed comb mode. The FTS thus samples the summed ILS, and the retrieved
absorption feature is broadened and distorted. The intensity of the absorbed comb mode
is not retrieved, due to the contribution of neighboring modes ILS.
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FTS is lower than the comb mode spacing, we have fprs > frep. In both figures, the black
vertical lines represent the comb modes, the dashed-dotted trace corresponds to the ILS
at the comb mode central to the absorption line, the solid trace shows the sum of the ILS
for all comb modes and the circular markers represent the FT'S sampling points. In figure
1.15(a), the absorption profile is sampled by the FTS with no major distortion due to
the ILS. However, in figure 1.15(b), the sampled points do not reproduce the absorption
of the single comb mode. The broadening and the distortion of the absorption feature is
clearly visible. The summed ILS trace exhibits the ILS of the only absorbed comb mode.
The absorbed comb mode intensity is not retrieved due to the contribution of the ILS of
neighboring comb modes.

The latter case of narrow absorption lines would be common when probing cold gaseous
media such as jet expansions. As only one to two comb modes are absorbed per absorption
lines, the full absorption profile is not retrieved and suffers from ILS. Measurement of
cold, narrow lines with a comb and a FTS thus requires a method called "sub-nominal
resolution', allowing to retrieve the intensity of individual comb modes and thus an ILS-

free spectrum (i.e. reducing the ILS to below the noise level).

1.4.2 Sub-nominal resolution

The sub-nominal method was first introduced by MASLOWSKI et al. (2016) while RUTKOWSKI
et al. (2018) then covered in further details the implementation of the method. The main
idea of the sub-nominal method is to match the maximum OPD of a single-burst inter-
ferogram to the value of ¢/ f,,. By adjusting the FTS scale of sampled points, it is then
possible to retrieve exactly the intensity of individual comb modes.

This is shown on figure 1.16(a), where an interferogram containing several bursts is
truncated to a double-sided, single-burst interferogram, with a maximum OPD A,,.. =
¢/ frep- The corresponding FTS sampling is shown on figure 1.16(b). On the contrary of the
previous case of figure 1.15(b) where frrs > f,p, here we have frrs = frep. This results
in the zero-crossings of the ILS for a given comb mode (dashed-dotted red-trace) to lie on
the neighboring comb modes. The individual comb modes are then sampled by the FTS
sampling points (red circular markers, with dashed trace for guidance to the eye) and
their intensity is retrieved without ILS distortion. The achieved resolution is thus equal
to the comb modes width (typically < 1 MHz), with a relatively compact interferometer
whose nominal resolution is usually on the order of 100 MHz - 1 GHz.

Sub-nominal resolution can be coupled to the interleaving method, first proposed
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Figure 1.16 : Principles of the sub-nominal method. (a) - Interferogram with a train of
bursts. Single-burst interferogram is selected with a maximum OPD cut exactly to the
value ¢/ frep. (b) - ILS due to an absorption line narrower than the comb mode spacing.
The comb modes are shown as the black vertical lines, the dashed-dotted red trace depicts
the ILS at the absorbed comb mode of index n,g, the solid red trace shows the sum of the
ILS for all the comb modes and the circular markers represent the FT'S sampling points.
As the maximum OPD of the interferogram is matched to ¢/ f,p, the zero-crossings of the
ILS from one comb mode coincide with the neighboring comb modes. The intensity of the
absorbed comb mode is retrieved without the contribution of the ILS of other modes.

by SCHILLER (2002). It offers to acquire spectra at swept values of either f.., or feeo
and interleave them, resulting in an increased density of comb modes in the interleaved
spectrum. Coupling the sub-nominal method with interleaving makes it possible to retrieve
absorption profiles narrower than the comb mode spacing. These methods have been used
in a double-resonance experiment (FOLTYNOWICZ et al., 2021) and in the study of cooled
large molecules (CHANGALA et al., 2019).

The next subsection will present the fast-scanning FTS setup used during this thesis,

and cover the calibration of the OPD axis and the data resampling.

1.4.3 Fast-scanning FTS

A schematic of the fast-scanning FTS is shown on figure 1.17, with a twice-folded inter-
ferometer geometry. The comb light transmitted by the cavity is split into two beams
that each reflect on retro-reflectors (Newport UBBR2.5-1S) mounted back-to-back on a
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1.4. Fourier transform spectroscopy with frequency combs

translation stage (Thorlabs DDS-300).
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Figure 1.17 : Fourier transform spectrometer. The cavity output (red) is split into two
arms with a plate beamsplitter, each arm reflecting on retro-reflectors mounted back-to-
back on a translation stage. Both arms recombine on the beamsplitter. An InGaAs autoba-
lanced detector is used to measure both FTS outputs. A frequency-stabilized Helium-Neon
laser (blue) is split in half with a fiber splitter, and each arm is coupled to free space where
it propagates along the comb towards the retro-reflectors. Both arms are recombined in
fiber and the interferogram is measured with a Si photodetector.

These two are detected with a home-built autobalanced detector, based on the JILA
design used by FOLTYNOWICZ et al. (2011), itself based on a design from HOBBS (1997).
The detector is optimized to reduce nonlinear effects in the photodiodes. With the auto-
balancing scheme, the photocurrents from the two photodiodes are subtracted, while the
DC offset between them is corrected with a slow feedback loop. This allows to subtract
common mode noise, while doubling the interferogram signal since the two FTS outputs
are in phase opposition (one path undergoes an even number of reflections while the other
undergoes an odd number of reflections). The main difference of this setup compared to
literature is the Helium-Neon laser (HeNe, Thorlabs, HRS015B), the frequency-stabilized
reference laser to calibrate the OPD as the translation stage is moving, being split in
fibers into two arms which reflect off the retro-reflectors in free-space, and are coupled
back together in fiber, as shown with the blue path in figure 1.17. The detection of the
HeNe interferogram is ensured with a Si photodetector (Thorlabs, PDA36A2). The maxi-
mum speed of the translation stage is limited by the bandwidth of both the autobalanced
photodetector and the Si photodetector. At 20 dB gain, the latter has a bandwidth of 1

MHz. The translation stage maximum speed was empirically set at 70 mm/s. The total
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travel length was set at 270 mm, with data acquisition lasting 4.1 seconds. As data was
only acquired on one way of the translation stage, the total acquisition time per spectrum
was 10.4 s. The high-speed digitizer was set to acquire 11.6 Mpts at a 2.8 MSample/s

acquisition rate, with an alias-free bandwidth of 1.12 MHz.

Signal [V]

1.738 1.74 1.742 1.744 1.746
Time [s]

Figure 1.18 : Experimental interferograms zoomed-in on the central burst of the comb
interferogram (black trace) with the HeNe interferogram in the background (red trace).

A typical raw output from the FTS is shown on figure 1.18, where the view is zoo-
med and centered on the burst of the comb interferogram, in the black trace. The HeNe
interferogram is visible in red. A close-in view of the burst is displayed on figure 1.19(a),
where individual data points are visible for each interferogram. After subtraction of the
DC offset on the HeNe signal, the comb interferogram is resampled at the interpolated
maxima, minima and zero-crossings of the HeNe interferogram as shown on figure 1.19(b).
As the interpolated points are separated by a quarter of the HeNe wavelength Agene, this
yields an OPD step Aopp = Apene/4. As both the comb and the HeNe propagate on
both arms of the F'TS, the maximum OPD is then 4 times the actual displacement of the
translation stage. When it moves by Agene, the OPD changes by 4Agene. The translation
stage being 30 c¢m long, the nominal resolution of the FTS is 250 MHz. However, as was
shown in 1.4.2, it is possible to go beyond the nominal resolution of the F'T'S. This will

be necessary to resolve the narrow-linewidth absorption lines of jet-cooled molecules.
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Figure 1.19 : (a) - Zoomed in view of the central burst of the comb raw interferogram
(black dotted trace) with the raw HeNe interferogram (red dotted trace). (b) - The same
part of both interferograms after resampling at the zero-crossings, maxima and minima
of the HeNe interferogram.

1.5 Conclusion

In this chapter, we have seen the properties of frequency combs and how they can be ex-
ploited for spectroscopy with different spectrometers. In particular, coupling a frequency
comb with a Fourier transform spectrometer provides a broadband and versatile spectro-
scopic measurement tool. Using the sub-nominal and interleaving methods, it is possible
to map absorption lines that are narrower than both the comb mode spacing and the F'T'S
nominal resolution.

Fourier transform spectroscopy is then compatible with optical cavities, and allows
to cover a significant part of the infrared region with a single instrument. In the next

chapter, we will detail the basics of infrared cavity-enhanced spectroscopy.
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2 — INFRARED SPECTROSCOPY WITH
OPTICAL CAVITIES

Reaction kinetics aims at measuring the reaction rates and branching ratios of che-
mical reactions, by monitoring the concentrations of reactants and products over time.
To do so, one requires a tool capable of in situ, non-invasive and quantitative measure-
ments coupled to known experimental conditions, such as temperature, pressure and the
initial concentrations of reactants. Moreover, the chosen tool should provide simultaneous
measurement of different chemical species with a single instrument.

Infrared absorption spectroscopy of molecules in the gas phase fulfills several of these
requirements. In absorption spectroscopy, one observes the characteristic signature of a
given molecule by shining light from a source (whether it is a coherent source such as a
laser or an incoherent one) at a molecular sample and measuring the transmitted intensity
of light.

The Beer-Lambert law is the relation describing how the intensity from a light source
decreases in an absorbing medium. Considering an initial light intensity /y(v) at a given

frequency (v) [Hz|, the intensity I(r) at a distance [ through the medium is:
I(v) = Ih(v)e W) (2.1)

with a(v) [cm™] the absorption coefficient at v, which describes an absorption per unit
length. The absorption coefficient is related to the absorption cross-section o (v) [em? /molecule],

which is the cross-section of the probability of a photon being absorbed by a molecule:
a(v) = o(v)N; (2.2)

with N the molecular density, expressed in molecule/cm?®. Measuring I(v) while knowing
Iy(v) after calibration then yields the absorption coefficient. If the light source emits over
a broad range of frequencies, or if the source can be tuned in frequency, one then ob-

tain the spectrum of the probed medium over a wide range of frequencies. Such spectrum
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2 — Infrared spectroscopy with optical cavities

will present characteristic absorption features corresponding to the molecules present in
the medium. In the infrared, molecules absorb light at energies corresponding to their
rotational, vibrational and electronic energy levels. Transitions between rotational levels
from two different vibrational levels result in absorption lines centered on the transi-
tion frequencies. These lines are grouped in vibrational absorption bands. In atmospheric
conditions, it is possible to resolve this so-called rovibrational structure of medium-sized
molecules (< 10 atoms) in the gas phase. These rovibrational absorption lines observed
exhibit specific lineshapes, which depend on the experimental conditions such as tempe-
rature and pressure. If these conditions are monitored during the experiment, and the
interaction pathlength between the light and the probed sample is known, it is possible
to model the spectrum with absorption profiles and in fine retrieve the densities of each
molecular species present in the sample.

When probing molecules in the gas phase with infrared spectroscopic techniques, an
important concern is the achievable sensitivity or signal-to-noise ratio. An increase in
sensitivity can be achieved either by lowering the detection noise floor, or by increasing
the signal (absorption of light). Following Beer-Lambert’s law (equation 2.1), absorption

can be enhanced either by:

« increasing a(v) by increasing the concentration of molecular gas,
e probing intense absorption lines,

o enhancing the light interaction pathlength L.

The most simple scheme is a single-pass cell with optical windows on each side of the
experimental gas cell, as shown on figure 2.1(a). The interaction pathlength is then equal
to the gas cell length. One can then increase the interaction pathlength with a multi-
pass cell (WHITE, 1942 ; HERRIOTT et al., 1964), where the windows have been replaced
with mirrors. The probe beam is then coupled into the cell, and will be reflected off each
mirror many times, as seen on figure 2.1(b). A multi-pass cell can achieve an effective
pathlength dozens of times higher than the cell length itself. To further enhance the inter-
action pathlength, the multi-pass cell can be replaced with an optical cavity/resonator.
As displayed on figure 2.1(c), it is made of (at least) two mirrors. With high-reflectivity
coatings, optical cavities can reach effective interaction pathlength of several kilometers
from a compact setup (see section 2.2.4.2).

An optical cavity made of two mirrors is called a Fabry-Perot resonator, which ex-

hibits evenly-space discrete resonant frequencies. The transmission and reflection of the
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Figure 2.1 : Interaction pathlength enhancement techniques. (a) - Single-pass cell ab-
sorption. (b) - Multi-pass cell absorption. (c) - Cell enclosed with high reflectivity mirrors
constituting an optical cavity.

resonator can be modelled with the cavity transfer functions, which depend on the cavity
length and the reflectivity of the mirrors. When conducting spectroscopic measurements
with an intracavity absorber, the transmission of the cavity thus has to be modelled with
the transmission function instead of the Beer-Lambert law.

In this chapter, we will cover the spectroscopy of molecules in the infrared, the origin of
the absorption coefficient, the absorption lineshapes used to model molecular absorption
spectra, the Fabry-Perot cavity and its applications to gas phase spectroscopy, and finally,

the methods allowing to lock a laser to a cavity and stabilize the cavity length.

2.1 Infrared spectroscopy

2.1.1 Rotational, vibrational and electronic spectroscopy

Molecules present absorption features in different parts of the electromagnetic spectrum.
These features are unambiguous identifiers of the associated molecule. Since molecules
have rotational and vibrational degrees of freedom, there exists different rotational and
vibrational energy levels. Pure rotational transitions between two rotational levels corres-
pond to frequencies in the microwave region, while vibrational transitions occur in the
infrared. The coupling of rotation and vibration allows rovibrational transitions, inducing
discrete absorption lines grouped together in absorption bands in all infrared regions.

Transitions between different electronic levels of the molecule may also occur, with fre-
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2 — Infrared spectroscopy with optical cavities

quencies typically in the UV, visible and near-infrared ranges. As electronic levels are more
widely spaced than vibrational and rotational levels, there are rovibrational transitions

within an electronic absorption band, also referred to as rovibronic transitions.

——Ground electronic state
—— Excited electronic state

V(R)

Figure 2.2 : The potential energy curve as a function of internuclear distance is shown
for two electronic states of a diatomic molecule, the ground state (black) and an upper
excited state (red). The blue arrow represents a rovibronic transition between the two
electronic states with v” =0 — v’ = 2 and J” = 2 — J' = 3. The vibrational levels
are represented as solid horizontal lines, while the rotational levels of the two vibrational
levels involved in the transition, as dashed horizontal lines.

A rovibronic transition is shown on figure 2.2. It displays the potential energy curves
of two electronic states, in black the ground state and in red an upper excited state. The
vibrational levels of each electronic state are represented as horizontal solid lines. The
rotational levels are represented as horizontal dotted lines, for the two vibrational levels
involved in the transition. The rovibronic transition is shown by the blue vertical arrow.
Here, J is the rotational quantum number associated with the rotational level, and v is
the vibrational quantum number associated with the vibrational level. The population of
rotational, vibrational and electronic levels follows a Boltzmann distribution in the case

of local thermodynamic equilibrium (LTE). In such case, we have T,.o; = Toip = Toiec.
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2.1. Infrared spectroscopy

2.1.1.1 Rotational spectroscopy

Molecules exhibit rotational levels, with transitions between levels corresponding to the
microwave region. Lines are spaced by the molecules rotational constant, which depends
on both the size of the molecule and its dipole moment. Typical values of the rotational
constant are in the range ~0.1-10 cm™. For example, CO has a rotational constant of 1.93
cm™!. Pure rotational transitions may only occur from J” to J' + 1 (absorption) or J’ to

J” — 1 (emission), following the selection rule AJ = +1.

2.1.1.2 Vibrational spectroscopy

Molecules also exhibit vibrational motion, with different levels of freedom. The number of
vibrational levels of freedom, or vibrational modes of a molecule, depends on how many

atoms it possesses and its geometry:

o for a linear molecule with N atoms, there are 3N — 5 vibrational modes,

o for a non-linear molecule with N atoms, there are 3N — 6 vibrational modes.

A diatomic molecule then has only 1 vibrational mode. However, not all modes are
excited by infrared radiation. The vibration has to induce a change in the dipolar moment
of the molecule as atoms move relative to one another, for the mode to be called "IR-
active'. As an example, figure 2.3(a) displays the vibrational symmetric stretching mode
of CO,. As both oxygen atoms oscillate towards the carbon atom, in opposite directions,
no change in the dipole moment is induced. The mode is "IR-inactive'. On the contrary,
the antisymmetric strecth on figure 2.3(b) and the bending mode on figure 2.3(c) are IR-
active, with vibrational frequencies of 2349 cm™ and 667 cm™ respectively. In the case of
diatomics, only heteronuclear molecules exhibit an IR-active mode. For most molecules,
their fundamental bands lie in the 400-4,000 cm™ range, which corresponds to the mid-
infrared (mid-IR) region of the electromagnetic spectrum. This range is often referred to
as the molecular fingerprint region.

It is noteworthy that molecules exhibit more bands than only the fundamental ones:

o overtone bands that are weaker than the fundamental band, with Av = £2,£3, ...
and the first overtone more intense than the second, the second more intense than
the third, and so on,

o combination and difference bands for polyatomic molecules, when two or more bands
interact and the resulting vibrational frequency is the sum or the difference of their

respective frequencies,
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e hot bands, when the initial vibrational state of the transition is an excited state.

—) 4 4 —) 4
(a) (b) (c)

Figure 2.3 : Vibrational modes of CO,, with the carbon atom in black and the oxygen
atoms in red. (a) - Symmetric streching vibrational mode of CO,, which induces no
change on the dipole moment of the molecule and thus is IR-inactive. (b) Antisymmetric
streching vibrational mode of CO,, which is IR-active. (¢) In-plane bending vibrational
mode of COs, which is also IR-active.

2.1.1.3 Rovibrational spectroscopy

In the infrared, rotational transitions happen at the same time as vibrational transitions.
Infrared spectra then exhibit absorption bands made of several rovibrational lines, cor-

responding to the different rotational transitions.

6 T A ]
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Figure 2.4 : rovibrational spectrum of the fundamental vibrational band v; of 0.1 %
of 12C1°0 near 2143 cm™ at 1 atm and 296 K. The initial and final rotational quantum
numbers are labeled for transitions J” =1 —4 and J” = 0 — 3 for the P and R branches
respectively.
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2.1. Infrared spectroscopy

Rovibrational lines are seen in 2 groups for a given absorption band: the P and R
branches. The P branch corresponds to transitions J” — J' — 1 (AJ = —1) and the R
branch to transitions J” — J' +1 (AJ = +1). In the case of diatomic molecules with
non-zero electronic angular momentum, there exists a ) branch with AJ = 0. Figure
2.4 displays the spectrum of the fundamental band of CO centered at 2143 cm™, with a
concentration of CO in air [CO| = 0.1 %, a pressure of 1 atm and a temperature of 296
K. The P and R branches are easily identifiable, whereas no @ branch is visible as CO
does not exhibit an electronic angular momentum. We remark that as J increases, the
spacing between lines in the P branch increases whereas it decreases in the R branch. In

other words, the R lines converge while P lines diverge.

2.1.2 Absorption and dispersion coefficients

Absorption lines due to rotational, rovibrational or rovibronic transitions exhibit an ab-
sorption profile, centered on the frequency of the transition. This profile, or lineshape,
depends on the experimental conditions such as the pressure or the temperature of the
studied gas. When measuring absorption spectra, it is important to account precisely
for this lineshape to retrieve precise density values. Thus, with the appropriate model of
absorption profiles, one can fit absorption spectra and retrieve experimental parameters.

This subsection will first cover the absorption and dispersion of light by molecules,
the following subsection will focus on the lineshape function and the different line broa-
dening mechanisms, and the third subsection will concentrate on the absorption profiles

commonly employed to model molecular spectra.

2.1.2.1 Complex refractive index

In the vicinity of a molecular transition, the complex refractive index of a molecular gas

at a given wavenumber 7 can be expressed as:
n(v) =n'(v) —ix(v), (2.3)

where n/(7) and k(7) are the real and imaginary resonant components, connected by the
Kramers-Kronig relations (DEMTRODER, 2014).

An electromagnetic (EM) wave E = Eye!(“0t=k02) of angular frequency wy = 27ic and
wave vector kg = 27y with 7y the frequency expressed in wavenumbers, propagates in the

z direction through a sample with refractive index n(ry) = n at . Its angular frequency
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2 — Infrared spectroscopy with optical cavities

is then w,, = wy and its wave vector k,, = kon. We have:

(2.4)

with kgc = wp. This equation therefore shows that the imaginary part of the complex
refractive index k is responsible for the absorption of the EM wave. After propagating
from z = 0 to z = 1/(277&05), the EM wave amplitude has been reduced to 1/e of the
original amplitude Ejy. The real part of the complex refractive index n’ is responsible for
the dispersion of the EM wave, implying its phase velocity v = ¢/n’ is dependent on the

frequency. The intensity of the EM wave is I o< EFE*, which diminishes as:
I = Iye 2horz, (2.5)

We can then define general formulas for absorption coefficient «(#) and the dispersion

coefficient ¢(7) at a wavenumber 7 as:

[

) 2k0/i(l;)a (26&)
&(7) = 2kon (). (2.6b)

o

The absorption and dispersions coefficients are then obtained from the complex line-

shape function.

2.1.3 Complex lineshape function and lineshape broadening

For a given transition from lower energy level i of energy E; [cm™| to upper level j of
energy E; [cm™] with associated wavenumber ;; = E; — E;, the absorption and dispersion

coefficients are obtained from the real and imaginary parts of a complex lineshape function
Xij (7) [em]:
0i(7) = S5 N Re( xy5(7)),
6ij(7) = S N Tm( xi5(9)).

with S7; [em™/(molecule-cm™)] the linestrength of the transition, given here in wave-

(2.7)

numbers per column density, and N [molecule/cm?] the molecular density. The complex

lineshape function is normalized, so that the integral of its real part over the absorption

o8



2.1. Infrared spectroscopy

line is equal to unity:
/ Re( vy (7)) do = 1. (2.8)
line

The lineshape function thus represents the probability of a photon to be absorbed versus
frequency. The area under the absorption line then corresponds to the integrated absorp-
tion [em™@] Sy = S7; N, as seen on figure 2.5 with the red area under the absorption

coefficient curve.
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Figure 2.5 : Absorption lineshape of a rovibrational line, in termes of the absorption
coefficient over frequency in wavenumbers. The filled orange area below the curve corres-
ponds to S;; the integrated absorption.

The linestrength is dependent on the temperature, therefore on the population of the
lower and upper levels ¢ and j. S7; can be obtained at any temperature 7' from its value
at a temperature of reference, for example 7.y = 296 K in the HITRAN2020 database
(GORDON et al., 2022):

Q(Tref) exp(—coE;/T) [l —exp(—cot;i/T)]
Q(T) exp(—c2Ei/Tiey) [1 — exp(—calyj/Trer)]”

with Q(T") the total internal partition function of the molecule at temperature 7" and ¢,

S5(T) = 55j(Trey) (2.9)

[em-K] the second radiation constant, defined as c; = he/kp.
The complex lineshape function takes into account the natural, thermal and pressure

broadening effects determining the lineshape of an absorption line.
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2.1.3.1 Natural broadening

The natural broadening is due to the finite radiative lifetime of the upper level of the
transition. The Heisenberg uncertainty principle states that the uncertainty in energy AFE

times the uncertainty in time At is greater or equal than the reduced Planck constant:

AEAt > h. (2.10)
It yields an uncertainty in frequency Awv:
1
Avy = : 2.11
N 2 Trad (2.11)

with 7,.,4 the radiative lifetime of the upper level. The shorter the lifetime, the larger
the frequency uncertainty. For a rovibrational transition, the lifetime is typically of a
few milliseconds, which corresponds to Avy ~10-100 Hz, or equivalently in wavenumbers
Avy ~1019-107 em™.

The natural broadening gives a Lorentzian lineshape, and its associated complex line-

shape function is:
1 Avy /2

W= 2 + @ 2P 21

with Apy the FWHM and 7;; [em™] the wavenumber of the transition. An absorption
line is then always broader than the transition central frequency. Natural broadening is

however negligible in front of thermal and pressure broadenings.

2.1.3.2 Thermal broadening

Thermal broadening comes from the speed of the molecules relative to the probe light
beam. Due to the Doppler effect, molecules moving towards the light source see blue-
shifted photons while molecules moving away see red-shifted photons. This results in a
broadening of the absorption lineshape. Thermal broadening is then referred to as Doppler
broadening. Since the velocity distribution of molecules in a gas at thermal equilibrium

follows a Maxwell law, the associated lineshape function is a Gaussian:

o) =, 4711;(25) exp l‘”‘m(?g — ij)} (2.13)

with I'p the FWHM of the Gaussian profile, also named the Doppler width. It is defined

as:

(2.14)

2In(2)kgT' Ny _
FD:# <>MB "o
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2.1. Infrared spectroscopy

where kp is the Boltzmann constant, 7" is the temperature [K], N4 is the Avogadro
constant [mol!], 7;; the transition wavenumber [cm™] and M is the molar mass of the
molecule [g/mol]. As an example, at an ambient temperature T' = 296 K, the Doppler
width of the P(6) line of the second overtone band (v” = 0 — v' = 3) of CO is 0.015
cm™ (441 MHz), orders of magnitude higher than the natural linewidth of a rovibratio-
nal transition. Doppler broadening is the dominant effect at high temperatures and low
pressures (<< 1 Torr). As pressure increases however, it is the pressure broadening that

starts dominating.

2.1.3.3 Pressure broadening

Pressure broadening comes from intermolecular collisions, which induce energy exchanges
between the colliding molecules. This in turn broadens the absorption lines. The broade-
ning depends on the mean time between collisions 7¢:

1

27T

AVC

(2.15)

The higher the pressure, the more probable a collision is to happen, and the smaller
7c. The broadening then increases linearly with the pressure. We have I'c = Avg/c
the pressure broadening coefficient in cm™. Similarly to natural broadening, pressure

broadening yields a Lorentzian lineshape:

1 I'c/2
xe(P) = m (0 —0y)2 + (Do /2)?

where I'c is the FWHM of the lineshape. The pressure broadening coefficient is often

(2.16)

expressed as 7, its normalized form relative to pressure in cm™-atm™. In air and at
ambient temperature, many molecules have collision-broadening around 0.1 cmtatm™,
yielding a linewidth of 3 GHz (0.1 em™) at atmospheric pressure. It is noteworthy to
mention that collisions also perturbate the energy levels of molecules, inducing a frequency

shift on absorption lines. This pressure shift is also expressed in cm™-atm™.

2.1.4 Absorption profiles in atmopsheric conditions

The Gaussian profile due to Doppler broadening is only true at high temperatures and
low pressures, while the Lorentzian profile due to pressure broadening is valid at low
temperatures and high pressures. In any other case, both effects are usually accounted for
with the Voigt profile.
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2 — Infrared spectroscopy with optical cavities

2.1.4.1 Voigt profile

The Voigt profile is the convolution of the Gaussian and Lorentzian profiles aforemention-
ned. The Voigt profile can be approximated with the complex error function, also called
the Faddeeva function (SCHREIER, 1992).

Figure 2.6 compares the normalized absorption profiles of the P(6) line from the second
overtone of 0.1 % of CO in argon, at increasing pressures of 1, 100 and 500 Torr. In blue
at 1 Torr, the profile is dominated by Doppler broadening and the lineshape is close to
a Gaussian. At 100 and 500 Torr, the Lorentzian component from pressure broadening
becomes prominent, clearly visible as the Lorentzian function goes to zero on the wings
at a slower pace than the Gaussian. The pressure induced frequency shift is also visible

as the pressure increases, the peaks are displaced to lower frequencies.

rTrrrrrrrrrrrrrrrr ot
—1Torr ]
—100 Torr |
—500 Torr 1

Normalized absorption coefficient

Frequency detuning V-1, [GHz]

Figure 2.6 : Voigt profiles with normalized absorption coefficient computed for the P(6)
line from the second overtone of CO, with 0.1 % of CO in argon at 296 K and with
increasing pressures. At 1 Torr (blue), Doppler broadening is dominant and the profile
resembles a Gaussian. At 100 and 500 Torr (red and black), collision-broadening becomes
dominant and the profiles are closer to a Lorentzian, with the wings decreasing to zero
at a slower pace than a Gaussian. As pressure increases, the pressure shift becomes more
apparent.

However, the Voigt profile cannot perfectly reproduce spectra at low to moderate

pressures, as it does not take into account other second-order lineshape narrowing effects
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2.1. Infrared spectroscopy

such as the collisional narrowing (or Dicke narrowing) due to velocity-changing collisions
(DickE, 1953) and the speed-dependence of the relaxation rate (ROHART et al., 1997).
This can lead to significant discrepancies between experimental absorption lines and a
model based on Voigt profiles for fitting. These discrepancies are noticeable when sub-
tracting the fitted model from the experimental data, as sensitivity of the instruments
increases (BUI et al., 2014). There are other line profiles, such as the Galatry profile (GP,
or equivalently the Rautian profile) and the Nelkin-Ghatak (NGP) which take into ac-
count velocity-changing collisions (Dicke narrowing), with a soft-collision model for the
GP and a hard-collision one for the NGP. There also exists speed-dependent version of
these models, referred to as speed-dependent Voigt profile (SDVP), speed-dependent Ga-
latry (SDGP) and speed-dependent Nelkin-Ghatak (SDNGP) (HARTMANN et al., 2008).

2.1.4.2 Hartmann-Tran profile

Another profile referred to as the partially-correlated quadratic speed-dependent hard-
collision profile (pCqSDHCP) or the partially-correlated quadratic speed-dependent Nelkin-
Ghatak profile (pCqSDNGP) had been used to model ultra-high accuracy experimental
data (JOUBERT et al., 1999; CIURYLO et al., 2001). Its latest formulation was proposed
by NGO et al. (2013), and TRAN et al. (2013) showed it could be efficiently computed
with high accuracy. It is now commonly referred to as the Hartmann-Tran profile (HTP).
The HTP is now the recommended line profile for the modelling of molecular absorption
spectra (TENNYSON et al., 2014).

The HTP has seven parameters:

« Doppler broadening I'p [cm™],

o the pressure broadening averaged over all speeds I'g [cm™],

o the pressure shift averaged over all speeds Aq [cm™],

o the speed-dependent pressure broadening 'y [cm™],

o the speed-dependent pressure shift A, [cm™],

o the frequency of velocity-changing collisions oy ¢ [em™],

» the correlation parameter 7).

The correlation parameter n is dimensionless. The HTP lineshape function can be

defined as:
1 A(D)

Xurp(7) = T1_ [ﬁvc —(Cy — 302/2)}/1(&) +nCo /v B(7)

(2.17)
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with Cy = 'y + @A, (with & = [0,2]), A(?) and B(7) two parameters obtained from the

Faddeeva function, and the most probable speed v40:

2

C
Uyg = ———I"p.
a0 V In 217” b

(2.18)

- ——HTP-VP ——HTP-SDVP ~——HTP-NGP -
1 1 1 1 1

-800 -600 -400 -200 0 200 400 600 800
Frequency v-v [MHz]

Differences

Figure 2.7 : Voigt, speed-dependent Voigt, Nelkin-Ghatak and Hartmann-Tran profiles
computed for the P(6) line from the second overtone of CO, with 0.1 % of CO in argon
at 296 K and a pressure of 50 Torr.

A comparison of the previously mentioned line profiles is shown on figure 2.7. The
top panel shows the absorption profile as the absorption coefficient versus the detuning
frequency from the center of the P(6) line from the 3 < 0 band of CO, with 0.1 % of
CO diluted in argon at 296 K and a pressure of 50 Torr. The blue trace corresponds to
the VP, the red trace to the SDVP, the yellow trace to the NGP and the black trace to
the HTP. The bottom panel displays the differences of the VP, the SDVP and the NGP
relative to the HTP as blue, red and yellow traces respectively. It is clear from both panels
that the VP and the NGP overestimate the wings of the profile and underestimate its
height. Taking into account speed-dependent effects, the SDVP is much closer to the HTP.
This higlights the importance of the chosen absorption profile when modelling absorption
spectra. The profile should be matched to the experimental conditions of pressure and

temperature and be chosen relative to the achieved signal-to-noise ratio. As a more so-
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2.2. Fabry-Perot cavity

phisticated profile like the HTP has more parameters than the simpler Voigt, using it to
model low SNR data could lead to overfitting, meaning that fitted values for the model
parameters do not necessarilly have a physical interpretation.

The goal of fitting experimental spectra with absorption profiles is to reproduce expe-
rimental data with the model in the best way possible. To assess the quality of the fit, the
differences between the data and the model are computed, yielding the fit residuals (or fit
residuum). The fitting procedure is usually conducted with least-square reduction algo-
rithm. In such a case, the algorithm aims at minimizing the value x? = (data — model)?.
Flat residuals containing only statistical noise (typically white noise) indicate a trustwor-
thy fit of the data. Uncertainties can then be evaluated.

We have seen that precision spectroscopy in the infrared requires high sensitivity, high
resolution and a broad spectral coverage. The next section will cover Fabry-Perot optical

cavities as a mean to enhance sensitivity.

2.2 Fabry-Perot cavity

A Fabry-Perot cavity or resonator is a linear optical cavity made of two reflecting surfaces
facing each other, typically mirrors. The separation between the two mirrors is the cavity
length L. The cavity confines light along its direction of propagation. Different configura-
tions of Fabry-Perot cavities are possible and depend on the radius of curvature of each

mirror R; and Ry and the cavity length:

e plane-plane when R; = Ry = o0,
 concentric when Ry = Ry = L/2,
« semi-confocal when Ry = L/2 and Ry = o0,

e confocal when R; = Ry = L,

with each case depicted on figure 2.8(a) to 2.8(d). An optical resonator is stable if the light
stays confined between the mirrors, as the number of light round-trips within the cavity
goes up to infinity. The stability then depends on the cavity length and the curvature of

the mirrors. A Fabry-Perot cavity is stable if it verifies the following condition:
with

gj=1- (2.20)

L
R;
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2 — Infrared spectroscopy with optical cavities

with j = [1,2] and R; the radius of curvature of the j™ mirror. This condition implies that
for a light beam to be resonant within the cavity, its wavefront curvature has to match

the mirrors radius of curvature at the mirrors positions.

R, = = L/2 =1/2

m >«

(b)
R, =L R,=1L

(c) (d)

Figure 2.8 : Cavity geometries. (a) - Plane-plane cavity. (b) - Concentric cavity. (c) -
Semi-concentric cavity. (d) - Confocal cavity.

Optical cavities exhibit different spatial resonant modes, with different spatial intensity

distributions. These are called the transverse modes of the cavity.

2.2.1 Cavity spatial modes

The transverse modes of a cavity are also called the Hermite-Gauss modes, and are ob-
tained from the product of a Gaussian beam and Hermite polynomials. To determine the

intensity distributions of transverse modes, we first have to cover Gaussian beams.

2.2.1.1 Gaussian beams

Gaussian beams have an intensity profile that follows a Gaussian distribution. Figure

2.9(a) displays the intensity profile of a monochromatic Gaussian beam with wavelength
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2.2. Fabry-Perot cavity

A =1550 nm propagating along the z-axis, as a function of the z position and the radial
position, the distance from the beam axis. The beam converges to the focus or beam waist,
where the beam radius is minimal. The beam radius, w(z) is defined as the distance from
the beam axis where the intensity is reduced to 1/e* (~13.5%) of its maximum value.
It varies along the axis of propagation. The corresponding figure 2.9(b) shows the beam
diameter as a function of z. At the beam waist, we have the minimum beam radius
w(0) = wo, displayed in blue on the figure. The Rayleigh range zg is also shown in red in

the figure. It is defined as:

2

= (2.21)

At zg the beam radius is w(zg) = v2wy. The beam radius is obtained at any z value as:

w(z) = woy/1+ (if (2.22)

600

400 1
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-200 ¢
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Beam diameter [um]
o

-400 ¢

-600 — : : ' :
-100 -50 0 50 100 -100 -50 0 50 100

Z position [mm] Z position [mm]
(a) (b)

Figure 2.9 : Gaussian beam intensity distribution and beam diameter.(a) - Radial in-
tensity distribution of a Gaussian beam propagating along the z-axis. The warmer the
color, the higher the intensity. The intensity is at a maximum at the waist position of the
beam in the center of the figure. The intensity decreases as the beam diverges away from
the waist position. (b) - The beam diameter along the z-axis. At the waist there is the
minimum beam radius wy, shown in blue. The red-dotted lines show the Rayleigh range
of the beam zg, shown in red.

The electric field of a Gaussian beam propagating along the z-axis and radial position
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r is defined as:

Wo

exp| ——— | exp|i|kz — arctan| — :
w(z) P w(z)? P 2R 2R(2)
with the wave-vector k = 27”, the Gouy phase ¢ = arctan( ) and the radius of curvature

n
of the wavefront R(z):
2
R(z) = 2[1 + (ZR> .

z

E(r,z) = Ey

(2.24)

The wavefront is flat at the waist and far from the waist, we have R(z) — co. We can

then define the complex beam parameter ¢(z) as:

! 1 LA
9(z) ~ z4izrn  R(z) mw(z)? (2.25)

The complex beam parameter of a Gaussian beam is modified after propagating through

an optical element as:
,  Aq+B

1= Cq1D
with A, B, C' and D the components of the ABCD matrix of the optical element. It should
be noted that an ABCD matrix verify that AD — BC = 1.

(2.26)

2.2.1.2 Transverse modes

With a cavity aligned along the z-axis, the electric field associated with the transverse

mode of order (m,n) at z in the zy-plane is given by:

Enn(z,9, 2) :Eowu(]z) Hm(\/§$)> exp( o ) Hn<\/§ y )exp( v )

’ wiz w(z)” w(z) w(z)?
o (_i {kz o (1 +m+ n) arctan<;> + WD’ (2'27)

with H,, ,, the Hermite polynomial of order (m,n). The intensity for each mode is then ob-
tained as I, (x,y, 2) = Ef . (x,y, 2) Emn(x, y, 2). The intensity distributions of the trans-
verse modes up to order m = n = 3 are displayed on figure 2.10. The modes are referred
to as transverse electro-magnetic modes of order m,n (TEM,,, ). The TEMg, mode is the

fundamental mode of the cavity, and exhibits a Gaussian profile.

In the next subsection, we will cover the transfer functions of a cavity and its frequency

modes.
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2.2. Fabry-Perot cavity

TEM03

Figure 2.10 : Intensity profiles of transverse modes of an optical cavity. The TEMg
mode is a Gaussian mode, and is called the fundamental mode of the cavity.

2.2.2 Stationary transfer functions in the frequency domain
2.2.2.1 In transmission

Let us consider a cavity made of two mirrors M; and My with electric field reflection and
transmission coefficients r; and ¢;, with j =[1,2]. We assume a cavity without losses. We

define the round-trip time of flight within the cavity as:

Trt = 2Lnr/07 (228)
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2 — Infrared spectroscopy with optical cavities

with n, the refractive index of the intracavity medium. The electric field of light coupled
into the cavity undergoes a phase-shift ¢(v) at each round-trip, depending on the light
frequency v:

o(V) = 2Ty (2.29)

Frequencies satisfying the condition ¢(vy) = 2km with k an integer, interfere constructively
with themselves and are resonant within the cavity. Thus we have vy = k/7..

As seen on figure 2.11, radiation with electric field Ej,.(t) incoming onto the ca-
vity is first transmitted by the input mirror M; and undergoes n round-trips with n =
0,1,2,3,4... to infinity. For each round trip, the field is retarded by 7,;, and its magnitude
is reduced by a factor ry7r9. After n round-trips, the field has been retarded as n7.; and
the magnitude has thus been reduced by (ri73)". At each round-trip, the field is partially
transmitted by the output mirror My and the magnitude is reduced by 5. It corresponds
to n and a half round-trip within the cavity, therefore the field is retarded by (n+1/2)7..
The total transmitted electric field FEj.q,s(t) is thus the superposition of an infinity of

transmitted fields which underwent n round-trips within the cavity:

e 1
Etrans(t) = Z t1t2(7’1T2)nEinc(t — (TL + 5)7}15). (230)
n=0
t, (ry ry)" ty(ry )" toty(ry rp)"
Einc m—) ( —) m — ) ) E. ..
M, M,
t.rg t,r,

Figure 2.11 : Schematized transmission of an optical cavity. An incoming electric field
Ec is transmitted by the input mirror My, and undergoes consecutive round-trips between
the two cavity mirrors. It is partially transmitted at each round-trip by output mirror
Ms,. The transmtted electric field Ej.qns is then the sum of all electric fields partially
transmitted after n round-trips, with n going from 0 to infinity. The magnitude of each
resonant field has been reduced by a factor toti(ri7r)™.

We then obtain the transmitted electric field in the frequency domain Etmns(l/) after

a Fourier transform:

~ 1
Etrans(V) - \/%/Et’r‘ans<t) eXp(—ZQ’/TVt)Clt,
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2.2. Fabry-Perot cavity

oo . 1 R
= tita(rire)" exp[—z(n + 5)2%1/7}4 Eine(v),

n=0
= tity exp(—;gb(y))ﬁmc(y) i {7"17“2 exp(—w(y))r, (2.31)
n=0
and with 7’1T2€$p(—i¢(l/)) < 1 we can write:
tltg exp(—% (l/)) ~

Etrums(y) - 1_ 1T exp(—z¢(y)) Einc(V)‘

Hence the transmission transfer function, if we consider the mirrors to be identical with

rir=ro=rand t; =t = t:
B 2 exp(—% (y))
12 exp(—i¢(u))

The intensity transmission transfer function is then obtained as the square of the electric

Hirans(V) (2.32)

field transmission function:
T2
Htrans(y) = |Ht1”an8<y) ‘2 -

(1— R)2+4Rsin®(36(v))’ (2.33)

with 7' = [¢t|> and R = |r|* the mirrors intensity transmission and reflection coefficients

respectively. It should be noted that r, t, R and T are dependent on frequency.

This transfer function translates into narrow transmission modes in the frequency
domain, as shown on figure 2.12(a). The modes are separated by the cavity free spectral
range (FSR) defined as the inverse of the round-trip time:

1 c
VFSR = TTt = 2Lnr'

For practical reasons, we consider the FSR as constant for the moment. To the fundamen-

(2.34)

tal TEMgy mode then correspond k longitudinal modes separated in frequency by vpggr.
For the higher order TEM,,,, modes, the corresponding resonant frequencies are:

c
2Ln,

depending on the transverse order (mn). Each higher order transverse mode of frequency

Vimnk =

(k‘ + 71T(m +n+1) arccos(glgg)>. (2.35)

Vmni is thus associated to the ™ longitudinal mode. With only the TEMy, mode excited,

we have:
c

2Ln,

1
Voo = Vi = (kz + - arccos(glgg)> (2.36)
the frequency of the k" longitudinal mode.

71



2 — Infrared spectroscopy with optical cavities
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Figure 2.12 : Comparison of longitudinal modes for cavities with increasing finesse
values. (a) - Longitudinal modes in frequency space for a cavity with a free-spectral
range of 200 MHz and a finesse F = 10 (blue trace), F = 100 (red trace) and F = 1000
( trace). (b) - Zoomed-in view on one cavity mode. An increase of the finesse by a
factor of ten directly translates in a decrease of the modes linewidth by tenfold.

Since the cavity has loss mechanisms, whether it is due to the transmission of the
mirrors, their intrinsic losses or the absorption of light by the intracavity medium, the
cavity mirrors can not be considered to have reflectivities equal to one. Assuming both
mirrors to be identical, we have the intensity reflection, transmission and absorbance
coefficients R, T" and A, which are dimensionless, sum up to unity for each mirror. We
have:

R+T+A=1 (2.37)

Due to these loss mechanisms, the cavity modes are not Dirac function at frequencies vy,
but rather have a Lorentzian spectral lineshape ~; ;, defined as:
_ re

2 +4(v— )%
with I'. the FWHM of the longitudinal mode, also referred to as the mode linewidth. Here

the peak of each mode is normalized to unity.

ViL(V) (2.38)

The cavity finesse is a metric used to assess the frequency selectivity of cavity modes.
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2.2. Fabry-Perot cavity

It is defined as the ratio of the FSR and the cavity mode linewidth:

__ VUrsr
F = T

For a cavity composed of mirrors with different intensity reflection coefficients R, and R,

(2.39)

the finesse may also be expressed as:

e (]%1R2)i
F=— 2.40
1—+VRiR, (2.40)
which simplifies, if we consider the mirrors as identical with Ry = Ry = R, to:
VR
F== (2.41)

1-R
The finesse depends only on the mirrors reflectivities and is therefore constant for a given
cavity, whereas the FSR and the mode linewidth both vary with the cavity length. Figures
2.12(a) and 2.12(b) compare the spectral signatures of cavities with the same FSR of 200
MHz (L =75 cm) with increasing finesses of 10, 100 and 1000 shown as the blue, red
and yellow traces respectively. A tenfold increase in finesse directly translates as a tenfold
decrease in the mode linewidth. The higher the finesse, the narrower the cavity modes

and the more selective they are.

2.2.2.2 1In reflection

Similarly, we can define the reflected electric field at a time ¢, E,.¢(t), as the sum of the
incoming electric field reflected by M; and the resonant fields transmitted by M; after n

round-trips, as shown on figure 2.13. We can write:

M, M,
t.r t,.r;

Einc m——) —)
 — =ﬁ  —

Eref :
ryt(ry )" rt,(r, )"

i+t ot (ry ry)"
Figure 2.13 : Schematized reflection of an optical cavity. The electric field reflected by

the cavity E,.; is the superposition of the reflected part of the incoming field E;nc and
resonant fields transmitted by the input mirror M; after n round-trips.
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o0

Erop(t) = 11 Eine(t) = tirsty Y (r172) " Eine (t = (n + 1)724). (2.42)

n=0

Hence in the frequency domain:

tiraty exp(—igb(v)>

Eine(v 2.43
1 —rire exp(—igb(y)) ) (2:43)

Eref(l/) = |r —

and the reflection transfer function:
t17"2t1 exp(—z¢(u))
1—ryr exp(—zkb(u)) .

Assuming the mirrors as identical with 1y =ro =rand ty =t, =tand R+ T =1, we

Hyep(v) =11 — (2.44)

can write:
t*r exp(—igb(y)) r <1 - eXP(—iﬁb(’/)))
Hyep(v) =1 — = (2.45)
1—r2 exp(—i¢(u)) 1—r2 exp(—igb(v))
Assuming a lossless cavity, the intensity reflection transfer function verifies that:
Hipans(V) + Hyep(v) = 1. (2.46)

The figure 2.14(a) displays H,.r(r) versus frequency. The cavity FSR is 200 MHz and

1 -
2|
0.8} 1 ’
508 E
ks 2
© S 7
o4t g
0.2r
0 : : 0 J :
-100 -50 0 50 100 -100 -50 0 50 100
Frequency [MHZz] Frequency [MHZz]
(a) (b)

Figure 2.14 : Amplitude and cumulated phase of the cavity reflection transfer function
for a 100 finesse cavity and FSR of 200 MHz. (a) - Amplitude of the reflection transfer
function, which goes down to zero on resonance. (b) - Cumulated phase of the reflection
transfer function. On resonance the phase is shifted by .
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2.2. Fabry-Perot cavity

its finesse of 100. On resonance (at 0 MHz on the relative frequency axis), the reflected
intensity decreases down to zero. We observe that equation 2.46 is verified, when com-
paring to the transmission transfer function previously displayed on figure 2.12(a). The
phase associated to the reflected electric field is shown on figure 2.14(b). On resonance,
the phase shift is equal to 7. After the resonance, the phase increases to 27. Looking at
the slope of the phase, it is possible to determine on which side of the resonance we are.
This is exploited by the Pound-Drever-Hall locking scheme to lock a laser to a cavity,

which will be covered in section 2.3.

2.2.2.3 Cavity-enhanced absorption spectroscopy

In the case of an intracavity absorber, the electric field transmission transfer function of

the cavity can be expressed as (GIANFRANI et al., 1999):

12 o= a()L/2 gmip(v)L[2-id(v) /2—it)(v) /2

1 —1r2 @_O‘(V)L @_i@(l’)L—i(f’(V)—W’(V)

Habs (V) —

trans

(2.47)

with ¢ and r the frequency-dependent electric field transmission and reflection coefficient
of the cavity mirrors, a(v) and ¢(v) the intracavity medium absorption and dispersion
coefficients, L the cavity length, ¢(v) the round trip phase shift and ¢ (v) the intracavity
dispersion due to the mirror coatings. The intensity transmission function is then obtained
as follows:
stfns(y) = |Ht7’an8(y)|27

T2e—W)L (2.48)

(1 — Reme®h)2 4 4 Re=e@lsin?(p(v)L/2 + ¢(v) /2 + () /2)

Hiyions (V) =

The expressions from equations 2.47 and 2.48 can be used to model normalized expe-
rimental transmission spectra, and retrieve the absorption and dispersion coefficients of
the intracavity medium. One then measures the intensity transmitted by the cavity, in a
spectroscopic technique named cavity-enhanced absorption spectroscopy (CEAS), which
has been extensively used in molecular spectroscopy. The main advantage of the tech-
nique is its sensitivity increased by the high reflectivity of the mirrors, which enables long
interaction pathlength between the intracavity light and sample.

CEAS has been implemented with optical frequency combs (FOLTYNOWICZ et al.,
2011) in the form of direct frequency comb spectroscopy. The comb can either be tightly
locked to the cavity, using the Pound-Drever-Hall locking scheme (see section 2.3), or be

dither-locked (ADLER et al., 2010). In the former case, a two-point locking scheme can be
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used to lock the two comb parameters to the cavity, namely f,., and f.., (FOLTYNOWICZ
et al., 2013). It has been shown that the effective pathlength, and thus the sensitivity, are
increased by a factor ~ 2F /7 in the case of tight locking to the cavity and small absorption
(THORPE & YE, 2008). With typical mirror reflectivities of 99.9% and a cavity length of
L =1m, the finesse is F ~ 3,000 and the effective pathlength is L.ss ~ L x2F /7 =~ 2, 000.

To ensure precise and accurate measurements, the cavity length is also stabilized
using a PZT mounted on the back of one mirror (FOLTYNOWICZ et al., 2013). The cavity
transmission is then analyzed using either a dispersive spectrometer or a FTS (ADLER
et al., 2010). The main source of noise in CEAS with combs is the frequency-to-amplitude
noise conversion, due to the remaining frequency jitter of the comb modes relative to
the cavity modes. The intensity transmitted by the cavity is therefore not constant, but
noisy. Frequency modulation techniques exist to overcome this issue, namely NICE-OHMS
(KHODABAKHSH et al., 2014).

2.2.3 Mode-matching

2.2.3.1 Spatial mode-matching

When coupling a laser beam into an optical cavity, the aim is to mode-match the laser
beam to the cavity fundamental TEMy, mode. To do so, two aspects have to be taken
into consideration. Firstly, the complex beam parameter at the laser waist ¢;,s has to be
matched to the complex beam parameter of the cavity TEMyy waist ¢,,,. This can be
done with a single lens of focal length f, as shown on figure 2.15. The lengths d; between
the laser waist and the lens, and dy between the lens and the cavity waist, have to be

determined.

Using ABCD matrix formalism we have:

q/ . Aqms + B
o CQlas + D

where the equivalent ABCD matrix of the system is the matrix product of each component

(2.49)

in inverse order. For a propagation over distance d we have the matrix:

(A B) (1 d)
- , (2.50)
C D 0 1
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’
q {_'GV

Figure 2.15 : Spatial mode-matching between a laser beam and the fundamental cavity
mode using a single lens of focal length f. The complex beam parameter of the laser at
its waist, qius has to be matched to the complex beam of the cavity at its waist, ¢.,,. For
a cavity of length L composed of two identical concave mirrors, the waist is located in
the middle of the cavity. The distance between the laser beam waist and the lens, d;, and
the distance between the lens and the cavity waist, dy, can be obtained with the ABCD
matrix formalism.

and for a lens of focal length f we have:

A B 1 0
= . (2.51)
(C D) (—} 1)

We then have for the whole system:

do dids
C D 0 1 —; 1/ \o 1 —; 1—d73. '

The wavefront curvature at the laser beam waist tends to infinity, thus ¢, is a pure
imaginary number as ¢, = 12145 With z,,s the Rayleigh range of the laser beam. It can be
determined experimentally prior to the laser-cavity coupling. Similarly, ¢.,, is also a pure
imaginary number as ¢, = i2.,, with z.,, the Rayleigh range of the cavity TEMy mode,

which can be determined with equation 2.24 at z = L/2, the output mirror position.

Assuming that the wavefront curvature R(z) at z = L/2 is equal to R, the radius of

curvature of the cavity mirrors, we have 2/,, = /(R — £)£. We may then write:
o ACz},, — BCizas + ADizgs + BD  ACz}, + BD + iz, (2.53)
v C2Zl2as + D2 O2Zl2(15 + D2 ‘
Separating the real and imaginary parts yield:
ACz,, + BD =0, (2.54)
o Zlas 2 9 2 Zlas
Z’C(l’U —_— W —> O Zlas + D — E (255)
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We then have two equations:

Rldy = )+ [[(d + o) = duds|(f —d) =0,

(2.56)
Z?as+<f_d1)2_f2j/l¢ =0.
Solving these two equations give d; and ds:
_ f(di—fdit=,.)
2 = G
(2.57)

dl = f + \/Zlas (% - Zlas>~

Knowing the cavity length, the mirrors radius of curvature, the focal length of the lens
and the laser beam Rayleigh range, we can then precisely position the lens for the spatial
mode-matching. The lens is usually mounted on a translation stage for fine tuning.
Secondly, the alignment of the laser beam with the cavity optical axis has to be
optimized with the injection mirrors and the angles of the cavity mirrors, to ensure an

optimal coupling of the laser light into the TEMyg mode and maximize cavity transmission.

2.2.3.2 Frequency mode-matching with an OFC

Coupling an optical frequency comb into a Fabry-Perot cavity requires a frequency mode
matching. Indeed, the equidistant comb teeth of the OFC nees to be superimposed on
the cavity modes to ensure a broad spectral transmission. To do so, the comb repetition
rate f.., has to be matched to the cavity FSR. Moreover, the comb offset frequency has
to be tuned so that the comb modes are centered on the cavity modes, to maximize
the transmitted intensity. However, the cavity FSR is not constant but rather have a
dependence on frequency. This is due to both the dispersion of the cavity mirrors, and
the dispersion from the intracavity medium. Near a molecular transition, the cavity modes
are broadened and shifted in frequency (CYGAN et al., 2013).

This results in an effective local mode-matching, as shown on figure 2.16. The perfect
match is achieved for a "central" comb mode. The neighboring modes are also transmitted
by their respective cavity modes. However, the further away from the perfect match,
the more the comb modes drift out of resonance with the cavity modes. This limits the
spectral bandwidth transmitted by the cavity. The higher the cavity finesse, the narrower
the cavity modes and the sooner the comb modes are off the resonance, resulting in a

narrower transmitted spectrum.
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Cavity modes

.

Comb modes Srep

Figure 2.16 : Frequency mode-matching between an optical frequency comb (modes in
red) and a Fabry-Perot cavity (modes in black) seen in the frequency domain. As the
cavity FSR is dependent on frequency, due to dispersion from the cavity mirrors and the
intracavity medium, the comb modes can only be matched locally to the cavity modes.
Far from the agreement, the comb modes are not resonant with the cavity modes. This in
turn limits the spectral bandwidth that is transmitted by the cavity. The more reflective
the mirrors are, the higher the cavity finesse, resulting in narrower cavity modes. The
transmitted spectral bandwidth of the comb thus decreases when the finesse increases.

2.2.4 Cayvity transient response

Let us now determine the time-dependent cavity response in transmission after the inco-
ming light source coupled into the cavity is shut off, in the case of an intracavity absorber.
We need to take the inverse Fourier transform of the frequency-dependent electric field
we described in equation 2.47, where E2 (1) = HS (1) Eine(v). We have in the time

domain:

Bt () = [ bt = 1) Buuelt))at (2.58)
with h(t — t') the cavity temporal response obtained as:

| 2 e—a()L/2 g=ig(W)L/2—id(v) [2-i(v) /2
o / 1 — r2 e—aW)L g=ip(v) L—i¢(v)=ith(v)

From there, it can be shown that the decay of the light stored in a cavity mode follows a

h(t) = ™ dy. (2.59)

decaying exponential law and A(t) can be written as (LEHMANN & ROMANINI, 1996):

- Trt/2 .
h(t) \/ﬂ > Ay, exp( 27_Td(yq)>exp {2271'%1(15 - Trt/2)} Ot — 74/2) (2.60)

with v, the frequency of the ¢ cavity mode and ©(¢) the Heavyside function, with:

0 t<0,
O(t) = (2.61)
1 t>0,
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and
T 72 exp(—a(v,)L)
2(1 —r? exp(—a(uq)L)) ’

- bt o

Trd(Vy) = (2.62)

The decay of the intensity of light coupled into a cavity mode and shut off at time ¢ is
taken as:

(1) = 1B (0 = o Awpexp( -T2 (2.64)

trans trans Trd (Vq)

2.2.4.1 Ring-down time

The value 7,4(v,) is the ring-down time of the cavity at v,. It characterizes when the
intensity transmitted by the cavity drops down to 1/e of its original value, before the
incoming light source was shut off. It depends on both the intracavity absorption and the
mirrors reflectivity. In the case of weak absorption and high mirror reflectivity (close to
unity), the inverse of the ring-down time is linear with absorption and the mirror intensity

reflection coefficient:
1 (1 —R+a(u)L)c

= 2.65
Tra(V) L ( )
therefore the absorption coefficient can be retrieved as:
1 1
a(v) = — 2.66
2 ctra(v)  cmo(v) (266)
where 79(v) is the empty cavity ring-down time, given by 7y = —Z=, which characterizes

c(1-R)”
the intrinsic losses of the cavity.

It comes that in the presence of an intracavity absorber, for example molecular species
in the gas phase, the ring-down time decreases with absorption, we have 7,4 < 7. Measu-
ring 7,4(v) then yields directly the absorption coefficient at frequency v. The ring-down
time is obtained by fitting a decaying exponential model to the measured cavity light

decay, when the light source is shut off. This is exploited in cavity ring-down spectroscopy
or CRDS.
2.2.4.2 Cavity ring-down spectroscopy

CRDS was first implemented by O’KEEFE & DEACON (1988) with a pulsed laser. LEHMANN
& ROMANINI (1996) then set the theoretical fundamentals of the technique, and showed
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2.2. Fabry-Perot cavity

that to retrieve single exponential decays, the laser coupled into the cavity needs to be
narrower than the cavity FSR, in order to excite only one cavity mode. However, pulse
lasers exhibit broad emission, with FWHM on the same order as the cavity FSR. They
proposed to use continuous-wave (cw) lasers instead, which at the time of their publication
could reach linewidth below 5 MHz. The first implementation of cw-CRDS was presented
by ROMANINI et al. (1997) with an AOM to shut off the laser light and a high-finesse
cavity (F ~ 30,000). The AOM was triggered when the cavity transmission would cross
a threshold value. The cavity length was modulated using a PZT mounted on one of the
mirrors, to ensure the laser would be coupled into the cavity twice by modulation period.
To record a full spectrum, the laser frequency was tuned by changing the length of the

laser cavity.

1
Cavity g
Laser AOM L EEEEEEEER -x E
. 8057
: = %,
Photodet. €
§ Trd
Wavemeter » DAQ J 0O 5-0 = —
Time [us]
(a) (b)

Figure 2.17 : Typical CRDS setup and ring-down. (a) - Basic cw-CRDS setup. The laser,
typically a DFB or ECDL, is coupled into a very-high finesse cavity (F > 100,000). The
AOM acts as the fast optical switch to trigger ring-down events, which are recorded on
the photodiode at the cavity output. A wavemeter is used to monitor the laser frequency,
which is tuned by changing either the temperature or the pump current. (b) - Exponental
decays recorded for an empty cavity (blue trace) with the associated ring-down time 7
and for an intracavity absorber (red trace) with ring-down time 7,4. The difference of
the two ring-down times is proportional to the absorption coefficient of the intracavity
medium at this particular frequency.

Figure 2.17(a) shows a basic setup of cw-CRDS. The laser is a cw narrowband laser,
usually a DFB or an ECDL, and is coupled to a very-high finesse cavity. In the near-
infrared, cavity finesses exceed 100,000. The laser is fibered to an AOM which acts as the
fast optical switch. The laser frequency is tuned by changing the pump current, its tem-
perature or the cavity length, and monitored with a wavemeter. The cavity transmission

is measured with a photodetector whose bandwidth has to be matched to the anticipated
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decay duration. When the measured intensity crosses a set threshold, the AOM shuts
off the laser light and a decay is recorded, along with the frequency of the laser. Figure
2.17(b) shows the expected shorter ring-down time 7,4 in the presense of a molecular
sample in the cavity, in red, compared to the empty cavity ring-down time 7y in blue.

Since its first demonstration, cw-CRDS has become one of the most used spectroscopic
technique, able to reach very high sensitivity with rather simple and robust setups. It has
reached a record absorption sensitivity of 5x103cm™ (Kasst & CAMPARGUE, 2012). Tts
robustness has allowed compact, portable setups to be used in extreme conditions, such
as close to volcanoes (KASSI et al., 2006) or airborne measurements (CHEN et al., 2010).
More recently, CRDS was taken to sub-MHz accuracy and its sensitivity improved by
locking the cavity to the cw laser using the Pound-Drever-Hall scheme (see section 2.3)
and referencing the laser to an optical frequency comb (CYGAN et al., 2011 ; LONG et al.,
2012). To increase the acquisition rate of CRDS, frequency-agile techniques have also been
developed (TRUONG et al., 2013 ; LONG et al., 2014). While most CRDS experiments are
performed in the visible and near-infrared regions, where the highest reflective mirror
coatings are available, CRDS has also been taken to the mid-infrared (PALDUS et al.,
2000; LONG et al., 2016).

Nowadays, CRDS cavities have finesses in the hundreds of thousands. The enhan-
cement factor of CRDS is ~ F/x, yielding effective interaction pathlengths of tens of
kilometers with one meter-long optical cavities. It should be noted that the enhancement
factor of CRDS is half the enhancement factor of CEAS. This is because in CRDS, light
leaks out of both mirrors, whereas for CEAS, the steady input beam suppresses the decay
at the input mirror. CEAS is then twice as sensitive to intracavity absorption than CRDS,

given the same cavity is used (THORPE & YE, 2008).

2.3 Stabilization methods

2.3.1 Pound-Drever-Hall

To efficiently lock a laser to an optical cavity and ensure it is continuously transmitted,
one can use the Pound-Drever-Hall (PDH) locking scheme (DREVER et al., 1983). The
idea behind the technique is to provide information on relative frequency difference bet-
ween a laser and the nearest cavity mode. To do so, the laser is phase-modulated at a

frequency fppm to induce sidebands on each side of the laser frequency. For simplicity,
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we will instead consider the angular frequency of the modulation w,, = 27 fppy for the
following development. The modulation frequency w,, should greatly exceed the cavity

mode linewidth to ensure the sidebands are reflected by the cavity.

Let us consider the modulated laser electric field E; as:
Ei — Eoei(wt+ﬁsin(wmt))’ (267)

with Ej the laser amplitude and 3 the modulation amplitude. Considering /3 sin(wy,t)) <<
1, equation 2.67 can be series expanded as:

E; ~ Eye™! [1 + 13 Sin(wmt)},
6 twmt 6 —iw t) (268)

EZ:E iwtl ~
0€ <—|—26 5

We have the laser carrier surrounded by two sidebands at —w,, and w,,. Considering
the cavity reflection transfer function from equation 2.45, we can express the reflected

electric field as:

E'ref = EO [/Href((,u)em 4 Href (w + wm>ez‘(w+wm)t

+ Hyep(w + wm)gei(““m)t — Hyep(w — wm)gei(”“m)t] 269
The reflected intensity is obtained as:
Lo = By Brey (2.70)
ey = Hrep @) + 2 (| Hoeg @+ )+ | Hoeg oo — o))
+ 1S (Re {HTef(w)erf(w +wim) = Hpp (W) Hyep(w — wm)} cos(wpt) @.11)

I [ Hye (@) B p (@ + @) = Hi () Hrep (w0 — )| sin(wmt)>

+ (2wy, terms).

r

The component Im {Href(w)H*ef (W+wm) = Hp (W) Hyep(w— wm)} sin(wym,t) can be retrie-
ved by measuring the reflected intensity with a photodetector, which is bandpass filtered
at wy,. The filtered signal is then demodulated at w,, with the phase-adjusted output of
the modulation source.

Adjusting the phase of the modulation source for the demodulation allows to only
retrieve the sine component of equation 2.71 without the cosine component. The result of
the demodulation is shown on figure 2.18, which is the PDH error signal. It exhibits a very

steep slope on resonance, enabling precise locking of the laser to the cavity resonance.
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Figure 2.18 : Theoretical PDH error signal obtained after filtering the demodulated
signal, with a modulation frequency fppy =10 MHz.

Figure 2.19 shows a typical PDH setup to lock a laser, such as a frequency comb,
to an optical cavity. The laser is phase-modulated with an EOM to induce sidebands.
The EOM is driven by a frequency reference at fppy. In free-space, it is linearly polarized
with a half-wave plate (A/2) and propagates through a polarized beam-splitter (PBS). The
laser light is then circularly polarized with a quarter-wave plate (A/4). After reflection on
the cavity input mirror, the reflected light has been shifted by pi and is now circularly
polarized in the opposite direction. After propagating through the A/4, the reflected beam
polarization is linear, though orthogonal compared to the incoming laser beam. It is then
reflected by the PBS. The angles of the A/2 and A/4 are optimized to maximize the
input beam intensity. These three components (A/2, PBS and A/4) also act as an optical

isolator, preventing any light feedback into the laser.

Here, in the case of a frequency comb, the retrieved reflected beam is then dispersed
onto a diffraction grating and filtered through a pinhole or a slit to let through a narrow
part of the laser spectrum. With a narrow band laser, the grating and slit are not necessary.
The reflected light intensity is then measured with a photodetector, whose bandwidth is
required to exceed the EOM modulation frequency for proper detection of the modulated
reflected light. The photodetector output is bandpass-filtered centered on the modulation

frequency, and demodulated with the phase-optimized fppy signal in a double-balanced
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Figure 2.19 : Setup of a Pound-Drever-Hall scheme to lock a laser to an optical cavity.
The laser is phase-modulated with an EOM at a frequency fppm, and the laser light
reflected by the cavity is retrieved with a A/2, a PBS and a A/4. The reflected signal is
measured with a photodetector (PD), whose output is bandpass-filtered and demodulated
in a DBM with the phase-matched fppy. The DBM output is lowpass filtered, yielding the
PDH error signal. This error signal is fed to a servo-controller, that can act on the laser
actuator(s) to maintain the laser locked to the cavity and ensure continuous transmission.

mixer (DBM). Its output yields the PDH error signal after a lowpass filter to prevent high
frequency noise. The obtained error signal may then be fed into a servo-controller to have

feedback on an actuator of the laser.

Cavity modes Sweep

AL AL AL

Figure 2.20 : Schematized sweep of the cavity length with an EOM-modulated frequency
comb. To each comb mode is associated two sidebands at =+ fppy. When the cavity length
is modulated, the cavity modes sweep back and forth. The "lower" sidebands (at -fppn
from their respective comb modes), the comb modes and the "upper' sidebands (at + fppn
from their respective comb modes) are in turn transmitted by the cavity.

|
Comb modes

Before locking, the cavity length can be swept to visualize and optimize the PDH
error signal. In the case of a frequency comb, as shown on figure 2.20, each comb mode
is surrounded by two sidebands. When the cavity length modulated by more than fppy,
the cavity FSR will successively increase and decrease, resulting in a sweep of the cavity

modes. The lower frequency sidebands, the comb modes and the upper sidebands will
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be successively on resonance. This is presented on figure 2.21, which shows the cavity
transmission of an EOM-modulated frequency comb (offset by 0.5 V for clarity) and the
associated PDH error signal when the cavity length is modulated by one FSR. The blue
trace corresponds to the cavity transmission, with the central carrier of the laser along
the sidebands at 4 fppy. The associated PDH error signal is displayed below in the red
trace, which resembles the one shown previously on figure 2.18. We recognize the steep
slope of the error signal centered on the peak cavity transmission, where the comb modes

are on resonance with their respective cavity modes.

25 _ — Cavity transmission_:
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Figure 2.21 : Experimental data showing the transmission of a frequency comb by an
optical cavity (blue trace, offset by 0.5 V for clarity) and associated PDH error signal (red
trace) when the cavity length is modulated by one FSR. The sidebands are located at
=+ fppu on each side of the laser central carrier. We recognize the steep slope of the error
signal where the comb modes are on resonance with their respective cavity modes.

2.3.2 Radiofrequency stabilization

When performing frequency comb spectroscopy, one key aspect of the measurement is the
stabilization of the laser repetition rate f,.,. Indeed, the repetition rate must be stabilized
for the frequency comb to provide high spectral resolution and a direct frequency axis
calibration.

In cavity-enhanced measurements, one benefits from the locking of the frequency comb

to the optical cavity. As the comb repetition rate is maintained equal to the cavity FSR,
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one may then act on the cavity length to in turn stabilize f,., to a given value. Such a
setup is described on figure 2.22. A frequency comb is locked to an optical cavity with the
PDH scheme previously covered in section 2.3.1. The PDH electronic components are not
detailed on the figure and summarized by the black box "PDH electronics". After locking,
the f,., value is monitored and fed to a phase detector (PDT) where it is compared
to the signal from an arbitrary waveform generator, itself referenced to a SI frequency
reference such as a GPS-disciplined atomic clock or an hydrogen maser. The phase detector
compares the phase difference between the two frequencies and outputs a signal whose
frequency is the difference between f,., and the AWG frequency. This error signal is fed
to a servo-controller which acts on a piezo-electric transducer (PZT) mounted on the back
of one cavity mirror. The PZT is then used to stabilize the cavity length, and in turn the
comb repetition rate. As the AWG output frequency can be tuned, it is possible to lock
frep to a desired radiofrequency (RF) value while the comb is still locked to the cavity.

Ref. PlAWG »@ 1
PDT

| Servo
frep M2 pgs M4 Cavity

Comb Heombet-BA- | fecccecaacaa il
PZT
1

PO | o i
PD

electronics

To detection

Grating

Figure 2.22 : Basic setup to stabilize the comb repetition rate by acting on the cavity
length. Ref.: frequency reference. AWG: arbitraty waveform generator. PDT: phase detec-
tor. After locking the comb to the cavity with PDH, f,., is compared in a phase detector
to a reference frequency provided by an AWG, itself referenced to a SI reference frequency.
The phase detector output is the frequency difference between f,., and the reference fre-
quency. This output is then used as an error signal and fed to a servo-controller, which
acts on a PZT mounted on the back of one cavity mirror to stabilize the cavity length.
Thus f,, is locked to the reference frequency from the AWG, and can be tuned.

This tunability of f,., while the comb is locked to the cavity enables the use of the in-
terleaving method. By acquiring spectra at different values of f,.,, one can map absorption

lines that are narrower than f.., (see section 1.4.2).
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2.4 Conclusion

In a first part, we have seen how molecules absorb light at certain frequencies and how the
study of absorption spectra of molecules in the infrared yield absorption lines gathered in
rovibrational bands, we covered the different mechanisms that shape the profile of these
absorption lines and which absorption profiles are commonly used to model experimental
spectra. In a second part, we covered the properties of optical cavities and how they can
be used to enhance the interaction pathlength between light and a probed sample, namely
CEAS and CRDS. Finally, we saw the PDH scheme to lock a laser to a cavity, and the
RF stabilization scheme allowing to stabilize a frequency comb repetition rate to a RF
frequency.

From these concepts, the next chapter will cover the first implementation of a broad-
band CRDS technique, coupling a frequency comb and a time-resolved Fourier transform

spectrometer.
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FOURIER TRANSFORM CAVITY
RING-DOWN SPECTROSCOPY

3.1 Broadband cavity ring-down spectroscopy

Cavity ring-down spectroscopy (CRDS) is one of the most sensitive spectroscopic tech-
nique, with the advantages of being calibration-free and immune to the light source in-
tensity fluctuations as explained in section 2.2.4.2. Nowadays CRDS is mainly performed
with continuous wave lasers, which provide high spectral density and resolution, but suffers
from slow tuning speed. Recent techniques have been developed to drastically increases
the acquisition rate up to 1 THz/s, using electro-optic-modulators (LONG et al., 2014,
LONG et al., 2015), Mach-Zehnder modulators (BURKART et al., 2015) or frequency-swept
synthesizers (GOTTI et al., 2020). However, the spectral elements are still acquired in a
sequential fashion, and the frequency axis is calibrated with an optical frequency comb.
When experimental conditions are subject to change over time, there is a strong interest
in obtaining multiplexed spectra where the spectral elements are measured simultaneously
with a broadband light source.

Such a broadband CRDS technique was first demonstrated with a pulsed dye laser
and a step-scan time-resolved Fourier transform spectrometer by ENGELN & MEIJER
(1996). Cavity light decays were recorded at each step of the spectrometer translation
stage, which yielded a time-resolved interferogram after data was rearranged. They used
a pulsed dye laser emitting near 763 nm with a 400 cm™ bandwidth and a 4,000 finesse
cavity to measure the (0,0) band of the O, blZ;“ — X 329_ transition. The data consisted
of 3260 discrete mirror positions averaged over 200 laser shots, for a total acquisition time
of 4h. They reported a noise-equivalent absorption of 2.5 x 10" cm™ with a resolution of

0.4 cm™, which, along with the measurement duration, was quite limiting for applications.
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A second technique was proposed by SCHERER (1998) with a CCD camera, diffraction
grating and a high-speed rotating mirror called ringdown spectral photography (RSP).
The decaying cavity light was dispersed in wavelength by the grating onto the x-axis of the
camera while the rotating mirror allowed time resolution along the y-axis. Time resolution
of the measurement depends on the mirror rotating speed. Scherer first measured the
overtone band of propane near 635nm with a narrow-band light source he would shift
in frequency. In a follow-up paper (SCHERER et al., 2001), a broadband light source was
used to probe propane near 635nm and the Oy rovibronic band near 690 nm. However,
the best resolution of 1.5cm™ (limited by the diffraction grating) was the limiting factor

to resolve individual lines. No sensitivity analysis was performed.

CzYZEWSKI et al. (2001) used a pulsed dye laser with a spectrograph and a gated
image intensifier CCD camera. Time-dependent spectra were acquired by triggering the
camera at consecutive delays relative to consecutive laser pulses. This implies sensitivity
of the final decay to pulse-to-pulse intensity fluctuations. The FWHM of the laser was
15nm near 430 nm. The cavity (F = 1,500 at 410nm) was filled with 10 ppm NO,. No
information was given on the spectrograph resolution or the sensitivity. In their review,
BALL & JONES (2003) estimated the sensitivity to as low as 10 5cm™. A similar setup
was developed by BALL et al. (2001) with a clocked two-dimensionnal CCD.

THORPE et al. (2006) presented the first demonstration of broadband CRDS using
an optical frequency comb as the light source. They combined a CCD camera, a grating
monochromator and a rotating mirror for multiplex acquisition of the comb spectrum,
with the same approach as (SCHERER et al., 2001). They reported an acquisition time of
1.4 ms for a single spectrum, along with a resolution of 0.8 cm™, limited by the resolution

power of the dispersion grating (no sensitivity was extracted from the final spectrum).

More recently, LISAK et al. (2022) performed dual-comb CRDS with electro-optics
combs pumped from the same oscillator. The high acquisition speed of a single time-
resolved interferogram (5 ps) allowed several interferograms to be recorded during a single
cavity decay to yield the decay time-dependence. This setup demonstrated a sensitivity

of 3 x 1078 cm™ for an acquisition time of 1 s and a cavity finesse around 19,800.

The table 3.1 summarizes the main characteristics of each approach to broadband
CRDS.
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Table 3.1 : Summmary of performances of previous broadband CRDS setups. The inte-
gration time for sensitivities is displayed in parentheses.

Implementation

ENGELN & MEIJER
(1996)

SCHERER et al.
(2001)

CZYZEWSKI et al.
(2001)

Light source
Wayvelength
Bandwidth
Finesse
Sensitivity
Resolution
Acquisition time

NEAls

Pulsed dye laser
763 nm
400 cm™
4,000
2.5 x 1077 cm™! (4h)
0.4 cm™
4h

9.5 x 1077 e Hz /2

Pulsed dye laser
630 nm
350 cm™
31,000
2.0 x 1078 cm™ (40us)
1.5 cm!

40 ps (single shot)

1.6 x 1077 cm 1 HZ /2

Pulsed dye laser
425 nm
840 cm™!
1,500

1075 cm™ (1.5us)

1.5 ps (single shot)

Implementation

THORPE et al. (2006)

Li1sAK et al. (2022)

Light source
Wayvelength
Bandwidth
Finesse
Sensitivity
Resolution
Acquisition time

NEA!s

Ti:Sa frequency comb
800 nm
200 cm™
4,500
6.4 x 1077 cm™! (1.4 ms)
0.8 cm!
1.4 ms

1.5 x 1079 ecm™ 1 Hz1/2

Electro-optics combs
1564 nm
0.8 cm™!
19,800
1.5 x 1077 cm™ (1 s)
0.033 cm™!
o us

3.0 x 1078 e tHz /2
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3.2 First implementation of frequency comb based
FT-CRDS

We developed a new broadband CRDS technique, pairing a near-infrared frequency comb
and a fast-scan time-resolved Fourier transform spectrometer (FTS). This new approach
combines the multiplex measurement of a F'T'S and the sensitivity and frequency precision

of a frequency comb.

3.2.1 Experimental setup

The schematic of the experimental setup is shown on figure 3.1(a). The laser is an Erbium
fiber comb with a repetition rate f,., = 100 MHz, delivering 100 mW of output power. The
emitted light goes through a fibered AOM (G&H, SFO1814-T-M080-0.4C2J-3-F2P-03),
which shift the laser frequency by 80 MHz. It is used as an ultrafast optical switch with a
rise/fall time of 35 ns to shut off the comb light and induce cavity light decays. The comb
light then propagates to free-space to be mode-matched to the measurement cavity. The
cavity mirrors (Layertec, coating A0612015, 99.88 % reflectivity, radius of curvature = 1
m) are separated by 75 ¢cm (FSR = 200 MHz). This yields a theoretical empty-cavity ring-
down time of 2.1 us. The cavity is opened to air and not enclosed in a gas cell. Therefore,
measurements will be conducted at atmospheric pressure and ambient temperature on
atmospheric species, mainly COs and H5O.

The comb is PDH locked to the cavity to ensure quasi-continuous transmission at the
cavity output (see section 2.3.1). The PDH error signal, obtained as described in section
2.3.1, is fed to two high-speed servo-controllers (NewFocus LB1005-S). These servos out-
puts are connected to the EOM located inside the comb oscillator cavity and to the slow
PZT fiber-stretcher, acting as fast and slow actuators respectively. The transmitted cavity
light then propagates to a fast-scanning F'T'S, whose design is similar to the one described
in section 1.4.3. The main difference resides in that both FTS outputs are recorded with
independent photodetectors (Thorlabs, PDA10CS2, PD1 and PD2 on figures 3.1(a) and
3.1(b)) with a bandwidth of 13 MHz. The optical path difference is calibrated with the
frequency stabilized HeNe laser, which propagates in one arm of the interferometer. The
reason for this design is covered in the next subsection 3.2.2 concerning data acquisition. It
is coupled in fiber and split with a 50:50 splitter. Half of the light is coupled to free-space,

reflected off the retro-reflector and coupled back in fiber, to be recombined with the other
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Figure 3.1 : (a) - Experimental setup. EOM: Electro-optic modulator. AOM: Acousto-
optic modulator. A/2: half-wave plate. A/4: quarter-wave plate. PBS: Polarizing beam-
splitter. BPF: Band-pass filter. DDG: Digital delay generator. DAQ: Acquisition board.
FTS: Fourier transform spectrometer. PD1,2: photodetectors. (b) - Fourier transform
spectrometer. The geometry is a twice-folded Michelson interferometer. Both outputs are
measured on independent photodetectors (PD1 and PD2) and acquired by DAQ. A sta-
bilized HeNe laser propagates along the comb on one arm of the FTS, to calibrate the
optical path difference (OPD). Note that the OPD varies twice as fast for the comb inter-
ferogram compared to the HeNe interferogram, for a given translation stage displacement.

half of the light that stayed in fiber after the first splitter. The sinewave interferogram
it produces is recorded on a photodetector (Thorlabs, PDA36A2) and used as reference
signal for a digital delay generator (DDG, Berkeley Nucleonics Corp 745T). When the
translation stage moves by half a HeNe wavelength (Agene), the DDG generates a boxcar
signal which is used to trigger the AOM and shut off the comb light. The same boxcar
signal is used to trigger the data acquisition board (National Instruments, NI-PC1 5922,
256 MB/channel memory). The signals from PD1 and PD2 are acquired simultaneously
at 15 MSamples/s with 16 bits resolution and an alias-free bandwidth of 6 MHz. In total,
440,000 decay events are acquired, each event containing 180 points. This yields a total of
50.6 cm OPD for both comb interferograms. The data acquisition will be discussed with

more details in the next section.

3.2.2 Data acquisition

To ensure an efficient data acquisition, the cavity light decay events are synchronously
triggered by the AOM and recorded by the acquisition board, which are simultaneously
controlled by the DDG. The DDG burst duration is set to 12 us to acquire the whole
decay. As the DDG burst is triggered by the HeNe interferogram, how often the triggers
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3 — Optical frequency comb Fourier transform cavity ring-down spectroscopy

happen depends on the translation stage speed. If the HeNe laser beam were propagating
on both sides of the FTS (as in the case of the FTS described in section 1.4.3), a trigger
would occur everytime the translation stage moved by Apene/4. Since consecutive triggers
of the DDG should be spaced by 4 times the burst duration to ensure that no event
is missed, the translation stage would have to move by Agene/4 every 48 us, yielding a
constant speed of 3.3 mm/s. However, the cart movement is not perfectly continuous at
low speeds below 3-4 mm/s but rather erratic. The choice was then to propagate the
HeNe laser beam along one FTS arm only, with triggers happening when the cart moves

by Amrene/2. This allowed to use a higher speed of 5 mm/s with a steady translation stage

movement.
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Figure 3.2 : (a) - Raw data from PD1. The central burst of the interferogram is clearly
visible at t = 12 s. (b) - Zoom-in on raw data. The red-dotted lines corresponds to the
cavity light decays that are acquired. The solid grey lines corresponds to cavity build-ups,
which are not acquired on the acquisition board. The AOM and the board are triggered
every time the cart moves by Agene/2 and the corresponding light decay is acquired. The
AOM is then switched back on, light build up in cavity until next trigger. Every n** decay
points are separated by the OPD step Aopp = 2AHeNe-

Figure 3.2(a) displays raw data acquired from PD1, corresponding to the decays set
off when the FTS translation stage moves by Aopp = 2Agene. The center burst is clearly
visible at t = 12 s, corresponding to the zero OPD value. Figure 3.2(b) shows successive
decays: the red-dotted traces correspond to the acquired decay events while the solid
grey lines show the cavity build-ups, which are not recorded. Each decay here is a multi-
exponential function, corresponding to the sum of the transmitted comb modes decaying
simultaneously. It is worth mentioning here that the AOM when triggered also shuts off
the PDH error signal. The servo parameters were adjusted to minimize the impact on the
locks. This ensures cavity build-ups, when the AOM is switched off and the comb light is

injected again in the cavity. The upper scales depicts the time scale of each decay. The
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3.2. First implementation of frequency comb based FT-CRDS

decay data points are separated in the time domain by 1/f,., with f,., the acquisition
rate. The translation stage is continuously moving as the data is acquired (compared to
ENGELN & MEUJER (1996) where data is acquired at each discrete step of the stage),
though it does not prevent interferogram calibration at any given time after shut-off
(considering every n'" point of each decay). The OPD step remains equal to 2pene at
any given delay, whereas the absolute OPD scale is shifted from one delay to the next.
This induces a slight phase shift of the interferograms as the delay after shut-off increases,
without noticeable impact on the spectrum.

When the acquisition board is triggered, it records a sample (a single decay event)
which is stored on its onboard memory. While the acquisition is in progress, the memory
is emptied by groups of 4,000 decays, which are then copied on the computer drive as
a single file. We noticed a timing jitter between the DAQ internal clock and the AOM
shutoff. This comes from the nature of the board acquisition scheme: data points are
continuously measured at 15 MS/s, the trigger only indicates when to fetch data. The
acquisition rate f,.q = 15 MS/s then yields a 1/f,.q = 67 ns uncertainty on acquisition
start after the DDG trigger.

3.2.3 Data processing

The raw data from both photodetectors PD1 and PD2 are rearranged by time delay rela-
tive to the AOM shutoff. This yields a 3D time-resolved interferogram displayed on figure
3.3(a), zoomed in on the central burst at zero optical path difference (OPD). The solid red
trace corresponds to a decay event at a given OPD. Two orthogonal axis display the OPD
and time delay. Continuous intensity points at t < 0 us were acquired, though not useful
and deleted for further data processing. Figure 3.3(b) displays the interferograms at t =
0 pus of PD1 (blue trace) and PD2 (red trace). There is a strong intensity noise due to the
conversion of the comb-cavity frequency noise to amplitude, added to the timing jitter
of the DAQ internal clock relative to the AOM shutoff. From the figure, it is clear that
intensity noise is common to both interferograms. One can cancel it by using a numerical
balancing approach. Since the two outputs of a Michelson interferometer are in phase
opposition, subtracting one from the other cancels out common noise while doubling the
interferogram peak-to-peak value (FOLTYNOWICZ et al., 2011). Due to imperfect align-
ment and gain differences between PD1 and PD2, differences in the two outputs DC levels
are to be expected. Therefore, these differences have to be compensated for an efficient

noise cancellation.
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Figure 3.3 : (a) - Rearranged data from PD1 as a 3D decaying interferogram centered
on the burst at zero OPD. The solid red trace corresponds to a single decay event. (b)
- Interferograms from PD1 (blue trace) and PD2 (red trace) at t = 0 us together with a
zoomed-in view on both baselines.

The balancing procedure is as follows. At each time delay, interferograms from PD1
and PD2 are divided by one another (in our case PD1/PD2) and a third order polyno-
mial function polycorrection is fitted to the division. The denominator interferogram PD2
is multiplied by this function to match the numerator interferogram PD1 DC value as
PD2corrected = PD2Xp0lycorrection The PD1-PD2co1ectea Subtraction at each time delay
yields the balanced 3D interferogram shown on figure 3.4(a). Another balancing method
consists of separating the interferograms from PD1 and PD2 at each time delay in a given
number of samples. The mean of each sample is then computed. Finally, for any pair of
samples from the PD1 and PD2 interferograms at each time delay, the ratio of their mean
values is used as the correction factor. For both methods, the computation time and the
root mean square (RMS) value of the interferograms baseline on the right side of the cen-
tral burst were compared. For a 440,000 by 167 array, the polynomial balancing took 4.4
s to complete while the mean sample method took 0.56 s. The RMS values were 1.09 mV
and 730 uV for the polynomial and mean sample methods respectively, with the detector
noise at the selected gain value being 264 nV. For future measurements, the mean sample
method will be preferred.

The interferogram mean value is now zero, and the peak-to-peak value is doubled. The

interferogram at t = 0 ps is represented by the solid blue trace in the red square, and
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Figure 3.4 : (a) - A 3D view of the balanced interferogram centered on the burst at zero
OPD. The solid blue trace at t = 0 pus represents the interferogram right after the AOM
shutoff. (b) - Balanced interferogramm at t = 0 ps.

shown on the 2D graph of figure 3.4(b). The signal-to-noise ratio (SNR, defined as the
maximum value divided by the standard deviation of the baseline) is increased thirtyfold
for this balanced interferogram relative to raw data from figure 3.3(b).

From the 3D balanced interferogram, the next step is obtaining the FFT of each
2D interferogram at any time delay. Computing the absolute values of the FFT yields
the 3D spectrum shown on figure 3.5(a). At every spectral element of the wavenumber
axis corresponds a single exponential decay along the time axis. The solid blue trace at
zero delay shows the transmission CEAS spectrum, where absorption features are visible.
Isolating data points at a given spectral element along the time axis yields the cavity
ring-down at this wavenumber, as displayed on figure 3.5(b) for the spectral element at
6325 cm™.

In the upper panel, the data in black circles was fitted with a single exponential decay

model (solid red trace) of the form:

I(t) = Iye /™ 4y, (3.1)

with Iy the magnitude, t the time in us, 7,4 the ring-down time in us and yq the offset.
The offset comes from taking the absolute value of the FFT and is always positive. It has

no physical meaning, unlike the DC offset of the detector with cw-CRDS. This non-linear
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Figure 3.5 : (a) - 3D spectrum computed from the absolute value of the FFT of the
2D interferogram at each time delay, along the OPD axis. At each spectral element cor-
responds a single exponential ring-down. The solid blue trace at t = 0 us represents the
transmission spectrum with visible COy absorption features. (b) - Ring-down at 6325
cm 1. Upper panel - normalized ring-down data (black circular markers) fitted with a
decaying exponential model (solid red trace). Lower panel - fit residuals.

fit was performed with a function built on the fminsearch function from MATLAB, which
is based on the Nelder-Mead simplex method (LAGARIAS et al., 1998). A comparison was
made with the fit function from MATLAB with a Trust-Region algorithm (COLEMAN &
L1, 1996). Both algorithm agreed on the ring-down time down to 10" s. The lower panel
shows the fit residuum, which is flat and without remaining structure. The SNR is over
783, defined as the maximum of the decay (equal to unity since the decay is normalized)
divided by the root-mean-square (RMS) value of the residuals (1.28x1072).

Repeating this procedure at every given spectral element yields the spectral variation
of the ring-down time. As we saw in section 2.2.4.2,

1 1

cTra(V) - c1o(v) +alv) (3:2)

with ¢ the celerity of light in vacuum in cm.s!, v the wavenumber, 7,4(v) the ring-
down time with an intracavity sample at v in microseconds, 7o(v) the empty cavity ring-

down time at v and a(v) the molecular absorption coefficient in cm™. Figure 3.6 displays
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Figure 3.6 : CRDS spectrum obtained after fitting decaying exponential model at each
spectral element (black trace). The fitted baseline (red trace) corresponds to 1/crg, with
To the empty cavity ring-down time.

L over the whole range where the comb was

the experimental data in black as [eT.q(v)]”

transmitted by the cavity. The wavenumber axis was calibrated with the HeNe wavelength

value and one molecular transition frequency from the HITRAN database (GORDON et

al., 2022). The red trace represents the fitted baseline and corresponds to [crp]™?, from

which the cavity mirror reflectivity can be obtained according to:
L

T o(I-R+A4)

with L the cavity length, ¢ the velocity of light, R the mirror reflectivity and A representing

(3.3)

To

the cavity optical losses. The baseline is subtracted from the spectrum during the fitting

process for ambient air analysis.

3.2.4 Ambient air measurement

As the cavity was in open air, we aimed at measuring CO, and HyO concentrations in
the laboratory air. A model of the absorption lines was computed as Voigt profiles with
lineshape parameters from the HITRAN2020 database to compare with experimental

data. The CO, and H5O concentrations were the only fitted lineshape parameters. As
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the concentrations are linear parameters, a matrix multivariate linear regression (MLR)
was used to linearly fit the model to the data. This also allowed to simultaneously fit the
molecular spectrum and the baseline as a seven-order polynomial, which was then removed
from the spectrum to isolate the molecular transitions. The room temperature was 20°C
with an uncertainty of 10%, the pressure was estimated at 1 atm with an uncertainty of
1% while CO, and H,O concentrations were assumed at 400 ppm and 1% respectively as

fit initial values.
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Figure 3.7 : Fitted spectrum with HITRAN parameters and Voigt profile. Black trace:
experimental data. Models of HyO (blue trace, inverted for clarity) and COq (red trace,
inverted for clarity).

Figure 3.7 presents the fitting results. In the top panel, the baseline-free spectrum
is visible in black whereas the red and blue traces corresponds to the fitted absorption
coefficient spectra of COy and H2O respectively (the model is inverted for clarity). The
retrieved concentrations were [COy] = 1010(10) ppm and [H,O] = 1.5(1)%, which are
consistent with the conditions of a closed laboratory. Refitting the data with upper and
lower bound values for the temperature and the pressure yielded bound values for the
concentrations, which where translated to the uncertainty values. The noise equivalent
absorption (NEA) is 5.2 x 1078 cm !, computed from the RMS value of the residuals.
It describes the minimum detectable absorption at 1o. The resulting SNR is 36 for 0.02

cm™ resolution (600 MHz). The total acquisition time was 25.3 s for a single spectrum

100



3.2. First implementation of frequency comb based FT-CRDS

containing 2279 spectral elements. This yields a noise equivalent absorption at 1s avera-
ging time (NEA', defined in equation 1.11) of 5.5 x 10™° cm ""Hz /2 per spectral element
The residuals demonstrate distortions for some lines in the center of the range, whose
linestrength seem to be uncorrelated to the distortions magnitude. We assume this remai-
ning structure comes from the lack of cavity stabilization (translating in a drift of f,., and
feeo) combined with the irregular scan speed of the FTS translation stage. As the OPD
calibration depends on triggering the AOM and the DAQ on consecutive events from the

HeNe interferogram, the constant speed of the cart is critical in order not to miss events.

3.2.5 Comparison with cavity-enhanced absorption spectroscopy
(CEAS)

To compare with the CRDS analysis, the spectrum at t = 0 us from figure 3.5(a) is pro-
cessed to obtain the cavity-enhanced absorption spectrum. A MLR is used to fit simulta-
neously the baseline and a model of the cavity transmission. The fitted CEAS spectrum
is shown on figure 3.8 in the black trace. The fitted cavity transmission model is displayed

in red. Lines are clearly distorted due to molecular dispersion (see subsection 2.1.2).
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Figure 3.8 : CEAS spectrum (black trace) compared to a cavity transmission model
simulated with HITRAN parameters (red trace, inverted for clarity).

Compared to the CRDS spectrum, the CEAS approach needs to account for molecular
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dispersion, and requires a calibration of the cavity finesse and length. However, a single

CEAS measurement is much faster, with a measurement time on the order of a second.

3.2.6 Limitations and outlook

This proof-of-concept experiment implemented CRDS with a frequency comb and an
FTS. Quantitative measurement of CO; and HyO concentrations in the laboratory air

were performed. Four limitations to the setup were then identified:

o the AOM shutting off the PDH error signal limits how high the cavity finesse can be.
The higher the finesse, the longer the decay and the longer the error signal will be
off. At some point (unknown to us) we assume that the locking electronics wouldn’t

be able to relock and ensure the cavity light build-up until the next decay.

o the cart speed has to be kept constant during measurement. The higher the finesse,
the slower the cart will need to move while maintaining steady movement. Our

translating stage moves erratically below a few mm/s.

 the cavity length needs to be stabilized in order to stabilize the comb repetition rate

and offset.

o the cavity should be enclosed in a gas cell in order to control the measured samples

conditions and allow precise quantitative measurements.

This proof-of-concept was published in an article describing the apparatus and work-
flow (DUBROEUCQ & RUTKOWSKI, 2022).

3.3 Improving FT-CRDS

To further develop the FT-CRDS technique and improve its performances, we collabora-
ted with Piotr Mastowski and Dominik Charczun from Nicolaus Copernicus University
in Torun, Poland. The objectives of this collaboration were: a higher cavity finesse for

enhanced sensitivity, a controlled environment and stabilization of the cavity length.

3.3.1 High-finesse cavity setup

The main objective of the new FT-CRDS setup was to increase the cavity finesse, transla-

ting into an increased sensitivity. This requires to decouple the comb and the PDH error
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signal, allowing the AOM to shut off light without impacting the locking scheme. Indeed,
in the first setup of FT-CRDS previously described, the cavity reflected comb light was
retrieved to generate the PDH error signal. The AOM would then shut off the comb light
to trigger decay events, while simultaneously shutting off the error signal. This in turn
limited the AOM shut-off duration (to maintain the comb locked to the cavity), which
was determined by the cavity ring-down time depending on the finesse. Greatly increasing
the cavity finesse thus requires to decouple the comb light and the PDH error signal. The
solution was to use a cw laser as an intermediate locking point between the comb and the
cavity. The cw laser is locked to the cavity with PDH, and stays locked during the whole
measurement, while the comb is locked to the cw laser and transmitted by the cavity. The
comb light can then be shut off at will with the AOM, without impact on the cw PDH
lock.

Phase Det.

H maser
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—> AWG

Trigger

DDG

4f,,,~ 980 MHz

Amplifier
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250 MHz Oscillator
; ; PZT
:0 ’;” A2 PBS M4
AWG Bela::':)te - LT ] l"'- FTS
H
cw laser :
. [ ]
[
L Driver L.
current I DG
DBM PD2

Figure 3.9 : Exprimental setup developed in Torun. A cw laser is locked with PDH
to the optical cavity. The comb offset frequency f.., is locked relative to a H maser
reference. Light from the comb oscillator is beat against the cw laser on a fast photode-
tector. The obtained beatnote at 50 MHz is used to lock the comb to the cw, and thus to
the cavity. Both lasers are coupled into the cavity. The comb AOM can be switched on
and off withtout impacting the PDH error signal. AWG: arbitrary waveform generator.
AOM: acousto-optic modulator. EOM: electro-optic modulator. PD1,2: photodetectors.
A/2: half-wave plate. A/4: quarter-wave plate. PBS: polarizing beam-splitter. DG: dif-
fraction grating. BPF: band-pass filter. DBM: double balanced mixer. PZT: piezo-electric
transducer. FTS: Fourier transform spectrometer.

This new setup is described on figure 3.9. The comb was an Er:fiber from Menlo

Systems with a repetition rate of 250 MHz and an amplified output power of 250 mW.
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3 — Optical frequency comb Fourier transform cavity ring-down spectroscopy

The cw laser was a RIO ECDL emitting at 1545 nm (6472 cm™). Both lasers were coupled
into a high finesse cavity (measured as 21,400(60) at 6472 cm™ with a CRDS measurement
using the RIO laser) with a length of 60 cm and a free spectral range FSR = 250 MHz,
yielding a theoretical cavity ring-down time of 12.7 ps. The cavity output is transmitted to
the twice-folded FTS whose travel range is 120 cm, yielding a maxiumum resolution of 62
MHz. Both F'TS outputs are measured with two Newport Model 2053-FS photodetectors.

The comb frequency offset f.., is compared with a phase detector to the frequency
of an AWG referenced to a 10 MHz hydrogen maser. The phase detector output is fed
to a PI servo-controller (NewFocus LB-1005S) which acts on the comb pump current to
lock f.., to the frequency of the AWG. The cw laser is fibered to a 90:10 fiber splitter.
The 10% branch is fibered to an EOM, inducing sidebands on the laser mode which are
necessary to retrieve the PDH error signal. The EOM is modulated at 10 MHz provided
by a H-maser. The 90% branch goes to a 50:50 fiber coupler along the light from the
comb oscillator. Both beams go to free space after the splitter, and propagate to a fast
photodetector (PD1). This yields a beatnote between the cw laser and the nearest comb
mode, fpeqr on figure 3.10.

FSR =250 MHz

Cavity modes

RIO laser |

foear = SOMHz__fuo1 = 200 MHz

| |
Comb amplifier | |< Jrep = 250 MHz ;l |

Comb oscillator |

Figure 3.10 : Schematic of the locking scheme in the frequency domain. The RIO is locked
with PDH to the measure cavity whose FSR is 250 MHz. The beatnote between the RIO
and the comb oscillator allows to lock the latter at fy..s = 50 MHz from the former. The
comb amplifier is shifted with an AOM at faoy = 200 MHz from the oscillator, hence it
is also transmitted by the cavity modes. Finally, the cavity length, and thus its FSR, is
corrected to maintain a constant f,., value.

The comb amplifier output is fibered to an AOM operated at 200 MHz with a di-
rect digital synthesizer (DDS). The amplifier is thus shifted by 200 MHz relative to the
oscillator, fapas on figure 3.10. The AOM output is fibered to the 75% fiber of a 75:25
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fiber coupler. The 25% branch comes from the output of the cw laser EOM. The comb
amplifier and the cw laser then propagate in free space and are coupled into the optical
cavity which is enclosed in a gas cell. The cell can be emptied and filled with a gas mixture
at a controlled pressure. The cavity reflected beam is dispersed on a diffraction grating,
and filtered to a slit to block as much light from the comb as possible. The light from
the modulated cw laser is sent on a fast photodetector (PD2) whose output is band-pass
filtered and demodulated with the H maser reference. The obtained PDH error signal
is processed to lock the cw laser to the optical cavity, with a servo-controller acting on
the laser driver current. Thereafter, the comb repetition rate is locked to the beatnote
between the oscillator and the cw laser. With this beatnote set at 50 MHz, light from
the comb amplifier is continuously transmitted by the optical cavity (since the comb is
shifted by 200 MHz by the AOM and the cavity FSR is 250 MHz). The cw laser here acts
as an intermediate locking point between the comb and the cavity. To stabilize the cavity
length, the downconverted f,., value (4f,, - 980 MHz) is demodulated with a reference
frequency from an AWG (referenced to the H-maser) in a phase detector. The phase de-
tector output is fed to an integrator servo-controller (NewFocus LB-1005S) which acts
on a PZT mounted on the back of one cavity mirror, to control and stabilize its length.

Figure 3.10 summarizes the locking scheme between the comb, the RIO and the cavity:

o the RIO cw laser is locked with PDH to a given cavity mode and follows it

o the comb oscillator is locked at a frequency freq: = 50 MHz away from the RIO ; the
comb modes follow the RIO

o the comb amplifier modes are shifted by faoy = 200 MHz from the oscillator modes

e as FSR = fieat + faom = frep, the comb amplifier modes are transmitted by the

cavity modes
« the cavity length is corrected so that f,, remains constant

e not shown on the figure: f.., is locked to an external reference.

The cavity transmitted light is coupled into fiber and fed into the FTS. The schematic
is the same as described in section 3.2.1, with the exception of the HeNe laser propagating
along the comb on both sides of the interferometer. The translation stage is 120 cm long
(Aerotech ACT165DL-1200) and can be operated as slow as 0.1 mm/s. The data acqui-
sition procedure with the DDG triggering simultaneously the data acquisition board and

the comb AOM is the same as described in section 3.2.2. The data processing follows the
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same balancing procedure as described in section 3.2.3. A typical interferogram obtained

after data processing is shown on figure 3.11, with an inset zoom on the central burst.
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Figure 3.11 : Zoomed-in view of the interferogram obtained after the balancing proce-
dure. The two bursts on each side of the central burst are caused by optical etalons. The
inset on the bottom right corner shows a zoom on the central burst.

There is a notable difference in the data processing regarding the ring-down fitting
compared to subsection 3.2.3. The acquired datasets are averaged after FF'T in the fre-
quency domain. However, computing the absolute value of the FFT of each interferogram
results in a positive offset on the last points of the ring-down, when there is no light and
noise is dominating. This can in turn offset the fitted ring-down time. To avoid this bias,
the number of points in each ring-down is adjusted depending on the ring-down time and
the SNR. At first, the natural logarithm (In) of each ring-down is computed and roughly
adjusted with a linear regression. As a ring-down is an exponential decay, its In value is a
decreasing linear function of time. When the ring-down becomes non-exponential due to
the aforementioned bias, its In value becomes non-linear. The slope coefficient from the
linear regression then yields a first estimate of the ring-down time Tegtimate- 1 he root-mean-
square value of the linear regression residuals gives an estimate of the SNR of the given
ring-down data. The length of each ring-down is then reduced to 2 to 4 times Testimate,
depending on the SNR value. This is depicted on figure 3.12(a), where we see the natural

logarithm of the ring-down at 6325 cm™ (in blue circles) with the linear regression (red
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Figure 3.12 : (a) - Logarithm of the ringdown at 6325 cm™ (blue circles) with best
linear fit (red dashed line) in the top panel. The lower panels shows the residuals from the
fit. The green stars in both panels represent the point where noise starts dominating. (b)
- Cropped ring-down data points from (a) (black circles) with fitted decaying exponential
model (red solid line). Lower panel shows the fit residuals, which present no remaining
structure. The associated SNR is 5278.

dashed line). The green star marks the cropping point of the data, where the In value
becomes non-linear and noise dominates. The cropped ring-down is then fitted with a
decaying exponential model as described in subsection 3.2.3, as shown on figure 3.12(b).
The fit residuals in the lower panel present no structure, and the SNR (computed as the
inverse of the RMS value of the residuals) is 5278. This new procedure reduces the impact
of the offset from the absolute value of the FFT on the fitted value T.q.

3.3.2 CO in gas cell measurement

The high-finesse setup was used to probe 2C!*®0O in argon. The following paragraph des-
cribes the gas mixture, the stability of all frequencies kept locked during the measurements

and the data acquisition parameters.
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3 — Optical frequency comb Fourier transform cavity ring-down spectroscopy

3.3.2.1 Measurement conditions

Table 3.2 summarizes the gas parameters, the rms fluctuations of the locked frequencies
and the data acquisition parameters. A gas bottle containing 1023420 ppm of 2C1°0 in
argon was diluted 4 times in the gas cell enclosing the cavity, to yield a mixture of 250
ppm of CO in argon at 534(2) Torr (703 mbar). The pressure was measured with a 1000
Torr MKS Baratron with a resolution of 10 mTorr and an uncertainty of 0.25% of the
measured value. The photo-detectors bandwidth was set at 5 MHz while the acquisition
board sample rate was set at 5 MSample/s with an alias-free bandwidth of 2 MHz. A
total of 15 spectra was acquired in 79 min (5 min 16 s per spectrum) in two distinct sets
of data containing 7 and 8 spectra each. For each spectrum, a total of 2 million decay

events were acquired, each decay event containing 350 sampling points.

Table 3.2 : Experimental conditions for the FT-CRDS measurement of *2C'0 in argon.

Gas mixture Data acquisition
Gas mixture 12¢160 in argon Acquired datasets 15
CO concentration 1023420 ppm Cart travel speed 1 mm/s
Dilution 4 times in pure argon Cart travel length 1,270 mm
Pressure in cell 534(2) Torr Resolution 250.27 MHz
Pressure uncertainty 0.25% of measure Acq. time per dataset 5 min 16 s
Pressure resolution 10 mTorr Total acquisition time 79 minutes
Lock frequencies Photodetectors bandwidth 5 MHz
frep RMS value 6.9 x1073 Hz DAQ sample rate 5 MSamples/s
feeo RMS value 1.3 Hz DAQ alias-free bandwidth 2 MHz
Sfreat RMS value 6.9 Hz Data points per decay 350

During measurement, f,,, feeo and the comb oscillator - cw laser beatnote fy.,: were
acquired with a frequency counter at 1 Hz. The monitored values for the second dataset
are displayed on figure 3.13 minus their mean values. For f,., in blue in the top panel,
the RMS value is 6.9 x107% Hz. This converts into 5.2 kHz uncertainty into the optical
domain. The RMS value for f., (middle panel, red) is 1.3 Hz. For fyeq:, the RMS value is
6.9 Hz. The combined uncertainty for a given comb mode is then 5.2 kHz in the optical

domain, which is the frequency precision of the measurement.

The next subsection will cover the fit procedure and the results obtained from the

fitted spectrum.
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Figure 3.13 : Measured values of: f,., (top panel), fe, (middle pannel) and fpeq: (bottom
panel). The mean values were subtracted. The measurement was made at 1 Hz.

3.3.2.2 Fit results

The averaged, processed and fitted data are displayed on figure 3.14. The experimental
spectrum in absorption coefficient per unit length is shown in black. The baseline was
subtracted in a similar fashion to section 3.2.4 with a matrix linear regression. The spec-
trum without baseline is then fitted with a non-linear least squares algorithm. The model

computes lineshapes with Voigt profiles. The fitted parameters for each line are:

o the pressure broadening with argon 74,

« the frequency shift fop;f.

The temperature and the CO concentration were also fitted as global parameters. The
other line parameters such as the central frequency, the linestrength, the self pressure
broadening and the pressure frequency shift are fixed to the values from the HITRAN2020
database (GORDON et al., 2022). The red trace represents the fitted model of the P-
branch lines from the CO second overtone (from the P(1) to the P(12) line), inverted
for clarity. The RMS value of the residuals is 5.9 x107? cm™, yielding a NEA!S of 5.1
%1079 em™'Hz /2 per spectral element, for 6401 spectral elements and a total acquisition
time of 79 min. In the centermost part of the spectrum between 6315 and 6335 cm™,
the RMS value of the residuals is 1.1 x107? em™ with a NEA' of 9.6 x107 cm'Hz /2
per spectral element, which is a clear improvement over the previous setup performances

even when taking into account the 15 averaged spectra and the higher spectral resolution.
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Figure 3.14 : CO experimental data (black trace) compared to the line-by-line fitted
model (red trace) with Voigt profiles and HITRAN database parameters. The lower panel

depicts the fit residuals. The residuals are quite tight in the center of the spectrum, with
remaining intensity discrepancies in the middle of each line.

A good agreement between the experimental spectrum and the fitted model is observed.
However, remaining structure in the residuals is visible at each line position in the center
of the spectrum, where the SNR is the highest. This discrepancy with the Voigt profile is

investigated in section 3.3.2.4.

Table 3.3 summarizes the pressure broadenings of CO in argon and the frequency

shifts obtained for each line, the global temperature and the CO concentration.

3.3.2.3 Uncertainty budget

The total uncertainties, displayed in table 3.3 between parenthesis, were obtained as the

square root of the sum of squared type A and B uncertainties.

Type A (statistical) uncertainty values were obtained from the estimated Jacobian

matrix J of the parameters. The covariance matrix C'ov was then estimated with:
Cov = inv(JTJ). (3.4)
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Table 3.3 : Pressure broadening coefficients relative to argon, temperature and CO
concentration fitted values and their respective uncertainties.

Lines P(12) P(11) P(10) P(9) P(8) P(7)
Yar[x 103 ecm™t - atm™]  42.5(5)  44.5(5)  46.0(4)  46.5(4)  47.5(4)  49.0(4)

fsnift [x 1073 em™] -6.9(4) -7.1(4) -7.6(3) -6.9(3) -6.7(3) -7.0(3)

Lines P(6) P(5) P(4) P(3) P(2) P(1)

Yar[x 103 ecm™ - atm™]  50.8(5)  53.2(5)  56.4(6)  60.5(7)  64.3(10) 71.1(19)

fsnife [x 1073 em] -7.2(3) -7.1(4) -6.4(4)  -5.5(6)  -5.3(9)  -4.6(18)
T [K] 295.2(15)
CO concentration [ppm] 244.6(21)

The root mean square error RMSE is then defined as:

_ 2
RMSE:\/E(dam model) (3.5)

N —k
where N is the number of data points in the absorption line and k is the number of fitted

parameters. N — k represents the degrees of freedom. The standard errors SE for each

SE = RMSE x /diag(Cov). (3.6)

Type B (other) uncertainties come from the error of the measured pressure in the cell. The

parameter is obtained with:

fitting procedure was performed with a pressure of 534 Torr. The pressure uncertainty
being 2 Torr, the spectrum was also fitted at 532 and 536 Torr. The type B uncertainties
for each fit parameter were then obtained as the total absolute variation for the parameters
relative to their 534 Torr fit values. The contributions of type A and type B uncertainties
are displayed on table 3.4. From the table, we see that type A uncertainties are more

prominent than type B uncertainties.
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Table 3.4 : Uncertainty budget of the Voigt profile fitted parameters.

Lines P(12) P(11) P(10) P(9) P(8) P(7)
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3.3.2.4 Comparison with Hartmann-Tran profile

As structure remains in the center of the lines in the residuals of the Voigt profile fit, a
comparison with the Hartmann-Tran profile was conducted (NGO et al., 2013). The HTP
takes into account more lineshape parameters than the VP (namely speed-dependent
effects and velocity-changing collisions). Comparing how well each profile fits the expe-
rimental data may tell if the technique is sensitive enough to detect these beyond-Voigt
features in the absorption lineshapes. The comparison was done on the P(9), P(6), P(4)
and P(2) which were previously studied in a comb-assisted CRDS experiment (KOwzAN
et al., 2017). The HTP parameters are described in section 2.1.4. Their associated values
for CO in argon were taken from KOWZAN et al. (ibid.).

The fit parameters were the CO concentration and the temperature, globally fitted
for all lines simultaneously. The comparison of both line profiles is displayed on figure
3.15. The top panel shows the experimental data (black circles) fitted with the HTP (blue
solid line). The residuals from the previous VP fit and from the HTP fit are shown on
the middle and bottom panel respectively. For comparison, a quality factor for the fit, QF
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Figure 3.15 : The P(9), P(6), P(4) and P(2) lines fitted with Hartmann-Tran profiles
and parameters from a previous study. The top panel shows experimental data points
(black circular markers) with the fitted model (blue solid trace). The lower panel depicts
the residuals from the HTP fit and the quality factors for each line. The middle panel
shows the residuals for the previous Voigt profile fit of these lines, and the corresponding
quality factors. There is good agreement between the VP and the HTP. The comparison
shows an improvement in the quality factors for the P(9), P(6) and P(4) lines with the
HTP. The most significant improvement is for the P(6) line, where the SNR is the highest.

(CYGAN et al., 2012, Bul et al., 2014) is computed for each absorption line with both line
profiles. QF is defined as the ratio of the maximum absorption of the line, a,,4,, divided

by the root mean square error of the residuals RMSE defined in eq. 3.5:

Oémax
QF = RVISE (3.7)

The VP residuals display a discrepancy between the data and the VP model at the line
center for the P(9), P(6) and P(4) lines, which belong to the highest SNR part of the
spectrum, whereas the HTP residuals for these lines show a better agreement with data.
The signal-to-noise ratio is therefore high enough to detect speed-dependent effects and /or

collisional narrowing. This correlates with an appreciable improvement of QF for the P(9),
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P(6) and P(4) lines with the HTP relative to the VP. There is no improvement for the P(2)
line due to its lower SNR. The retrieved parameters with HTP are [CO|grp = 242.8(15)
ppm and Tyrp = 292.6(9) K. These values and the ones obtained from the Voigt fit lie
in the error bars of one another, with [CO]yp = 244.6(21) ppm and Tvp = 295.2(15) K.

However there is still a significant discrepancy between the two temperatures.

3.4 Conclusion

To conclude, a first proof-of-concept setup demonstrated the feasibility of OFC-based
FT-CRDS and its use for quantitative spectroscopy measurement. A second setup was
developed to push further the performances of the technique. Using a cw laser as a locking
proxy between the comb and the cavity, the technique was applied to a high finesse cavity
to probe the P-branch of the second overtone band of CO in argon. Precise lineshapes
were retrieved in a non-linear fitting procedure and compared to previous measurement,
showing a high enough sensitivity to resolve features beyond the Voigt profile.

OFC-based FT-CRDS is a sensitive, multiplexed spectroscopic technique which bene-
fits from both the frequency precision of frequency combs and the sensitivity, calibration-
free advantages of CRDS. Currently, the technique is limited by the acquisition time it
requires, which increases linearly with the cavity finesse. Faster acquisition implies either
a lower cavity finesse, or undersampling the interferograms allowing to set a higher speed
on the FTS translation stage. Also, it is noteworthy to mention that in its current state,
the high-finesse setup is subject to noise due to the cw laser - comb locking.

The next step for FT-CRDS is single comb mode resolution and the application of the
sub-nominal and interleaving methods (see section 1.4.2). This would allow to measure
absorption lines narrower than the comb mode spacing. Moreover, the acquisition proce-
dure of this technique was also designed for monitoring over time the concentrations of

reactants, transient species and products in reaction kinetics experiments.
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WITH OPTICAL FREQUENCY COMBS

Cooling down translational, rotational and vibrational degrees of freedom of molecules
has been of great interest to study molecular structure and dynamics, from high resolution
molecular spectroscopy (LEVY, 1980) to cold chemistry, reaction kinetics and laboratory
astrophysics (SMITH & ROWE, 2000). It is of particular interest when studying large
polyatomic molecules, which exhibit congested spectra at room temperature due to the
very high number of ro-vibrational states populated. For instance, figure 4.1(b) shows the
congested spectrum of buckminsterfullerene (Cgp) in warm conditions as the red trace, as
opposed to its cold rotationally-resolved counterpart in the blue trace. Two main cooling
techniques have been used in the past decades: buffer gas cooling cells and supersonic jet
expansions (also called free jets or molecular beams), with the latter being decades older
than the former.

Buffer gas cooling cells consists of a vacuum chamber whose walls are cooled down to
cryogenic temperatures with a liquid-helium cryostat. The molecular gas sample is intro-
duced in the chamber mixed with a cooled inert gas, typically helium. The gas sample
internal degrees of freedom are relaxed through collisions with the buffer gas, and its
translational and internal temperatures are taken down to equilibrium with the chamber
walls temperature. Such apparatus have been extensively used with different spectrosco-
pic techniques, for example microwave spectroscopy (MESSER & DE Lucia, 1984) or
laser-induced fluorescence (LIF), with PATTERSON et al. (2010) reporting translational
and rotational temperatures of 6 K for naphtalene cooled with helium. In a later work,
PATTERSON & DOYLE (2012) produced gas phase benzonitrile, acetone, 1-2 propane-
diol, fluorobenzene and anisole molecules at a temperature of 8 K in a helium buffer
gas cell and detected them with Fourier transform microwave spectroscopy. They retrie-
ved helium—molecule low temperature rotational and vibrational relaxation cross-sections,

thanks to the efficient vibrational cooling of buffer gas cooling cells through collisions.
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Laser based buffer cell experiments have also been conducted in the infrared region,
notably with optical frequency combs. SPAUN et al. (2016) reported a cavity-enhanced fre-
quency comb Fourier transform spectroscopy setup to probe a helium-cooled buffer gas cell
in the mid-infrared. They used an ytterbium-pumped optical parametric oscillator (OPO)
emitting between 2.8 and 4.8 um (in the molecular fingerprint region corresponding to
the C-H bond stretching region) with a 6,000 finesse to enhance sensitivity. With this
setup, they recorded spectra of nitromethane (CH3NOs), naphthalene (C1oHg), adaman-
tane (CjoHi6) and hexamethylenetetramine (CgNy4H;2) with translational and rotational
temperatures of ~ 10 K. They showed that large molecules could be rovibrationally resol-
ved by efficient cooling of their internal degrees of freedom. CHANGALA et al. (2016) used
the same cell with either a PDH locked comb/cavity and FTS scheme or a swept-cavity
with a VIPA spectrometer, and compared the sensitivity of both setup. The PDH/FTS

scheme reached a noise-equivalent absorption sensitivity of 7.6x10° cm™Hz'/2

per spec-
tral element, which was an order of magnitude lower than the state-of-art at the time.
For the swep-cavity /VIPA measurements, the sensitivity was reported as 10 times higher
than the FTS value. With either of the two setups, they probed vinyl bromide, adaman-
tane and diamantane and compared the spectra of the two latter. As adamantane was
rovibrationally resolved whereas diamantane wasn’t, they observed that the latter had a
total density of vibrational states an order of magnitude higher than the former in the
3000 cm™ region. They concluded that, to obtain high-resolution rovibrational spectra of
large molecules, measurements should be performed at longer wavelengths, beyond 5 pum.
Following this study, the setup was modified to probe the 8.5 um region using a DFG
frequency comb (CHANGALA et al., 2019). With this setup, they measured the first rovi-
brationally resolved spectrum of Cgy by cooling it down with argon as the buffer gas. The
experimental setup is viewed on figure 4.1(a), with the oven inside which the solid sample
of Cgy was heated up to 1000 K to produce sublimated vapor, which then entered the
cryogenic cell through the inlet plate along with argon molecules. The cavity mirrors are
mounted on either side of the cell. The spectrum they obtained is shown on figure 4.1(b)
as the blue trace, with the Q and R branches easily identifiable after comparison with the
simulated spectrum in black. They reported a rotational temperature of 150 K, close to
the cell walls temperature of 135 K. The cooling process was limited by the condensation

temperature of argon at 87 K.

The other, much older cooling technique consists of adiabatically expanding a gas from

a high pressure reservoir through a nozzle into a vacuum chamber. The gas stagnation
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Figure 4.1 : (a) - Experimental setup designed for probing large hydrocarbons with
cavity-enhanced comb spectroscopy. The molecules are heated inside an oven, and the
resulting sublimated vapor then enters the cryogenic cell. The cavity mirrors are placed
on either side of the cell. (b) - Room (red) and low (blue) temperature spectra and
simulated spectrum with a rotational temperature of 150 K of Cgg. Reproduced from
CHANGALA et al. (2019).

enthalpy is converted into kinetic energy, thus drastically cooling down the gas (GEORGES
et al., 2022). The sample gas is seeded in an inert monoatomic buffer gas (usually helium,
argon, neon or krypton), leading to a more efficient cooling process through collisions.
The technique is generally referred to as supersonic jets or "free jets'. The nozzles can
be of different geometries (pinholes, slits or de Laval) and either be pulsed or continuous
(FRANQUET et al., 2015). The theory will be reviewed in more details in section 4.1.

Free jets have been paired with various probing techniques. AMIRAV et al. (1980) used
LIF to probe iodine I and several large polycyclic aromatic hydrocarbons (PAHs) seeded
in rare gases. The gas was expanded through pinholes of various diameters. AMIRAV et
al. (1981) later used a slit nozzle to create pulsed planar expansions, in order to increase
light-gas interaction pathlength and effectively enhance sensitivity. They probed aniline
(Cg¢H5-NHy) and 9,10-dichloroanthracene (C14HsCia) seeded in argon, using both UV
absorption spectroscopy and LIF. Works from MCCLELLAND et al. (1979) and WALLRAFF
et al. (1987) showed the less efficient cooling of the vibrational temperature compared to

rotational and translational temperatures in supersonic jets.

Infrared spectroscopy has been a prolific tool to study free jets (ARNO & BEVAN, 1995).
LoVvEJOY & NESBITT (1987) used a difference frequency laser, providing cw light tunable
in the 2.2-4.2 um region, to probe NoHF in a pulsed planar jet from a slit nozzle. A CRDS
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study of PAHs (naphthalene, anthracene, phenanthrene, pyrene, and perylene) with a
heated supersonic slit jet source was conducted by HUNEYCUTT et al. (2004). BRUMFIELD
et al. (2010) developed a 8.5 um QCL cavity ring-down spectrometer, and paired it with
a slit nozzle expansion to measure methyl bromide (CHyBry) rovibrational structure near
1197 ecm™. After some upgrades to the detector and the laser driver, they revisited their
previous measurement of CHyBry and were able to resolve hyperfine splittings thanks to
the increase in resolution and sensitivity (BRUMFIELD et al., 2011). This setup was later
modified with a heated slit nozzle to study pyrene in the 1180 cm™ region (BRUMFIELD
et al., 2012). SUAS-DAVID et al. (2016) investigated the measured lineshapes of CO seeded
in argon at very high temperature (~2000 K) in a circular hypersonic jet with cw-CRDS.
Fourier transform spectroscopy was also extensively paired with free jets (HERMAN et al.,
2000). SNAVELY et al. (1981) probed a continuous jet of neat ammonia (NHjz) with a
FTIR, and later studied two isotopes of methyl chloride (CH3**C1 and CH3%"Cl) with the
same setup (SNAVELY et al., 1983). PIRALI et al. (2013) notably presented the rotationaly
resolved spectrum of naphtalene at 12.7 wm, obtained with synchrotron radiation and a
FTIR.
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Figure 4.2 : CFD simulation of the transverse velocity distribution of a CO seeded in
argon pinhole jet. The red arrows represent three different probing stations with cw-CRDS
along the transverse axis. The jet is highly divergent in its boundary layers, leading to
the broadened and even double-peaked absorption lineshapes as shown on the right of the
figure. Reproduced from SUAS-DAVID et al. (2016).
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Figure 4.2 shows a computational fluid dynamics (CFD) simulation of the transvserse
velocity distribution in the pinhole jet. The jet boundary layers appear as highly divergent
in the transverse dimension. The red arrows represent the laser beam axis at three different
distances from the pinhole. The corresponding absorption line profiles of the P(1) line from
the second overtone band of CO are shown on the right of the figure. The lineshapes are
Doppler broadened due to the divergence of the jet boundary layers, even presenting

double-peaked lineshapes when the probing distance from the pinhole increases.
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Figure 4.3 : Experimental setup of a pinhole jet of CoHy seeded in argon probed with
a near-infrared frequency comb and a VIPA spectrometer. The movable nozzle allowed
to probe the jet at different distances and heights from the nozzle. Density and tempe-
rature conditions were then mapped using tomographic reconstruction. Reproduced from
THORPE et al. (2009).

Recently, free jets have been implemented with frequency comb based spectrometers.
THORPE et al. (2009) were the first to use cavity-enhanced direct frequency comb spec-
troscopy with a VIPA spectrometer to probe a pinhole jet of acetylene at 1.525 pum. The
setup is displayed on figure 4.3. The comb had a repetion rate of 100 MHz and was coupled
to a 6300 finesse cavity with a FSR of 700 MHz. With the VIPA spectrometer resolution
of 1 GHz, the Lorentzian transfer-function of the VIPA etalon and the 700 MHz spacing
of the cavity transmitted comb modes, the InGaAs camera frequency channels sampled
an average of 2.5 comb modes each. The comb and cavity modes were swept across 1 FSR
in 17.5 MHz steps. The VIPA spectrometer records 25 nm at a time, from 1.515 um to
1.54 pm. The mixture studied contained 2.5% of CyHy seeded in 97.5% Ar at 650 Torr

in the reservoir, and expanded through a 1 mm diameter circular valve into a vacuum
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chamber at a pressure of < 10 Torr. By varying the distance and the height between
the nozzle and the cavity, they performed a tomographic reconstruction of the density
and temperature conditions in the jet. This was the first demonstration of a comb based
supersonic jet experiment. REBER et al. (2016) demonstrated cavity-enhanced transient
absorption spectroscopy (CE-TAS), a comb pump-probe technique with two enhancement
cavities, one coupled to the pump comb and the other to the probe comb. They probed
I; seeded in either He or Ar expanded through a circular nozzle, and were able to follow
changes in absorbance with a 120 fs time resolution. Finally, AGNER et al. (2022) pro-
posed a QCL dual-comb spectrometer operating between 1200 and 1290 cm™, built from
commercially available QCL-DCS devices. They studied CF, and CHCILF seeded in neon
in a pulsed, skimmed, circular free jet. The fast acquisition rate of the DCS approach
allowed to probe the jet at different time delays relative to the nozzle valve opening, with
a 4 us time resolution.

As we saw, both buffer gas cells and free jet expansions can be used to cool down
molecular rotations down to a few kelvins. Each of the two techniques present advantages
and drawbacks, concerning as much the engineering as the interpretation of spectroscopic

data. The following lists summarizes the pros and cons of buffer gas cooling cells:

+ longer interaction pathlength, equal to the cell length

+ requires modest pump capacities

+ vibrational relaxation is more efficient through collisions (higher molecular density)
- complex cryogenic engineering

- gas condensation on cell walls.

and of free jets:

+ no condensation on cell walls,
+ temperatures down to 5 K are reachable,
+ relative simple design of the nozzle apparatus,
- requires large pumping capacity,
- mechanical vibrations of the system,
- boundary regions in the jet with different conditions compared to the core and/or

highly diverging jets leading to broadened or distorted lineshapes.

The next section will cover the basics of underexpanded free jets.
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4.1. Underexpanded free jet

4.1 Underexpanded free jet

As discussed in the introduction of this chapter, a straightforward technique to cool down
a gas sample to a few kelvins is to expand it at supersonic speeds. The gas undergoes
an isentropic expansion from a high-pressure reservoir where it is close to rest conditions
(temperature Tp, pressure Fy) into a vacuum chamber at a much lower pressure P,, the so-
called background pressure, through a nozzle. The cooling mechanism with underexpanded
free jets can be basically described with equation 4.1. As the gas is accelerated through
the nozzle into the chamber, the stagnation enthalpy of the gas in the reservoir ¢,Tj is
converted into kinetic energy, leading to a decrease of the temperature 7" in the isentropic

core of the jet:
2

Y%
2
with ¢, the gas specific heat capacity through a constant pressure process and v, the fluid

barycentric velocity (ROWE & CANOSA, 2022).

CpTo = CpT + (41)

A typical nozzle consists of a converging part whose minimal area portion is called the
throat, which can be followed by a diverging part. A nozzle can be a conical converging
part with an aperture, or even a simple pinhole. As the nozzle area decreases towards the
throat, the gas is accelerated by a pressure differential. At the throat, the jet is sonic,
meaning that the Mach number M is equal to 1. The Mach number is obtained as:

Up
M= " (4.2)
with a the speed of sound in the medium. For the jet to be sonic, the pressure at the
throat needs to be higher than the critical value P,., which is defined in the isentropic

chocking pressure ratio:

o= (™ (43)
with v = ¢,/c, the ratio of heat capacities and ¢, being the specific heat for a gas
in a constant volume process. P. is then dependent on the gas heat capacities and the
pressure in the reservoir F,. From the isentropic chocking pressure ratio, we can define

four categories of supersonic expansions:

o the underexpanded free jet, where the critical pressure P, is equal to the exit pressure
P, and far exceeds the background pressure B,
o the overexpanded free jet, where the nozzle exit pressure P, is lower than the back-

ground pressure B,
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4 — Probing cold supersonic jets with optical frequency combs

o the perfectly expanded free jet, where the nozzle exit pressure P, is matched to the

background pressure P, with a converging-diverging contoured nozzle,

o the molecular beam, where a free jet is collimated using a skimmer.

Underexpanded free jets are usually shortened to "free jets", although all four cases
are strictly speaking free jets as well, as they all expand in a "wall-free" medium. Refer to
ROWE & CANOSA (2022), GEORGES et al. (2022) and ARNO & BEVAN (1995) for more
details on perfectly expanded free jets and molecular beams.

The underexpanded free jet conditions therefore depend on the P./P, ratio. As the
latter increases, the jet is called "moderately underexpanded”, "highly underexpanded" or
'extremely underexpanded". The moderately underexpanded free jet will present a series
of shock waves with a diamond or "X" structure, while the highly underexpanded jet has

oblique shock cells in the form of a barrel (FRANQUET et al., 2015).
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Figure 4.4 : Schematic of an extremely underexpanded free jet expansion (inspired by
ROWE & CANOSA (2022)).

Figure 4.4 schematizes the extremely underexpanded free jet, where only one barrel
cell is present. After the sonic throat, the jet becomes supersonic (or hypersonic) with
Mach numbers well above 1. The barrel shock depicts the limits of the isentropic core.
The jet boundary represents the outer limit of the mixing layer between the jet and the
static gas in the chamber. A curved shock disk is formed at the end of the barrel, called

the Mach disk, from which the flow becomes subsonic.
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4.1. Underexpanded free jet

Circular nozzles lead to very divergent jets, resulting in broadened or even double-
peaked absorption lines, as was described by SUAS-DAVID et al. (2016). Instead of a
circular nozzle or pinhole, one can use a planar slit nozzle. In this case, the jet is no more
circular around an axis but elongated along the slit length dimension. Slit jets present the
major advantage of an increased light interaction pathlength and higher column density
leading to an increase in sensitivity together with a reduced radial velocity distribution
compared to a circular aperture free jet (VEEKEN & REUSS, 1985). Extensive studies have
been conducted both experimentally and numerically on slit nozzles to better comprehend
the jet conditions and parameters (TESHIMA, 1987 ; RAJU & KURIAN, 1995 ; PUTIGNANO
& WELSCH, 2012). Slit jets are then very well suited to infrared absorption spectroscopy,
and have been used with lasers or FTIRs (ARNO & BEVAN, 1995 ; HERMAN et al., 2000).

. boundary layers

Radial position (cm)

Static gas

1 2 3 4 5
Axial position (cm)

Figure 4.5 : Experimental map of a planar supersonic jet generated with a planar or
"slit" nozzle. Reproduced from MOUDENS et al. (2009).

An experimental map of a slit nozzle expansion is shown on figure 4.5, reproduced from
MOUDENS et al. (2009). The shock wave delimiting the isentropic core is easily identifiable,
as well as the boundary layers between the jet and the static gas in the chamber.
During the second part of my PhD, we developed a comb-based CEAS setup operating
in a slit supersonic jet. The slit was designed by Robert GEORGES, Guy PECHEUL
and Julien LECONTE and has a tunable width. The optical setup allowing to place

the enhancement cavity transversally to the jet direction was adapted upon the already
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4 — Probing cold supersonic jets with optical frequency combs

existing CRDS system.

4.2 Experimental setup

The experimental setup is shown on figure 4.6. Before going into technical details, here is
summarized the general layout. The comb was coupled to an optical cavity for sensitivity
enhancement, with the mirrors mounted on the jet cell, perpendicularly to the gas flow.

The comb was locked to the cavity with PDH (see section 2.3.1, and the cavity length was

»(X)+| AWG [+ Rb clock |

frep
) Er:fiber comb circulator
Osc H EOM H Amp F%---({Z{--
i v bellows
PD1
grating
DBM TO PUMPS

Figure 4.6 : Setup for the comb-jet experiment. The comb amplified output is coupled
into a circulator and into a 10 m fiber going to the cavity mounted on the jet cell. The
cavity reflected light is retrieved with the circulator, and is coupled to free-space to the
PDH optics. The comb is locked with PDH to the cavity, and the cavity length is stabilized
with a PZT mounted on one of the mirrors. The cavity transmitted light is coupled back
in fiber and analyzed with a fast-scanning F'TS.

stabilized with a PZT mounted on one of the mirrors. The cavity output was analyzed

with a FTS and data was recorded on an acquisition board (DAQ).

4.2.1 Comb-cavity coupling

The laser is an Er:fiber comb emitting in the near-infrared. It is fibered to an optical
circulator. When coupling the comb amplifier light to fiber, we observed a drastic reduction
of the comb spectral coverage and power. The comb peak power being too high, leading to
non-linear effects in the fiber disrupting the comb pulse, we added a -3 dB attenuator at

the comb output. The comb, PDH optics and FTS were located in a neighboring room to
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4.2. Experimental setup

reduce mechanical vibrations due to the pumping system. The circulator is then fibered
to a 10 m fiber going to the cavity injection mirrors in the jet cell room.

The optical cavity is made of two plano-concave mirrors with a half-inch diameter, a
6.35 mm thickness and a 1 m radius of curvature. Their reflectivity is 99-99.3% in the
1500-1600 nm range (Layertec, coating 109332). The cavity is 100 cm long, yielding a
FSR of 150 MHz. This results in a 3:2 comb-cavity match, where every third comb mode
is coupled to every other cavity mode, as shown on figure 4.7, with the comb modes in
red and the cavity modes in black. The filtered comb repetition rate is then 300 MHz.

150 MHz Cavity modes

A
S 4

100 MHz Comb modes

Figure 4.7 : Comb mode spacing of 100 MHz (in red) and cavity FSR of 150 MHz (in
black). One out of 3 comb mode is coupled into every other cavity mode. The filtered
comb has an effective repetition rate of 300 MHz.

A major issue expected and observed during experiments was the mechanical vibra-
tions induced by the pump system. The vibrations strongly impacted the cavity length,
preventing any stabilization at the level required to measure narrow lineshapes. Mount
cages were then designed to act as passive stabilization of the mirrors, adding to the active
stabilization scheme with the PZT.

4.2.2 Mirror mounts

Originally, the mirror mounts were fixed directly onto a metallic table, sharing the same
metallic frame as the vacuum chamber, along the injection mirrors and the fiber collima-
tor. However, as the mirrors were not solidary of the jet cell itself, vibrations from the
pumps were clearly observed during experiments and prevented, for example, the optical
alignment of the cavity when the pumps were on. Cages for the mounts were designed to
dampen the vibrations by mounting the mirrors directly onto the cell flanges.

A 3D model of the mounts is shown on figure 4.8(a) and 4.8(b). Four 25 cm long 1/2"

wide optical posts from Thorlabs are screwed in directly onto the cell flange. Two 10 x 10
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(b)

Figure 4.8 : View of mirror mount cage 3D model. (a) - Top view. (b) - Isometric view.

cm and 2 cm thick squares are sled onto the 4 posts. The first one is meant to rigidify the
structure, while the second one is housing the mirror mount. Both squares are tightened
on the posts with 4 spring-loaded thumbscrews (Thorlabs, S25H). The whole structure is
aligned with the tube centered on the flange, where Ny is flushed during experiments to

prevent static gas from accumulating in front of the mirrors.

The mirrors are encased in a box sealed with o-rings. The box is itself mounted on
bellows with o-ring seals, to further dampen mechanical vibrations. The bellows also
permit easier cavity alignment as they are deformable. The bellows are then slid onto
the flush tubes, and the box sits in the opto-mechanical mount. The whole structure is
shown on figure 4.9(a) for the input mirror and figure. 4.9(b) for the output mirror. For
the input mirror, we see at the bottom of the picture the 10 m fiber coming from the
comb and the fiber collimator. The beam then propagates in free-space to the injection
mirrors, and is coupled to the cavity. We see the whole mirror mount structure tightened
to the cell flange, and the mirror itself is visible in the center. The same structure is used
for the output mirror. The PZT mounted on the mirror is seen in the picture center, and
a fiber collimator and the 10 m fiber going to the FTS at the bottom are in view at the
bottom of the picture.
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4.2. Experimental setup

Figure 4.9 : Pictures showing the mirror mounts and cages mounted on the jet cell
flanges. The red arrows indicates the path of the comb light. (a) - Input mirror cage with
comb light coupled to free space from fiber and injections mirrors. (b) - Output mirror
cage (PZT visible, mounted on the mirror) with collimator and fiber going to the FTS.

4.2.3 Cavity stabilization scheme

The comb is locked to the cavity using a single point PDH lock, as shown on figure 4.6. An
electro-optic modulator located in the comb casing is driven at a reference frequency of
10 MHz coming from a GPS-disciplined Rubidium clock, and generates sidebands on each
comb mode. Then, the cavity reflected light is retrieved with the fibered circulator. It is
then collimated to free space, and dispersed on a reflective diffraction grating (Thorlabs,
GR13-0616). A narrow part of the comb spectrum is then filtered through a pinhole,
and detected on a 25 MHz bandwidth photodetector (Thorlabs, PDA10D2). Its electrical
output is bandpass-filtered at 10 MHz, and demodulated in a DBM (Mini-Circuits, ZAD-
14) with the phase matched Rubidium clock frequency. The obtained PDH error signal
is then fed to two servos controlling the comb slow PZT and the oscillator pump current,
acting as slow and fast actuators respectively. The PZT servo is a proportional integrator
(NewFocus LB1005S) with a PI corner frequency set at 30 Hz. Its output is amplified by
a high-voltage amplifier (Vescent SLICE-DHV Dual-Channel PZT Controller and High-
Voltage Amplifier). The current servo is a PI? (Vescent D2-125 Laser servo) with the first
integrator set to off state and the PI corner of the second integrator set to 30 kHz. Once

the comb is locked to the cavity, the f,., value is compared to the output of an arbitrary
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waveform generator (AWG) in a phase detector (Mini-Circuits ZRPD-1+). Its output is
fed to another servo (NewFocus LB1005S) set to pure integrator, which controls the cavity
PZT. The servo output is amplified by the high voltage amplifier previously mentioned.
The AWG output is finely tuned to match the average value of f,.,, then the servo gain
is steadily increased to lock f,, by stabilizing the cavity length.

With the locking procedure completed, both the comb repetition rate f,., and the
comb offset frequency f., are measured on a frequency counter (Tektronix FCA3000).
The f., output from the comb is bandpass filtered around 100 MHz (MiniCircuits, BBP-
1014). The f.eo output from the comb built-in f-2f interferometer (see section 1.1.3) is
lowpass filtered at 50 MHz (MiniCircuits, BLP-50+) and amplified (MiniCircuits, ZFL-
500LN+) before the frequency counter, so that only the lower frequency beatnote from

the f-2f is detected. Each frequency is measured and averaged for 10 ms every second.
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Figure 4.10 : (a) - NSD of the PDH error signal with PDH lock on and cavity free-
running (red trace), PDH lock off and cavity locked ( trace). When the cavity is

locked, a tenfold reduction is observed below 10 kHz compared to the case with the cavity
left free-running. (b) - NSD of the cavity error signal with PDH lock on and cavity free-
running (red trace), PDH lock off and cavity locked ( trace). When the cavity is
locked, noise corresponding to the mechanical vibrations due to pumps around 10 Hz is
reduced by 60 dBm compared to when the cavity is left free-running.

The noise spectral densities (NSD) are presented for both the PDH and cavity error
signals (figures 4.10(a) and 4.10(b) respectively) for 2 different cases: comb locked with
PDH and cavity length free-running (red) and comb locked and cavity length stabilized
(yellow). When both the comb is locked with PDH to the cavity and the cavity is locked
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as well, noise decreases by 30 dB up to 30 Hz. However, an increase of noise for discrete
frequencies between 30 Hz and 30 kHz is also observed, corresponding to the two servos
PI corner frequencies for the slow and fast actuators respectively. As these frequencies are
equally spaced by 100 Hz, we assumed they arose from electrical grid at 50 Hz. The noise
reduction between 30 Hz and 30 kHz is 8.7 dB. For the cavity error signal on figure 4.10(b)
noise mainly corresponds to frequencies below 100 Hz, with the strongest peaks around
10 Hz when the comb is locked to the cavity. This shows the impact of the mechanical
vibrations induced by the pumping system on the optical cavity. When the cavity length is
then stabilized with the mirror PZT, a noise reduction of 66 dB is observed for frequencies
below 30 Hz. Below 10 Hz, noise is decreased by 79 dB. This demonstrates how the locking

scheme allows to stabilize the cavity length while the pumps are functioning.

With the comb locked to the cavity and the cavity length stabilized, it is possible to
step the cavity length in order to map entire absorption lineshapes using the subnominal
and interleaving method (see section 1.4.2). The AWG output can be increased (or de-
creased) by steps of a few Hz. By doing so, the cavity length will increase (or decrease)
and the comb modes spacing will follow. As the comb emits near ~ 196 THz (1525 nm)
and its repetition rate is 100 MHz, a change of 1 Hz in the repetition rate results in a

change of 1.96 MHz in the optical domain for the comb modes spacing.
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Figure 4.11 : (a) - Monitored values of f.., (upper panel, blue trace) and fe.., (lower
panel, red trace) while f,., is swept by 19 steps of 10 Hz (19 MHz in the optical domain).
(b) - A close-in view of the 10" step. With o f.., = 0.75 Hz and o f.., = 300 kHz the
uncertainty of the comb mode frequencies is below 2 MHz in the optical domain.
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The figure 4.11(a) displays the monitored f,., (upper panel, blue) and f., (lower
panel, red) values while 19 f,., steps of 10 Hz were acquired. This translates into steps of
19.6 MHz in the optical domain. Both graphs are centered on their starting frequencies.
The 19 f,., steps and their corresponding f.., steps show a "staircase" pattern. A zoom
on the 10™ step is shown on figure 4.11(b). The standard deviation was typically of 0.75
Hz for f,, (translating to 1.5 MHz in the optical domain) and of 300 kHz for f., at 1
Hz measurement cycle for a given step. This yielded a combined uncertainty of the comb
mode frequencies below 2 MHz.

The cavity output was then analyzed with the F'T'S described in section 1.4.3.

4.2.4 Free jet apparatus

Figure 4.12(a) shows a picture of the free jet apparatus. The vacuum chamber continues
towards the wall and into the next room where the pumping system is located. The optical

cavity is mounted perpendicular to the vacuum chamber. The mirrors are housed in the

: g High-pressure
Vacuum " = I 8 SR reservoir
'\ chamber :
s

Figure 4.12 : (a) - View of the jet setup in Rennes. The vacuum chamber continues
towards the wall and into the pumps room. The cavity mirrors are housed in the grey
boxes visible on each side of the vacuum chamber so that the cavity is perpendicular to
the flow. (b) - Slit nozzle mounted on the reservoir inside the vacuum chamber. The high
pressure reservoir sits right behind the nozzle. The slit is 8.1 cm long and its aperture
height can be controlled down to 30 pm.
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grey boxes visible on each side of the chamber on the picture. The slit nozzle used to
expand the gas mixture from the reservoir into the vacuum chamber is showed on figure
4.12(b). The high-pressure reservoir is located right behind the nozzle. It is 8.1 cm long
and its width can be varied from 30 pm to 300 um. The slit was designed by Robert
GEORGES, Julien LECOMTE and Guy PECHEUL. A CFD simulation was made by
LECOMTE, and is shown on figures 4.13(a) and 4.13(b). They respectively represent the
density and temperature maps of the free jet expanded through the slit nozzle. The view
plane is perpendicular to the slit length and the laser light path through the jet. The
consecutive shock cells are easily identifiable on figure 4.13(b), with the cold isentropic
core of the first cell reaching temperatures of a few kelvins. The jet can be probed at
various distances from the slit. The distance between the optical path and the slit was
optimized to probe the coldest part of the jet in the first shock cell, and to minimize
absorption in the warm shear and boundary layers (see section 4.1). The optical path was

then placed as close as possible to the slit.
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Figure 4.13 : (a) - CFD simulation of a slit nozzle free jet density map seen from the
side. (b) - CFD simulation of a slit nozzle free jet temperature map seen from the side.
The isentropic core surrounded by shear layers is clearly visible in the first shock cell on
both figures. The jet here is highly underexpanded, as seen with the successive barrel
shock cells. Data and figures come from private communications with Julien LECOMTE.

4.3 Acetylene free jet spectroscopy

A supersonic jet of acetylene in argon expanded through a slit nozzle was then measured

with the setup. The experimental conditions are summarized on table A.1.
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4.3.1 Interleaved normalized spectrum

Each interferogram was cut relative to the step f,¢, value, and shifted by the step fee,
value, following the subnominal technique (see section 1.4.2). Then the absolute value of

the fast Fourier transform (FFT) of the processed interferogram was computed.
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Figure 4.14 : Spectrum obtained after interleaving the averaged 19 f,., steps. Strong
absorption features are present in the center of the spectrum. Etalon fringes are visible
on the baseline. There is almost no transmitted comb light near 6575 cm™.

For each step, all 40 spectra were averaged, yielding 19 averaged spectra. All of them
were normalized relative to the intensity of the first step spectrum. The spectrum obtained
at this step of the data processing is shown on figure 4.14. Strong absorption lines are
visible between 6530 and 6565 cm™. The baseline also displays etalon fringes. It is worth
mentioning the absence of comb light near 6575 cm™.

To subtract the baseline and the etalon fringes from the spectrum, cepstral analysis
was used (COLE et al., 2019). Firstly, for each of the 19 spectra, the inverse FFT of
the transmission spectrum was computed, yielding the free induction decay (FID) signal
shown on figure 4.15(a). This time domain signal is equivalent to the transmission spec-
trum, with the major difference that the baseline and the etalon fringes are now separated
in time from the molecular response to the comb light. The two very intense bursts before
0.6 us correspond to the baseline, while the burst at 1.3 us corresponds to the fringes.

The rest of the FID signal corresponds to the molecular absorption. The baseline and the
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etalons can then be isolated from the molecular response. To do so, a simple weighting

function was applied to the FID:
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Figure 4.15 : (a) - FID signal obtained from the inverse FFT of the transmission
spectrum, for one of the 19 steps. The two intense bursts before 0.6 us correspond to the
baseline component and the burst at 1.3 us to the etalon fringes. Beyond the limit time
teut, the FID corresponds to the molecular response only. The blue and white regions of the
figure show the two different conditions of the weighting functions applied to the FID. (b)
- After the absolute value of the FFT of the weighted FID is computed, the baseline and
fringes components are retrieved in the wavenumber domain. The transmission spectrum
of one of the 19 steps is shown in blue, with the retrieved baseline and etalon fringes
in red. The zoomed in inset in the top right corner shows that the absorption lines are
unaffected by the retrieved baseline.

with t.,; the manually estimated time after which the FID contains only the molecular
reponse signal. Secondly, the FFT of this weighted FID is performed, and its absolute value
is computed. This yields the baseline along with the fringes in the wavenumber domain,
which can be subtracted from the raw spectrum. Figure 4.15(b) shows the spectrum from
one of the 19 steps on blue, with the baseline and etalon fringes in red retrieved from
cepstral analysis. From the zoomed inset located in the figure top right corner, we can

see that the absorption lines are not fitted and thus are separated from the baseline.
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The 19 baseline-free spectra can then be interleaved again, yielding the normalized cavity

transmission spectrum displayed on figure 4.16. The strongest lines between 6545-6570
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Figure 4.16 : Normalized interleaved spectrum with cepstral analysis. Absorption fea-
tures corresponding to the cold jet core are present between 6545 and 6570 cm™ and near
6623 cm™ (blue arrows on the figure). Between 6520-6547 cm™ and 6577-6610 cm™ the
absorption lines are from the shear layers region of the jet (red arrows on the figure). For
both cold and warm regions of the jet, a strong asymmetry is observed on the lines.

cm™ corresponds to the P(3)-P(1) and R(0)-R(3) lines of the v, + v3 combination band
of CoHy. These lines, along with the lines near 6623 cm™ (P(2), P(1), R(0), R(1) from
the vy + vy + (V4 + v5)? band) correspond to light absorption in the core of the jet. Their
intensities allow to estimate the temperature in the jet core to be below 10 K. Similarly,
the lines lying in the ranges 6520-6547 cm™ and 6577-6610 cm™ from the vy + v3 band
correspond to absorption in the shear layers of the jet. From their intensities, the shear
layers temperature is estimated to be around 250 K. The near-zero comb light region near
6575 cm! is not taken into account for further analysis, as shown on the figure. A strong
asymmetry is visible for most of the lines, and particularly for the intense absorption lines
corresponding to absorption in the isentropic core of the jet. This indicates a mismatch
between the comb lines and the center of the cavity modes, leading to these lineshapes

when coupled to dispersion from molecular transitions (FOLTYNOWICZ et al., 2013). A
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closer look at the baseline between absorption lines informs on the achievable sensitivity.
The intense lines from the cold jet core lie in the higher noise part of the spectrum, while
most of the lines from the hot shear layers lie in the lowest noise part of the spectrum, as
shown on figure 4.16. This compares well to the spectrum of the comb amplifier output
from figure 1.7. Figure 4.17(a) shows the baseline between 6563.5 and 6565.5 cm™ and
figure 4.17(b) the baseline between 6612.8 and 6615.7 cm™ along with their respective
standard deviation of 6.0 x10® and 1.4 x103. We observe a 4 times higher signal-to-
noise ratio for higher wavenumbers, where the absorption lines from the warm region of

the jet reside, compared to lower wavenumbers associated to absorption in the core of the

jet.
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Figure 4.17 : (a) - Zoomed-in view of the baseline between 6563.5 and 6565.5 cm™. The
standard deviation is 6.0 x103. (b) - Zoomed-in view of the baseline between 6612.8 and
6615.7 cm™. The standard deviation is 1.4 x1073.

These values correspond to the minimum detectable absorbance. In the highest SNR
region near 6613-6614 cm™, the minimum detectable absorbance is auyin X Leg = 1.4x 1073,
with o, the minimum detectable absorption coefficient and L.g the effective absorption
pathlength through the core of the jet. The length of the slit is Lg;; = 8.1 cm and the
cavity finesse is F' = 350 at these wavenumbers, yielding an effective absorption pathlength
Leg = 2F Leg/m = 18 m. We thus obtain i, = 7.8 X 1077 cm™. These results can be
compared to the previous work from X. DE GHELLINCK D’ELSEGHEM VAERNEWIJCK &
HERMAN (2012), where they probed slit supersonic jets of CoHy, NoO and CoHy seeded

in Ar with a femtosecond laser coupled into an enhancement cavity and analyzed with a
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FTS. The slit had a length Lg;; = 1 cm and the cavity finesse was F' = 48,960. Assuming
a b mm absorption pathlength in the jet, they reported a minimum detectable absorption
coefficient of ap, = 9 x 107" cm™. While both sensitivities are on the same order of
magnitude, they have to be put in perspective as the finesse of the enhancement cavity
they used is more than a hundredfold the finesse of our cavity. This demonstrates the
significant gain on signal-to-noise ratio obtained by stabilizing both the frequency comb

and the optical cavity length.

4.3.2 Cavity-enhanced absorption model

Following equation 2.47, the cavity transmission was modelled with two distinct absor-
bing media, the jet core and the shear layers. The cavity transmitted electric field with
intracavity analyte Egpqyte is defined as (JOHANSSON et al., 2018):

t(v) e~190W)/2=acore W)L/ 2ashear () L/ 2=ipcore (V) L/2~ipshear ()L /2

1 — T(V) €_i¢(y)_aco’f‘ﬂ(V)L_asheu.r(l’)L_iSacore(V)L—Z'Qoshear(l/)L

Eanalyte = Einc (4 5)

with Fj,. the electric field incoming on the cavity, ¢(v) and r(v) the frequency-dependent
electric field transmission and reflection coefficients of the cavity mirrors (with ¢(v) =1 -
r(v)), ¢(v) a phase parameter accounting for the round trip phase shift in the cavity and
the intracavity dispersion due to the mirror coatings, and qeore(V), @eore(V), Qshear (V) and
©shear (V) the intracavity medium absorption and dispersion coefficients per unit length
[em™] for the jet core and jet shear layers, respectively. The empty cavity transmitted

electric field Ej is similarly defined as:

t(v) e"10)/2

Ey=E;,. —— . 4.6
0 1 —r(v)e—io® (4:6)
The normalized intensity cavity transmission is then obtained as:
Iana e Eana €E::na e
lyt _ lyt lyt ' (47)

1y EoE§
A simple comparison of the normalized interleaved spectrum from figure 4.16 with this
model yielded estimated values for the jet temperature and density in the core and the
shear layers, presented on table 4.1. The width of the core was assumed to be the same
as the slit length, and the width of the shear layers was estimated from CFD simulations.
It should be emphasized here that the jet spectrum analysis was carried out with the
approximation that the rotational temperature of acetylene was equal to the translational

temperature of molecules in the isentropic core of the jet. While this approximation is
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4.83. Acetylene free jet spectroscopy

Table 4.1 : Estimated jet conditions from a preliminary comparison of the spectrum with
the model. The width of the isentropic core of the jet was assumed to be equal to the slit
nozzle length, while the width of the shear layers is a guess value from CFD simulations.

Jet region Temperature | CsHs density | Width
Isentropic core 6 K 5 x 10! cm™ 8.1 cm
Shear layers 250 K 5 x 101 cm™ 1 cm

seldom true in the case of slit jets, it allowed to fit the data with a rather simple model.

4.3.3 Mirrors reflectivity

To model the cavity transmission as described above, the variation of the cavity mirrors
reflectivity over frequency had to be calibrated. To do so, a FT-CRDS measurement was
performed with a setup similar to the one described in section 3.2. The retrieved mirror
reflectivity is displayed on figure 4.18 as blue circles. The experimental data was fitted
with a 2°¢ order polynomial (red trace). The fit was performed without taking into account
the region with no light between 6560 and 6590 cm™ nor the low light region between 6450
and 6530 cm™. The measured reflectivity shows good agreement with the manufacturer
values (99-99.3% in the 6250-6600 nm range).

99.4

©
©
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©
©
N

Mirror reflectivity [%]
© ©
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98.9:' * Experimental data

—Fitted 2"%rder polynomial
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6250 6300 6350 6400 6450 6500 6550 6600
Wavenumber [cm'1]

Figure 4.18 : Measured cavity mirrors reflectivity with FT-CRDS. The experimental
data points are shown as blue circles with a 2" order polynomial fit as the red trace.

137



4 — Probing cold supersonic jets with optical frequency combs

4.3.4 Fitted spectrum

The spectrum was locally fitted line-by-line with the previously described model. The fit
was performed with an algorithm based on the fminsearch function from Matlab. The
spectrum was truncated into parts, each one corresponding to a given absorption line.
For each line, the fitted parameters were the CoHy densities and temperatures in the jet
core and the shear layers, and the phase parameter ¢(v) from equation 4.5. The result
of the fit is shown on figure 4.19. The top panel displays the experimental spectrum as
black circles, and the fitted model as the solid red trace. The lower panel represents the
residuals (data - model) of the fit. The model is in good agreement with the experimental
data, although intensity discrepancies remain for some of the strongest absorption lines.
The discrepancy visible near 6534 cm™ is assumed to come from hot band ro-vibrational

lines, which have not yet been taken into account in the model.
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Figure 4.19 : Fitted cavity transmission spectrum after interleaving and normalization.
Experimental data points are shown as black circular markers and the fitted model as the
red solid trace. The model takes into account two different absorbing media, the jet core
and the jet shear layers. The model is able to reproduce both the profiles of the strong
"cold" lines and of the less intense "warm" lines.

A closer look at the absorption lineshapes from the P(1) and P(2) lines are displayed
on figures 4.20(a) and 4.20(b). The experimental data points are shown as black circular

markers and the fitted model as the solid red trace. The asymmetries in both lineshapes
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Figure 4.20 : Absorption lineshapes of (a) - the P(2) line near 6551.7 cm™ and (b)
- the P(1) line near 6554.11 cm™. Black markers represent experimental data, and the
fitted cavity transmission model is shown as the red trace. Structure remaining from the
interleaving process is visible on the sides of either transition.

coming from the offset between the comb modes and the center of the cavity modes
can be reproduced with a good agreement between data and model. However, remaining
structure is still visible on the sides of each line due to the current interleaving process.
The typical FWHM of the lines are of the order of ~250 MHz.

A total of 42 lines originating from the vy + v5 and the vy + v5 + (14 + vs)? vibrational
bands were fitted, and the 5 parameters retrieved for each line were compared. The lines
were separated into two groups: the "cold" lines with J < 4 corresponding to absorption
in the cold core of the jet, and the "warm" lines with J > 5 corresponding to absorption
in the warmer shear layers (with the exception of the R(6), R(7) and R(8) lines between
6572 and 6577 which belong to the region of the spectrum with almost no light). The
CoHy densities were first compared for the two groups. Figure 4.21(a) shows the obtained
density of acetylene for each of the cold lines as blue circles as a function of the lines central
frequencies. Note the log scale on the density axis. The errorbar on each marker indicates
the statistical uncertainty on the fitted density value. The retrieved values are quite
spread out around a mean value of 6.0x 10 molecules/cm?® with a standard deviation of
2.6x10'3 molecules/cm?, indicated as the dotted red line and the shaded red area. The

values from the "warm" lines are shown on figure 4.21(b), as purple circles with errorbars.
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Figure 4.21 : (a) - CyH, density in the isentropic core (blue circles) obtained after
independently fitting each line, with the corresponding statistical uncertainty from the fit
as the errorbar. The density is shown on the y axis with a log scale. Dotted red trace:
mean value. Shaded red region: standard deviation. (b) - CoHy density in the shear layers
(purple circles) with the corresponding statistical uncertainty from the fit as the errorbar.
Dotted trace: mean value. Shaded region: standard deviation.

This yield a mean acetylene density of 4.2x10'* molecules/cm? with a standard deviation
1.1x10' molecules/cm? for the shear layers, shown as the yellow dotted trace and the
shaded yellow area. The densities obtained for "warm" lines are relatively tighter around

the mean compared to the densities of the "cold" lines.

The same study was conducted with the retrieved temperature for each group. "Tem-
perature" here refers to the both the rotational and the translational temperatures, with
the approximation that T}, = Tyrans in the core of the jet. Figure 4.22(a) shows the fitted
values of the temperature of the "cold" lines as the blue circles as a function of the central
frequency of absorption lines, leading to a mean value for the temperature in the core of
8.5 K with a standard deviation of 2.6 K. The mean is depicted as the red dotted trace
and the std as the shaded red area. It should be noted that the errorbars are larger for
most of the less intense lines, especially those from the vq + vp + (14 + V5)0 band. The
same observation is made with the fitted temperatures of the "warm" lines, represented
on figure 4.22(b) as purple circles. A mean value for the temperature in the shear layers
of the jet is retrieved as 266.1 K with a corresponding standard deviation of 45.6 K. As

for the "cold" lines, the less intense transitions as well as those in the lower SNR regions
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Figure 4.22 : (a) - Temperature in the isentropic core (blue circles) obtained after
independently fitting each line, with the corresponding statistical uncertainty from the
fit as the errorbar. Dotted red trace: mean value. Shaded red region: standard deviation.
(b) - Temperature in the shear layers (purple circles) with the corresponding statistical
uncertainty from the fit as the errorbar. Dotted trace: mean value. Shaded
region: standard deviation.

of the spectrum suffer from much higher uncertainties. The obtained mean and standard

deviation values for each fitted jet parameter is summarized in table 4.2.

Table 4.2 : Mean values and standard deviations of temperature and CyHy density in
the jet core and shear layers regions obtained from line-by-line fits.

Parameter Mean value | Standard deviation
Jet core CoHy density [em™] 6.0x10'3 2.6x1013
Jet shear layers CoHy density [cm™] 4.2x1014 1.1x10™
Jet core temperature [K] 8.5 2.6
Jet shear layer temperature [K] 266.1 45.6

The fitted phase offset retrieved for each line after the fit is represented on figure
4.23 as a function of the center frequencies of absorption lines. A positive linear trend is
observed as frequency increases. This is expected with a single-point PDH lock. Comb
modes further away from the locking point are not perfectly centered on the cavity modes
due to intracavity dispersion. This in turn leads to the distortion of the absorption lines.

The phase offset parameter then increases for absorption lines further away from the comb
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Figure 4.23 : Phase offset fitted for each line as a function of their central frequencies.
A linear trend is observed in phase as frequency increases.

locking point. From the figure, the comb locking point is close to 6520 cm™, where the
phase is almost zero.

To conclude, it is noteworthy to mention that these results will be compared to ongoing
work on the slit nozzle characterization. All values reported from the fit are temporary
results and are subject to change once the jet profile and its density map have been
acquired, especially the acetylene densities, as well as the light interaction pathlength in
both regions of the jet. Moreover, the present model used to fit the experimental spectrum
does not take into account the gradient of densities and temperature present in the shear
and boundary layers of the jet. The possibility of absorption by static gas in the chamber

should also be explored.

4.4 Conclusion

In this chapter, we presented a setup coupling a slit supersonic jet with cavity-enhanced
Fourier transform comb spectroscopy. The measurement analysis procedures were covered.
The first spectrum of a slit supersonic expansion of acetylene probed with frequency combs
and a Fourier transform spectrometer is reported, yielding a temperature estimated below

10 K in the isentropic core of the jet.
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4.4. Conclusion

The next step for the technique is to transpose it to the molecular fingerprint region in
the mid-infrared, where molecular absorption is 2-3 orders of magnitude higher compared
to the near-infrared region around 1.55 pm where this study took place. The demonstrated
possibility of cavity-enhanced comb spectroscopy with the pumping system in function
paves the way for much more sensitive measurements of molecules cooled down to < 10
K temperatures.

Finally, it is worth mentioning that the relatively low vibrational cooling with free
jets, compared to the cooling of rotation and translation (non-LTE conditions), can be
exploited to probe hot vibrational bands populated only at high temperatures, without
overcrowding the spectrum (DUDAS et al., 2023).
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CONCLUSION

On the way to use frequency comb spectroscopy for cold reaction kinetics (see figure
2 in Introduction), we have now developed two essential parts of the system.

Firstly, we have demonstrated time-resolved FTS capable of resolving time-dependent
events at the microsecond level. We put it to the most stringent test available by applying
to multiplex CRDS. We showed that individual spectral elements could be retrieved wi-
thout cross-talk after Fourier transformation. Therefore, we believe that we have reached
the required specification on time resolution and broad bandwidth for reaction kinetics.
In the process, the FT-CRDS technique appeared to be promising enough to be further
investigated. The first stage was to increase the cavity finesse to typical values employed
in CRDS without reducing the spectral bandwidth, and this was already performed in
Torun. There, we show that FT-CRDS has a potential for sensitivity beyond the Voigt
profile. The next steps will include: 1) combination with the sub-nominal and interleaving
methods in order to reach calibration-free absorption spectroscopy on both the intensity
and frequency axis and 2) and the technical transfer to the mid-infrared.

Secondly, we have shown cavity-enhanced absorption spectroscopy based on frequency
combs in supersonic jets. We applied the system to spectroscopy of a jet of acetylene seeded
in argon, and interleaved 18 sub-nominal spectra to yield a spectrum at a temperature
of 8.5 K. Nonetheless, the ongoing spectroscopic analysis has highlighted unanswered
questions: 1) the strongest absorption line exhibits an odd profile, unexplained yet ; 2) slit
jets are expected to yield different vibrational, rotational and translational temperatures
(Tyiv > Trot > Tirans) which was not verified here. The estimated density of acetylene in
the core of the jet was 6.0x10'® molecule/cm?, three orders of magnitude higher than the
minimum densities of transient species at 10'° molecule/cm?. To increase the sensitivity,
one can either increase the interaction length or probe stronger absorption lines. The
first option consists in increasing the cavity finesse, which could easily be multiplied by a
factor 2-5 to reach a detectable density of 10'® without compromising the time resolution.

The second will be achieved by transferring the technique to the mid-infrared, where
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cross-section are 2-3 orders of magnitude stronger.

The immediate outlook of the experimental setup development is the implementation
of a new DFG source, covering the 3-10 um region (SOBON et al., 2017; SOTOR et al.,
2018). This source is a comb and can be stabilized on both the repetition rate and the
offset frequency thanks to the addition of an AOM on the erbium arm of the DFG (LEE et
al., 2017). This will allow to lock this comb source to an enhancement cavity expected to
arrive in the coming months. Ultimately, this mid-infrared spectrometer will be combined
with a supersonic chamber and a photolysis laser to achieve the first infrared precision

spectroscopy of radical species.
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A — EXPERIMENTAL CONDITIONS FOR
THE COMB-JET EXPERIMENT

Table A.1 : Experimental conditions. One slm (standard liter per minute) is the volu-
metric flow rate per minute measured at 273.15 K and 1 atm.

Slit nozzle

Length 8.1 cm
Width 30 um
Gas flows

C,H, flow 1.5 slm
Ar flow 28 slm
Reservoir pressure 800 Torr
Chamber pressure 0.16 Torr
Data acquisition

frep SWeep 19 steps of 10 Hz
Interferograms per step 40
Cart travel speed 70 mm/s
Cart travel length 270 mm
Acquisition time per interferogram 104 s
Total acquisition time 132 minutes
DAQ sample rate 2.8 MSamples/s
DAQ alias-free bandwidth 1.12 MHz
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Résumé Cette thése s’inscrit dans le
contexte des expériences d’astrophysique de
laboratoire menées a I'Institut de Physique de
Rennes, qui tentent de reproduire les condi-
tions de basses températures (~10-50 K) du
milieu interstellaire, afin de réaliser des me-
sures de cinétique réactionnelle avec des mo-
lécules d’intérét pour I'astrochimie. Lobjec-
tif de cette thése est le développement d’'un
spectrometre d’absorption infrarouge résolu
en temps, pour sonder les écoulements su-
personiques uniformes utilisés pour refroidir
les molécules en phase gazeuse. Le spectro-
meétre est basé sur un peigne de fréquences
optiques, qui présente des dizaines de milliers
de modes laser équidistants dans le domaine
des fréquences, fournissant une large couver-

ture spectrale, une haute résolution et une
haute sensibilité, et permettant ainsi de dé-
tecter plusieurs espéces moléculaires simulta-
nément. Pour augmenter encore la sensibilité
de détection, le peigne de fréquences est cou-
plé a une cavité optique. La détection a large
bande de la lumiére laser est réalisée avec
un spectrometre a transformée de Fourier, qui
peut opérer de maniére résolue en temps, et
est appligué a une nouvelle approche de la
spectroscopie de temps de déclin de cavité
large bande avec un peigne de fréquences. La
premiére démonstration d’un jet supersonique
continu sondé par spectroscopie a transfor-
mée de Fourier basée sur un peigne de fré-
quences couplé a une cavité optique est éga-
lement présentée.

Title: Development of a cavity-enhanced Fourier transform spectrometer based on optical

frequency combs for laboratory astrophysics

Keywords: optical frequency combs; optical cavities; Fourier transform spectroscopy;

laboratory astrophysics.

Abstract: This thesis is set in the con-
text of the laboratory astrophysics experi-
ments conducted at the Institute of Physics
of Rennes, which try to reproduce the low
temperature conditions (~10-50 K) of the in-
terstellar medium, to perform reaction kinet-
ics measurements on molecules of interest
to astrochemistry. The aim of this thesis
was the development of a time-resolved in-
frared absorption spectrometer, to probe the
uniform supersonic flows used to cool down
molecules in the gas phase. The spectrom-
eter is based on an optical frequency comb,
which displays tens of thousands of equidis-
tant laser modes in the frequency domain, pro-

viding a broad spectral coverage, high resolu-
tion and high sensitivity, and allowing to mon-
itor several molecular species simultaneously.
To further increase detection sensitivity, the
frequency comb is coupled to an optical en-
hancement cavity. The broadband detection
of the laser light is performed with a Fourier
transform spectrometer, which can be oper-
ated in a time-resolved fashion, and applied
to a new approach to broadband cavity ring-
down spectroscopy with a frequency comb.
The first demonstration of a continuous super-
sonic jet probed by cavity-enhanced Fourier
transform spectroscopy based on a frequency
comb is also presented.
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