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Zusammenfassung

Optische Frequenzkédmme zeichnen sich durch ihre phasenkohérenten, dquidistanten Laser-
linien im Spektrum aus. Gegenwiértig werden sie unter anderem neben ihrem urspriinglichen
Verwendungszweck fiir Frequenzmessungen verwendet. Molekulare Spektroskopie profitiert
von der groflen spektralen Bandbreite. Die hier vorliegende Arbeit tragt zum Fortschritt
von Zwei-Kamm-Spektroskopie bei, einer frequenzkammbasierten Spielart der Fourierin-
terferometrie ohne bewegliche Teile.

Zwei-Kamm-Spektroskopie beruht darauf, Interferenzen in der Zeit-Doméne zwischen
zwei Frequenzkdmmen mit gering voneinander abweichenden Wiederholraten zu messen.
Die Fouriertransformierte des Interferenzmusters spiegelt dabei das Spektrum wider. Die
Technik erfordert den kohérenten Betrieb zwischen beiden Frequenzkiémmen iiber die
Dauer der Messung. In dieser Arbeit wird eine neue Technik dafiir vorgestellt, die auf feed-
forward Kontrolle der Differenz im Versatz der Tragerwellenfrequenzen, welche oftmals das
hochfrequente Rauschen der Frequenzgeneratoren tragen. Wir zeigen die Moglichkeit, im
nahinfraroten Bereich durch direkte Mittelung Interferogramme mit {iber 2 000 Sekunden
Messzeit ohne Abstriche beim Signal-zu-Rausch-Verhéltnis und ohne analoge oder digitale
Datenkorrektur zu erhalten. Dadurch ergibt sich eine Verbesserung von drei Groflenordnun-
gen gegeniiber den vormals besten Methoden direkter Mittelung, was eine verbesserte Kon-
trolle systematischer Effekte bedeutet. Die Ergebnisse konnten durch doppler-verbreiterte
Spektrum der 14 4+ v3-Kombination an gasférmigem Acetylen validiert werden.

Wir verwenden das entwickelte nahinfrarote Spektrometer, um Spektroskope durch
abgeschwichte Totalreflexion an Gasphasen zu demonstrieren. Wir benutzen dabei die
Wechselwirkung des evaneszenten Feldes an gezogenen Fasern mit wenigen Molekiilen, um
Gasvolumina von wenigen Zehn Pikolitern zu untersuchen. Die hohe Auflésung sowie die
grofle spektrale Bandbreite durch Zwei-Kamm-Spektroskopie bleibt dabei erhalten.

Wir erweitern die Technik von vorwirtsgerichteten Zwei-Kamm-Spektroskopie in die
mittlere Infrarotregion von 3 pum, in der fundamentale Streckschwingungen von CH-, NH-
und OH-Gruppen in Molekiilen zu finden sind. Anhand von Spektren der vy/v;-dyad
von Ethylen demonstrieren wir die gleichen Fihigkeiten des Mittelns von Interferogram-
men iiber einen Zeitraum einer halben Stunden wie im Nahinfrarotbereich. Die Spektren
haben eine Frequenzskala, die direkt an einem Wasserstoff-Maser kalibriert wurde mit
einer instrumentellen Linienbreite, die drei Groflenordnungen schmalbandiger ist als durch
Dopplerverbreiterung gegebene Linienbreiten kleiner Molekiile bei Raumtemperatur. Diese
Ergebnisse ermoglichen die prézise Bestimmung von spektralen Linien und deren Form in

der mittleren Infrarotregion.



Abstract

Optical frequency combs are spectra of phase-coherent evenly spaced laser lines. They
currently find applications beyond their initial purpose, frequency metrology. They advance
techniques of molecular spectroscopy over broad spectral bandwidths. This thesis is a
contribution to the progress of dual-comb spectroscopy, a comb-based technique of Fourier

transform interferometry without moving parts.

Dual-comb spectroscopy relies on measuring the time domain interference between two
frequency combs of slightly different repetition frequencies. The Fourier transform of the
interference pattern reveals the spectrum. The technique implies maintaining coherence
between the two frequency combs over the time of a measurement. Here, a new technique
for achieving this objective is explored: it is based on feed-forward control of the difference
in carrier-envelope offset frequencies of the combs, which often carry the high-frequency
noise of the synthesizers. In the near-infrared region, we show the possibility to directly av-
erage the time-domain interferograms over 2,000 seconds without any loss in signal-to-noise
ratio and without any analog or digital corrections to the data. This represents an im-
provement of three orders of magnitude over the previous best direct averaging capabilities
and this may therefore enable a better control of systematic effects. These developments
are validated with Doppler-broadened spectra of the v+v3 combination band of gaseous

acetylene.

We use the developed near-infrared spectrometer to demonstrate gas-phase attenuated-
total-reflectance spectroscopy over broad spectral bandwidths. We use the interaction of
the evanescent wave at a fiber taper with small molecules to interrogate gas volumes as little
as a few tens of picoliters. The features of high resolution and broad spectral bandwidth

brought by dual-comb spectroscopy are preserved.

We extend the technique of feed-forward dual-comb spectroscopy to the mid-infrared
3-pm region, where the fundamental CH, NH, OH stretches in molecules are found. With
spectra of the vy/v1; dyad of ethylene, we demonstrate the same capabilities of averaging
interferograms during half-an-hour as in the near-infrared. The spectra have a frequency
scale directly calibrated to a hydrogen maser, an instrumental line shape that is three orders
of magnitude narrower than the Doppler width of small molecules at room temperature.
These results open up the prospect of precise determination of line positions and line shapes

in the mid-infrared range.



Chapter 1

Introduction

Each molecule has characteristic adsorptions, which allow one to unambiguously identify
the species and quantify its abundance, and to reveal its physical properties including struc-
ture and dynamics. Such molecular fingerprints can be measured, e.g., with the intensity
of light transmitted through a sample as a function of its frequency in the electromagnetic
spectrum [I]. The spectra of molecules provide rich information for the studies relevant to
fundamental or applied molecular science. For instance, precise frequency measurements in
simple molecules enable tests of fundamental laws of physics [2], while broadband analysis
of complex spectra of large molecules enhances our understanding of their vibrational and
rotational motions [3]. Various techniques of molecular spectroscopy have been developed
to improve the spectral accuracy, resolving power, spectral coverage, and measurement
speed, etc. However, trade-offs occur and each technique has its own range of applica-
tions. Breakthroughs rely on new light sources, new concepts of instruments and new

measurement techniques.

Laser frequency combs, as developed in the late 90s, have enabled optical frequency
meteorology [4, [5]. As a broadband spectrum composed of millions of discrete, equally-
spaced, and phase-coherent laser lines, a frequency comb offers a link between optical-
and radio-frequencies, enabling optical frequency measurements across their spectral span
with an accuracy set by a radio-frequency atomic clock. Beyond the initial motivation of
precision spectroscopy [6] and optical frequency measurements [7], frequency combs have
found a variety of intriguing yet unforeseen applications, such as calibration of astronomical
spectrographs [8], synthesis of optical arbitrary waveforms [9], and generation of attosecond
pulses [10], etc.

For over a decade, frequency combs have been utilized to measure complex molecular

spectra [I1], in schemes where they interrogate a large number of transitions directly and
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simultaneously. Among the various techniques developed for frequency comb spectroscopy
[12H20], the dual-comb scheme has attracted considerable interest in recent years. Dual-
comb spectroscopy exploits the time-domain interference of two laser frequency combs
of slightly different repetition frequencies. Based on Fourier transform interferometry, it
measures all the spectral elements simultaneously using a single detector; without moving
parts, it potentially enables rapid, high-resolution and precise measurements over broad
spectral ranges.

With these prospects, the dual-comb technique holds much promise to improve the
performance of spectroscopic measurements; however, most of the time in practice, the
quality of the dual-comb spectra fails in many aspects to compete with those recorded
with, e.g., scanning Michelson Fourier spectrometers, for which the technique has been
perfected over decades [2I]. Several fundamentally challenges had been hampering the
development of dual-comb spectroscopy at the time when this thesis started. The work in
this thesis tackles some of the difficulties of dual-comb instrumentation. The advantages
of our techniques are exploited for molecular spectroscopy.

Before getting into the work of this thesis, Chapter [2; Laser frequency comb
and molecular spectroscopy introduces the fundamental principle of frequency combs
and their applications in broadband molecular spectroscopy. A brief review of dual-comb
spectroscopy provides the background to this thesis.

The main accomplishments of the work in this thesis are divided into three chapters
(Chapter [3Hp)):

Chapter Feed-forward coherent dual-comb spectroscopy deals with the es-
sential challenge of dual-comb instrumentation. As a two-beam interferometer, the phase
difference in a dual-comb system is automatically scanned by means of two asynchronous
trains of laser pulses. Therefore preserving the mutual coherence between the two pulse
trains over the experimental times is a key requirement—this implies that the relative
timing and phase fluctuations of the two combs should be precisely controlled. If this
requirement is not achieved, relative phase variations result in chromatic distortions and
decrease of signal-to-noise ratio and resolution, preventing precise quantitative analysis.
Before this thesis, a mutual coherence time between the two combs of 1 s had been reached
[22]. Longer measurement times relied on numerical phase correction techniques, which
often lead to artifacts and worsened precision. In this thesis, an original dual-comb scheme
[23], based on feed-forward relative stabilization of the carrier-envelope frequencies of the
two combs, is proposed and demonstrated to establish such a coherence. An illustration of

phase-stabilized dual-comb spectroscopy is provided with two spectrally broadened mode-



locked erbium-fiber laser combs in the near-infrared region.

Chapter [4: Attenuated-total-reflectance dual-comb gas-phase spectroscopy
explores the potential of dual-comb spectroscopy for analyzing gas molecules of small
amounts. Attenuated-total-reflectance spectroscopy harnesses sample interaction with
evanescent waves, which form when the light experiences an internal total reflection in
a medium. With a characteristic penetration depth on the micrometer scale, the evanes-
cent waves provide an unique platform to study molecular samples with interrogation
volumes below a nanolitre [24]. This sampling technique is widely used in analytical spec-
troscopy of condensed-phase samples. However, extending it to broadband analysis of
multiple gas-phase absorbers has never been performed to our knowledge because combin-
ing a broadband spectrometer with an long internal reflection element for high-resolution
gas-phase measurements is instrumentally challenging. So far, almost all the realizations of
gas-phase attenuated-total-reflectance spectroscopy are based on tunable continuous-wave
laser spectroscopy with a narrow spectral bandwidth targeting a few transitions of a gas
species [25H27]; their capability of simultaneously diagnosing various molecules or complex
mixtures is limited. In this chapter, the performance of feed-forward dual-comb spectrom-
eter is exploited for attenuated-total-reflectance spectroscopy in gas-phase molecules over
broad spectral bandwidth.

Chapter[5} Mid-infrared feed-forward dual-comb spectroscopy performs phase-
stabilized broadband dual-comb spectroscopy in the mid-infrared region. Laser frequency
comb technology is well-developed in the near-infrared region; as a result, dual-comb spec-
troscopy has been mostly demonstrated on the overtone transitions in this domain. How-
ever, the fundamental molecular ro-vibrational transitions are located in the mid-infrared
range. Their absorption cross-section is typically one or two orders of magnitude larger
than that of the overtone transitions, which leads to improvements of detection sensitivity.
The Michelson-based Fourier spectrometer is currently a common option for mid-infrared
broadband molecular spectroscopy; however, they often harness a mechanical scanning
arm in combination with an incoherent light source of low brilliance, and consequently
they are slow for high-resolution measurements. Dual-comb spectrometers hold potential
for technical improvements in this region. Yet, their implementation still encounters mul-
tiple complications due to the complex laser systems and the difficulty of maintaining the
relative phase stability of the two combs. In this chapter, the feed-forward dual-comb
technique is extended to provide a solution to mid-infrared dual-comb spectroscopy, with

a demonstration in the important 3-um spectral window.
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Chapter 6: Summary and Outlook concludes the main findings and discusses the

prospects of this thesis.



Chapter 2

Laser frequency comb and molecular

spectroscopy

This chapter introduces some fundamental concepts and principles of laser frequency combs
and their applications in broadband molecular spectroscopy. The technique of dual-comb
spectroscopy is illustrated in detail, with a brief review providing the background and

motivation for this thesis.

2.1 Laser frequency comb

2.1.1 Principle of laser frequency comb

An optical frequency comb can be produced by a train of short laser pulses, for instance,
emitted by a mode-locked laser [4 Bl 28]. The pulse train output from a laser cavity
(Figure has a repetition rate f. = ¢/(2L), corresponding to the inverse of the cavity
round-trip time, where c is the speed of the light and L is the cavity length. The dispersion
in the cavity induces a pulse-to-pulse phase slippage Ay of the carrier wave relative to the
pulse envelope, which shifts the comb spectrum from the harmonic frequencies of f. by an
amount called carrier-envelope offset frequency f., = f,Ap/2m. As a result, the frequencies
in a frequency comb can be determined by two degrees of freedom: the repetition frequency
f. and the carrier-envelope offset frequency f... The frequency of the n-th comb line can

be written as

fn:nfr+fce7 (21)

where n is an integer usually on the order of 10°.
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Figure 2.1: Time- and frequency-domain representation of a frequency comb.

In reality, the frequency comb sources are perturbed by different kinds of noise (the noise
sources and the consequent phase fluctuations in mode-locked laser frequency combs will be
discussed in Chapter |3), which lead to fluctuations of f. and f,,. For realizing a frequency
comb, these two degrees of freedom (f, and f.,) should be detected and stabilized. The pulse
repetition frequency f., which is usually in the radio-frequency range (e.g., on the order
of tens of MHz to several GHz), can be monitored directly with a fast photodetector. On
the other hand, accessing the carrier-envelope offset frequency f,, is not as straightforward
because it involves interferometric measurements. This complication was overcome, e.g.,
with the frequency comb self-referencing technique using an octave-spanning comb, where
the f, can be measured with an f—2f interferometer [4, 28]. Once f. and f,, are both
detected, they can be stabilized to a radio-frequency or microwave clock with phase-lock
loops and counted precisely with electronic instruments, so the frequency of the n-th comb
lines can be known with Eq. [2.1l Therefore, the frequency comb can directly compare
a radio-frequency (or microwave) to an optical one, enabling optical frequency metrology
with high precision.

Frequency combs were initially realized with Kerr-lens mode-locked Ti-sapphire laser

sources with a spectrum across the visible and near-infrared regions [4, [5]. Now the mode-
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locked laser sources have become more reliable and compact in the near-infrared region.
For instance, fiber lasers (e.g., with all polarization-maintaining fibers based on passive
mode-locking using a saturable absorber [29]), are highly robust and becoming widespread.
Doped with a different active medium, e.g., ytterbium, erbium, or thulium, they emit
around 1.0 pm, 1.5 pum, and 2.2 pum, respectively. Benefiting from the high peak power of
the short laser pulses in nonlinear frequency conversion and supercontinuum generation,
the frequency combs have been extended to wide spectral regions of interest, for instance,

extreme ultraviolet [30][31], mid-infrared [32], and terahertz regions [33].

2.1.2 Molecular spectroscopy with laser frequency comb

Laser frequency combs has been initially developed for optical frequency metrology, per-
mitting absolute frequency measurements over the entire optical spectrum. Now they are
widely used as precise measurement tools, enabling new applications [34]. For broadband
molecular spectroscopy, the frequency combs are harnessed to interrogate a vast num-
ber of transitions simultaneously, providing technical improvements and new spectroscopic
approaches [I1]. In general, independently from the spectroscopic techniques, when the res-
olution of the spectrometer is sufficient to resolve the individual comb lines, the frequency
scale of the spectrum can be calibrated within the accuracy of an atomic clock (e.g., with a
fractional instability of 1071 at 1 s [23]). The spectral resolution is limited by the spacing
of the comb lines f, (e.g., 100 MHz); using spectral interleaving with stepped f., or f. [35],
the resolution can be improved to below f., and ultimately it is limited only by the intrinsic
width of the comb lines. Moreover, different from other spectroscopic techniques, where
the instrumental line shape that convolves the molecular lines is often of similar width of
the transitions, in frequency-comb spectrometers, the width of the instrumental line shape
may be determined by the width of the individual comb lines. At best, its contribution to
the molecular profiles is negligible when the comb-line width is several orders of magnitude
narrower than the width of Doppler-broadened transitions.

Diverse spectroscopic techniques have been developed to reveal the spectral content
of the frequency combs, permitting high-precision molecular spectroscopy over a broad
bandwidth.

Several techniques based on dispersive spectroscopy are developed, for instance, using
Vernier spectrometers [14], cross dispersers with virtually imaged phased array etalons
[15], and fiber spectrometers [20]. These techniques rarely allow to resolve the comb lines
[14], 15], 20] because geometric limitations occur, e.g., a long dispersing distance is required

for establishing a high spectral resolution, and a large amount of pixels in the detector array



8 2. Laser frequency comb and molecular spectroscopy

is demanded for simultaneous acquisitions of an increasing number of spectral elements,
etc. Besides, performing these techniques in the mid-infrared molecular fingerprint region
is complicated because the detector arrays or cameras are not as advanced as those in the
near-infrared or the visible regions.

A different path to broadband frequency comb spectroscopy is yielded by Fourier trans-
form spectroscopy. With a setup based on a Michelson interferometer, the Fourier spec-
trometers are highly multiplexed and widely used in molecular spectroscopy [36]. With
all the spectral elements measured simultaneously using a single photo-detector, they are
compatible with any light sources and implementable in any spectral regions. In a scan-
ning Michelson interferometer, e.g., using a monochromatic light source with frequency
f, owing to the Doppler effect, the frequency of the light in the moving arm is shifted
by an amount —2fv/c, where v is the velocity of the moving mirror. The interference is
recorded as a function of the optical delay between the two arms, and the spectrum is
revealed by Fourier analysis. The optical spectrum is down-converted by a factor of ¢/(2v)
to the audio-frequency range. Frequency combs have been harnessed as light sources in
Michelson interferometers [3, [16, 37], providing Fourier transform spectroscopy with abso-
lute frequency calibration and signal-to-noise-ratio improvements. However, the spectral
resolution of the Michelson interferometers is determined by the maximum path difference
of the two arms (e.g., 3 m is required for a resolution of 100 MHz), therefore achieving a
high resolution usually trades off the compactness of the instrument. Besides, the scanning
speed of the moving mirror must be restricted for avoiding spectral artifacts, thus the data
refreshing rate is limited.

As the major shortcomings of the Michelson-based Fourier spectrometers are related to
the mechanical parts which induce the optical delays of the two arms, a way to perform
Fourier transform interferometry without moving parts is to use a dual-comb interferom-
eter [12], (17, [18]; harnessing the interference of two frequency combs of slightly different
repetition rates, the optical delays are automatically scanned. As dual-comb spectroscopy

is the main topic of this thesis, this technique will be discussed in detail next.

2.2 Dual-comb spectroscopy

2.2.1 Principle of dual-comb spectroscopy

A simplified optical layout of a dual-comb spectrometer is depicted in Fig. 2.2a. Two
frequency combs of slightly different repetition frequencies are utilized. One comb interacts

with the sample. The two combs are overlapped with a beam splitter and beat onto
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Figure 2.2: Principle of dual-comb spectroscopy. a. A simplified setup of dual-comb
spectroscopy. BS: beamsplitter, PD: photodetector. b—c. Time- and frequency- domain
picture of dual-comb spectroscopy.

a photodetector. In the time domain (Figure ), the pulse train of comb 1 excites
the molecular free-induction decay. The comb 2, emitting pulses with a slightly different
repetition rate, scans the decay with a linear optical delay increment; the interference of two
combs results in a dual-comb interferogram, which is similar to the interferogram acquired
with a scanning Michelson interferometer, except that the optical delays are automatically
induced without moving parts.

The repetition frequency and carrier-envelope frequency of the comb 1 and the comb 2,
are f. and f., respectively, and f. + Af, and f,+ Af.,,, respectively. The sample introduces
an attenuation exp(—a,) and a phase shift exp(—i¢,) to the electric field of the n-th comb

line of the comb 1. The electric field of each comb can be written as

Ei(t) = Ainexpl—(an +id,)] exp[—i2m(nfy + feo)t] + c.c., (2.2)

Ey(t) = Y Ay exp[=i2n[n(fr + AL + (fee + Afu)lt] + c.c.y (2.3)

where A, ,, and A, , denote the amplitude of the n-th comb mode of the comb 1 and
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comb 2, respectively. c.c. denotes the complex conjugate. The interference of the two

combs on the detector is
S(t) oc [En(t) + Ea(t)] x [Ex(t) + E2(t)]" (2.4)

This signal contains many mixing terms, including the the high-order harmonic and the
sum-frequency terms. We only consider the term at the lowest frequency, which corresponds
to the beat of pairs of neighboring comb lines, one line from each comb (e.g., with the same
mode number). It can be isolated from S(¢) by implementing a low-pass electronic filter.

The resulting dual-comb interferogram is,

I(t) = Z A1 A3, expl—(ay +igy)] exp[—i2n(nAfr + Afee)t] + c.c.. (2.5)

A complex Fourier transform on () reveals the amplitude and phase of the dual-comb

spectrum,
B(f) = Z A n A5, expl—(an +10n)]|0[f — (nAfr + Afee)] + coc, (2.6)

where 0(f) is a Dirac delta function. The absorption and dispersion of the sample can be

retrieved from the spectrum.

The principle of dual-comb spectroscopy can be interpreted in the frequency domain, as
shown in Figure 2.2k. The multi-heterodyne beat of pairs of comb lines of the two optical
combs, with a repetition frequency f, and f+Af,, respectively, leads to a radio-frequency
comb with a line spacing of Af, (Eq. 2.6). The molecular absorption is converted to
the radio-frequency domain, where the signal can be detected and digitized. With the
knowledge of the comb parameters, the radio-frequency spectrum can be rescaled to the
optical domain unambiguously. A down-conversion factor K=f,/Af. links the optical scale
and the radio-frequency scale. An optical comb with a span W is mapped down to the
radio-frequency span of W /K, which should be kept smaller than the radio-frequency free
spectral range f./2 for avoiding aliasing, thus the difference of the repetition frequencies of
the two combs should be chosen Af. < f£.2/(2W).

To sum up, harnessing Fourier transform spectroscopy without moving parts, the dual-
comb spectrometer potentially permits measurements with resolved comb lines in any spec-
tral ranges that the frequency combs reach, providing self-calibration to the frequency scale
and broad spectral bandwidth. Compared to the dispersive methods of frequency comb

spectroscopy, the dual-comb technique records all the spectral elements simultaneously
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with a single fast photodetector; without the geometric limitations, it theoretically en-
ables unlimited spectral spans and resolutions. Different from the scanning Michelson
interferometers, the optical delay between pairs of pulses in the dual-comb interferometers
is induced with a static device; therefore, its resolution and measurement speed are not

limited by moving parts.

2.2.2 Brief review of dual-comb spectroscopy

The first interferometry harnessing the interference of two frequency combs of slightly
different repetition frequencies was exploited for rapid-scanning optical coherence tomog-
raphy in 2001 [38], and its implementation for Fourier spectrometer was demonstrated with
free-running combs in 2004 [12]. Then the potential of dual-comb spectroscopy has been
explored by a series of work of linear [17, [I8] and nonlinear spectroscopy [35, B9-41]. In
recent years, this technique has attracted the interest of dozens of research groups. Several
comprehensive reviews [11], B2, 42 [43] cover different aspects of this active field. A brief

review introducing the background of this thesis is provided here.

The first challenge to dual-comb spectroscopy is to avoid the spectral distortions result-
ing from the relative phase instabilities between the two combs; similar to any two-beam
interferometer, the temporal coherence between the the electric field of the two beams
should be maintained over the time of a measurement. In the near-infrared spectral range,
several dual-comb techniques have been implemented to preserve [22 [44] or reconstruct
[45H49] the phase scans. A powerful approach is to lock the two frequency combs to a pair
of cavity-stabilized continuous-wave lasers of Hertz linewidth, where the mutual coherence
time achievable is given by the inverse linewidth of the continuous-wave lasers, on the order
of 1 s. The measurement time can be extended to tens of minutes with phase correction
[22]. Alternatively, various schemes correcting phase errors based on digital processing
[45], 146], analog electronics [48], or computer algorithm [49] were developed, permitting
dual-comb measurements even with free-running combs. A third trend is to build sys-
tems with passive mutual coherence, e.g., with electro-optic modulators (EOM) [50, 51] or
with two frequency-comb lasers emitting from a shared laser cavity [52H55]; notably, EOM
dual-comb systems [50] reach a mutual coherence time of 1 s, but their spectral bandwidth
(e.g., up to 10,000 comb lines) is more than two orders of magnitude narrower than that
of mode-locked lasers [22] [44].

Combining the advantages of the coherent frequency comb sources and Fourier trans-

form spectroscopy without moving parts, dual-comb spectroscopy is compatible with dif-
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ferent sampling techniques and likely to enable new applications. For example, using an
enhancement cavity [I8, 51] or a hollow-core fiber [50] for sample interrogations, rapid
spectroscopic measurements are achieved with high detection sensitivity. Harnessing the
capability of laser beams in long-distance propagation, dual-comb spectroscopy has been

performed for open-path environmental gas monitoring [56, [57].

Regarding the spectral regions, most dual-comb results are obtained on the near-
infrared overtone transitions with mode-locked frequency comb generators, exploiting the
well-established frequency comb technology in this region. Nevertheless, all spectral ranges
provide interesting opportunities for spectroscopy [I1]; dual-comb spectroscopy has been
reported in different regions, including visible [47], mid-infrared [12, [58H66], and terahertz
[49, 67-69] ranges.

2.2.3 Motivation of the work of this thesis

Although various proofs of principle have exploited dual-comb spectroscopy in different
aspects, the fundamental difficulty of dual-comb instrumentation—the demanding require-
ment of maintaining the mutual coherence between the two combs over the measurement
times—had been hindering the development of this technique at the time when this thesis
started. The most powerful approach of mutual coherence establishment, which locks two
frequency combs to common references, achieves a mutual coherence time of 1 s [22]. But it
represents a limitation: phase correction must be implemented to extend the measurement
times. Unfortunately, numerical correction techniques are complicated and often lead to
computation errors and spectral artifacts [T0-72]; moreover, they are not always imple-
mentable, for example, emission spectra with scarce lines in coherent-Raman [39, 40, [73]
or two-photon excitation spectroscopy [35] are difficult to correct [74]. Therefore, breaking
the barrier of mutual coherence time of 1 s is crucial for an increasing number of exciting
applications that require high precision, such as spectroscopic measurements of weak lines,

broadband Doppler-free spectroscopy [35], and determination of refractive indices [75], etc.

Secondly, dual-comb spectroscopy is versatile and its attractive strength of multi-
heterodyne measurements over broad spectral spans can be exploited for different sample
interrogating techniques [I8, 50}, [51] to provide overall spectral consistency and measure-
ment speeds. Attenuated-total-reflectance spectroscopy is a sampling technique widely
used in analytical spectroscopy; harnessing sample interaction with evanescent waves, it
studies sample volumes below a nanolitre. Exploiting this technique for broadband high-

resolution measurements has interesting possibility to analyze multiple gas molecules in
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small amounts. However, almost all the attenuated-total-reflectance gas-phase analysis is
based on tunable continuous wave laser spectroscopy, limiting its capabilities for broad-
band measurements. A new approach is enabled by dual-comb spectroscopy, where the
well-collimated laser beam of the frequency comb source can be coupled into an evanes-
cent waveguide for sample interrogation. With a multi-herterodyne interferometric mea-
surement, the absorption and dispersion information of sub-nanoliter gas samples can be

retrieved simultaneously.

Another interest of dual-comb spectroscopy is to implement the technique in the mid-
infrared region, accessing the molecular fundamental ro-vibrational transitions [12], [G8-
66]. Due to the complex mid-infrared frequency-comb laser systems and the relatively
immature photonics tools (e.g. narrow linewidth continuous-wave lasers), establishing the
mutual coherence between two mid-infrared combs for broadband molecular spectroscopy
is technically more challenging than that in the near-infrared region. Techniques based
on numerical phase correction have been successfully extended to the mid-infrared region
[64]; however, as explained above, phase correction techniques are complicated and often
introduce artifacts. Therefore, although difficult to achieve, a system with experimental
coherence control of the two combs, permitting precise broadband measurements without
corrective processing, would further ascertain the frequency precision and validate possible
systematic artifacts. New prospects to broadband high-resolution molecular spectroscopy

may be opened up.
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Chapter 3

Feed-forward coherent dual-comb

spectroscopy

Dual-comb spectroscopy holds much promise for molecular science. However, the realiza-
tion of its potential has been hampered by the difficulty of preserving the relative stabilities
of the two combs over the time of a measurement. In this chapter, an original dual-comb
technique based on feed-forward stabilization addresses this difficulty, with the demonstra-

tion of a phase-stable dual-comb interferometer in the near-infrared domain.

3.1 Background

3.1.1 Phase noise perturbations

A train of short pulses emitting from a laser cavity is very sensitive to intracavity and
environment noises. For example, slight instabilities of the cavity length lead to variations
of the pulse repetition rate, fluctuations of the power of the pump laser modify the cav-
ity dispersion and result in variations of the carrier-envelope phase, and noises from the
environment, such as acoustic noises and mechanical vibrations, perturb both the ampli-
tude and the phase of the pulses. These noise sources and their related influences on the
mode-locked laser frequency combs have been thoroughly studied [76} [77]. Due to these
perturbations, the width of the comb lines is not infinitely narrow. Generally, for a free-
running mode-locked erbium fiber laser, the linewidth is on the order of hundreds of kHz
within an integration time of 1 s (e.g., 260 kHz within 1.3 s [48]). Radio-frequency sta-
bilization techniques, relying on piezo and current modulation, remove the low-frequency
fluctuations efficiently and render comb lines on the order of 100 kHz in width [48] [77].
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The rapid (high-frequency) fluctuations, which are averaged out through long integration
times in optical frequency metrology, however, create phase distortions in dual-comb spec-
troscopy.

The phase distortions in dual-comb interferometers are the same as those with the inter-
ferometric phase errors in Michelson-based Fourier transform spectroscopy. In a Michelson
interferometer, a slight asymmetry or misalignment of the two arms causes sampling errors
in the interferogram and results in chromatic artifacts in the spectrum, e.g., a subtle posi-
tion asymmetry leads to the distortion of the instrumental line shape [78]. These artifacts
degrade the spectral precision and prevent quantitative spectroscopic analysis.

In a dual-comb system, the pulses of a comb initiate the molecular free-induction decay
(e.g., on the nanosecond scale for transitions in the gas phase). And the other comb
samples the decay at even time delays automatically and periodically. The molecular
information is encoded in the dual-comb interferogram with a time scale stretched by a
factor K=f./Af. (e.g., K = 10° when f. =100 MHz and Af.=100 Hz). Ideally, if the two
combs are mutually coherent, the exciting pulse train is sampled accurately by the sampling
pulses. The resulting interferometric waveform can be digitized with a constant clock rate
at the repetition frequency f., where the time interval between the two consecutive samples
1/f. corresponds to an increment in optical delays (optical sampling interval) between the
two optical pulses of Af./f.? (e.g., 10 fs). The molecular information can then be revealed
correctly without any instrumental artifacts by a Fourier transform. In the real world,
the interferogram is perturbed by the dual-comb fluctuations, which originate from the
relative instability of the two degrees of freedom, namely the repetition frequencies and
the carrier-envelope offset frequencies, of the two combs. The effect of the phase and timing
fluctuations in dual-comb interferometers has been discussed in [48]. The dual-comb optical
sampling interval on the femtosecond scale is sensitive to the relative timing variations
between the interrogating pulses and the sampling pulses, which result from the relative
instability of the pulse repetition rates. These timing variations are stretched by the same
factor K and appear as distortions in the dual-comb interferograms. On the other hand, in
a dual-comb spectrometer, a relative carrier-envelope frequency difference Af., exist (e.g.
originating from the different cavity dispersion of the two combs). If Af,. is constant,
it is not a problem because it induces a stable phase slip Agps = 27Af,./Af. between
the consecutive interferometric samples, which translates the dual-comb spectrum in the
Fourier domain by a constant frequency Af,.. This value can be measured precisely with a
frequency counter during the measurements for calibrating the frequency scale of the dual-
comb spectrum. However, it is practically challenging to control the relative instabilities

in Af,, due to the perturbation of the high-frequency jitters (e.g., up to hundreds of kHz).



3.1 Background 17

These residual fluctuations of Af,, induce variations in the phase slip in the interferogram,
which generate artifacts spoiling the precision of the dual-comb spectra.

Since relative instabilities lead to problematic interferometric errors and artifacts, a
necessity in dual-comb spectroscopy is to keep the two combs mutually coherent during the
measurements. In the next section, the requirements for realizing such a mutual coherence

are discussed.

3.1.2 Mutual coherence requirements

The dual-comb spectrometers potentially enable a self-calibrated frequency scale within the
accuracy of an atomic clock and a resolution limited only by the spacing of the comb lines
(in a spectrum without interleaving). However, these are achievable only when the mutual
coherence time of the two combs is sufficiently long to resolve the individual comb lines. In
principle, the position of the comb lines can be determined in a single complete sampling
period 1/Af, (e.g., 10 ms when Af,=100 Hz), and the two combs should be kept mutually
coherent over this period for achieving the comb-line resolution. This is demanding because
the mutual coherence of free-running or radio-frequency locked combs on the order of tens
of microseconds is far insufficient to enable accurate measurements on the millisecond scale,
thus unable to resolve the individual lines. For acquiring a spectrum with well-resolved
comb lines, the relative jitters of the two sequential pulses must be controlled within the
attosecond scale (the combs are at optical frequencies of hundreds of THz).

Moreover, an extended mutual coherence time is required to improve the resolution
of the dual-comb spectra. At best, the resolution in a single non-interleaved dual-comb
spectrum is intrinsically limited by the comb lines spacing only. Spectra with high reso-
lution (e.g., less than 1 MHz) is demanded in some exciting applications, e.g., broadband
Doppler-free multiplex spectroscopy [35]. Nevertheless, resolving comb lines with smaller
spacing implies longer mutual coherence times should be obtained in a single continuous
measurement, which turns out very complicated because in most dual-comb demonstra-
tions, the direct mutual coherence time of the two combs is rather limited (e.g., 1 s at best
[22]).

Further, molecular spectra with a high signal-to-noise ratio are needed in almost all
the applications (e.g., detection of weak molecular lines), so coherent averaging has to
be implemented most of the times. In principle, the signal-to-noise ratio of the spectra
is proportional to the square root of the measurement time when the experimental data
are averaged coherently. Phase instabilities result in sampling errors and distortions in

the consecutive dual-comb interferograms, preventing effective averaging. On the other
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hand, the optical power falling onto the photo-detector should be restricted to avoid the
detector nonlinearities [79, R0]; at constant power onto the detector, the signal-to-noise
ratio in the dual-comb spectra is inversely proportional to the number of resolved spectral
elements [81]. As a result, acquiring a broadband molecular spectrum with a signal-to-
noise ratio over 1,000 usually requires a data recording time over 1,000 seconds, even with

the state-of-the-art dual-comb spectrometers [64], 82].

= ] Averaged result = 1 A N\ N Averaged result
w

time time

Figure 3.1: Simulation of averaging dual-comb interferograms. The blue waveform
is the averaged result of the three consecutive interferograms (in red). a. Constructive
averaging results in an expected waveform without distortion. b. A phase shift Ay, exists
in the successive interferograms. The resulting averaged waveform appears with a signal
decrease.

Averaging the interferograms in the time domain is more efficient than averaging the
spectra in the frequency domain. Dual-comb spectroscopy enables rapid measurements
with high data acquisition rates, but sampling at high rates results in the storage and
computation of a cumbersome amount of data. Averaging the experimental interferograms
in real time (without any post correction) can significantly reduce the file size. In addition
to the simplicity of data processing, another benefit of time-domain averaging is the im-
proved signal-to-noise ratio. Part of the essential molecular information, the dispersion, is
resolved in the phase spectrum. But the spectral phase is not defined in the region where
the signal-to-noise ratio is low, which is usually the case in a non-averaged single-shot
measurement. Apart from the requirements of preserving the dual-comb temporal mu-

tual coherence, two additional conditions should be met to enable time-domain averaging.
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First, the period of the dual-comb interferograms (1/Af,) should match the sampling grid
such that each interferogram is taken with an identical integer number of samples. Second,
the interferometric waveform should repeat itself in each period without any phase shift
(Figure . The phase slippage between the consecutive samples, Ap, = 2nAf, /Af.,
can be canceled by setting Af,, as an integer multiple of the Af.

In terms of spectral resolution, precision, and signal-to-noise ratio, the quality of the
dual-comb spectra strongly depends on the mutual coherence of the two combs. In the
next section, a new concept based on feed-forward stabilization for experimentally enforcing

coherence is introduced.

3.2 Principle of feed-forward dual-comb spectroscopy

3.2.1 Mutual coherence establishment

master comb:

nf+f, ..|||||||||||I|....

fce+Afce fr+Afr

A 4

slave comb: | | |
n(F+AfyHE +AF ) | il ] | | | I

Figure 3.2: Scheme of mutual coherence establishment. The slave comb follows the
phase fluctuations of the master comb by the stabilization of the relative instability in the
repetition frequencies and the carrier-envelope frequencies.

In the feed-forward dual-comb stabilization, the mutual coherence between the two
combs is established by directly referencing one comb to the other (Figure . The first
comb serves as a “master comb”, which can be free-running or phase-stabilized. Impor-
tantly, the second comb f, + Af., f.. + Af.,), as “slave comb”, follows the fast timing and
phase fluctuations of the master comb. As a frequency comb is determined by the two
degrees of freedom, this can be achieved by stabilizing the repetition frequency and the

carrier-envelope offset frequency of the slave comb relative to those of the master comb.
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However, the requirements on the jitter control are technically very demanding, es-
pecially the harmful high-frequency jitters (on the order of hundreds of kilohertz) in the
carrier-envelope phase will not be removed efficiently with the conventional frequency sta-
bilization technique using piezo and current modulation phase-locked loops, which usually
with a phase-lock bandwidth up to a few tens of kilohertz level. A faster actuator should

be employed.

3.2.2 Feed-forward control

Feed-forward control is a technique known for fast response and low noise. It has been
successfully demonstrated for the frequency stabilization of a CW laser [83], for the sta-
bilization of a femtosecond laser to a Fabry-Perot cavity [84], and for the carrier-envelope
offset stabilization of a frequency comb [85]. In a feed-forward control, a fast-external ac-
tuator, e.g., acousto-optic or electro-optic modulator, is installed at the output of the laser
cavity, compensating the fluctuations with high response bandwidth and independence
from the intracavity noise sources. This technique is in principle implementable with any

kinds of frequency comb generators.

of (£)*f,
fce+6fce ( t) fce_f;o
/ — \
—
— fce+6fce(t)
aofs

Figure 3.3: Feed-forward control of the carrier-envelope offset frequency of a frequency
comb. The AOFS adjusts the carrier-envelope phase of a frequency comb by frequency
shifting all the first-order diffracted comb lines by the same amount. This frequency shift
can be positive or negative, depending on the direction of the incoming beam towards
the acoustic wave. Here a negative diffraction order is used. The instability df,.(¢) in the
carrier-envelope offset frequency of the incident frequency comb is stabilized to a constant
offset frequency f;, o when the signal df..(f) + f.o is fed to drive the AOFS [85].

An acousto-optic frequency shifter (AOFS) is used in the work of this thesis. In the

AOFS, a piezoelectric transducer generates an acoustic wave which propagates in the
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acousto-optic medium. This sound wave modulates the refractive index of the medium,
which is seen by the light wave as an index grating. The incident light, which is diffracted
by the grating, is frequency shifted by the amount of the acoustic frequency due to the
Doppler effect. When a frequency comb is sent to the AOFS, all the comb lines are shifted
by the same amount in frequency. This effect is equivalent to adjusting the carrier-envelope
offset frequency of the comb (Figure , Without any additional locking electronics, the
modulation bandwidth is limited only by the response time of the AOFS, e.g., hundreds

of nanoseconds [86].

3.2.3 Dual-comb stabilization

The scheme of feed-forward dual-comb stabilization is depicted in Figure (3.4

A master comb /\‘ ‘ ‘/\
| AT

slave comb ‘ ‘ ‘

fbeat2 fbeat1
b
fbeat2+f;02 fbeat1 +f;o1
f +Af fce+Afce
piezo " '
)| ——
[ slave comb | =|_
aofs

) photo-
[master comb ] detector

Figure 3.4: Feed-forward dual-comb stabilization. a. Two radio-frequency beat-
notes serve as indicators of the relative instabilities of two degrees of freedom. b. Sta-
bilization of the two degrees of freedom: an AOFS controls the relative fluctuation of
the carrier-envelope offset frequencies, and a piezo feed-back loop stabilizes the relative
repetition frequencies.
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Indication of phase fluctuations. As in many other demonstrations of dual-comb
spectroscopy with mode-locked fiber lasers [22] [46], two radio-frequency beat notes, each
between one line of the master comb and one line of the slave comb, are used as gauges of

the relative fluctuations of the two degrees of freedom, as shown in Figure [3.4h.

Stabilization of the relative carrier-envelope frequencies. The first beat note is
mixed with an offset frequency f; o, generating a feed-forward driver signal f, .1 + fro1,
feeding the AOFS. The acousto-optic interaction frequency shifts all the comb lines in the
first-order diffraction with a quantity containing a constant offset (controlled by f; ;) at
arbitrary radio frequency and a small amount of acoustic shift (provided by the fi .¢1)
that follows the real-time relative fluctuations between the slave and master comb. This
is equivalent to a fast adjustment of the carrier-envelope offset of the slave comb relative

to that of the master comb.

Stabilization of the relative repetition frequencies. For the stabilization of the
second degree of freedom, a second beat note f,.,., is generated by beating the ny-th line of
the master comb and that of the first-order diffracted slave comb. This beat note f, ..., can
be stabilized against a radio-frequency reference signal f; o, using a feed-back loop. Because
the AOFS removes the high-frequency noises in the relative carrier-envelope frequencies,
the residual instabilities in the repetition frequencies (at low frequencies) can be stabilized

with the piezo phase-locked loop of low bandwidth.

3.3 Experimental setup

We explore the performance of feed-forward dual-comb interferometers with a setup dedi-

cated to the near-infrared molecular spectroscopy (Figure .

Frequency comb sources. Two commercial erbium-fiber mode-locked laser oscillators,
emitting at around 195 THz with a spectral bandwidth of about 20 THz, are used as
master comb and slave comb, respectively. Their pulse duration is about 90 fs. Their
repetition frequencies are set such that f=100 MHz and Af =100 Hz, and may be adjusted
by translating an intracavity mirror mounted on a piezo transducer. The output of each
oscillator is split into three ports. Each port can be fed to an erbium amplifier, providing
an average power up to 300 mW. For broadband spectroscopy, the spectrum at the output
of one of the amplifiers of each comb is broadened in a piece of highly nonlinear fiber
(HNLF), leading to a spectral bandwidth close to an octave (approximately from 140 THz
to 280 THz), as exemplified in Appendix Fig. The spectrum can be filtered to improve
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Figure 3.5: Experimental setup of near-infrared feed-forward dual-comb spec-
troscopy.

the signal-to-noise ratio at specific spectral regions with two home-made tunable grating
filters.

In this demonstration, the master comb is stabilized against 10-MHz signal of an ac-
tive hydrogen maser using the self-referencing technique to provide frequency accuracy
and long-term stability. This stabilization is independent from the establishment of the
mutual coherence, but it is necessary for a serious assessment of the instrumental artifacts
and systematic effects. Then, the slave comb is stabilized to the master comb with the
feed-forward dual-comb technique. All the synthesizers and the digitizer in the setup are

synchronized to the same hydrogen maser.

Self-referenced master comb. One amplified output of the master comb is spectrally
broadened to an octave for the detection of the carrier-envelope offset frequency in a home-
made f — 2f interferometer. Both the carrier-envelope offset frequency and the repetition
frequency of the comb are stabilized to the 10-MHz radio-frequency reference from the

hydrogen maser, providing a fractional instability of 2 x 10712 at 1 s.

Feed-forward control. A radio-frequency beat note, of one line of the master comb and
one line of the slave comb, is generated to provide the feed-forward driving signal. To
isolate an individual line from each comb, an erbium-doped CW laser at 189 THz (labeled
as CW laser 1 in Figure is used as an intermediate oscillator. The CW laser beats
with each comb and two beat notes, of one line of the master comb with the CW laser and

of one line of the slave comb with the CW laser, are mixed to cancel the contribution of
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the CW laser. The electrical signal at a frequency f,...; is thus produced. This signal is
then mixed with a radio-frequency signal from a synthesizer, and the resulting signal feeds
the AOFS. Here the response time of our AOFS including the related electronics is 550
ns (which leads to a bandwidth of 300 kHz [86]). The carrier-envelope frequency of the
beam of the slave comb diffracted in the first order follows that of the master comb with a
constant offset. This offset frequency is chosen to be an integer multiple of Af. such that

the interferometric waveforms are precisely periodic for efficient time-domain averaging.

Stabilization of the relative repetition frequencies. For the stabilization of the
second degree of freedom, a radio-frequency beat note (as fi..2), between a line of the
master comb and a line of the slave is generated, using the CW laser 2 at 195 THz. The
beat note is compared to a signal from a synthesizer, and the generating error signal is fed
to the piezo transductor, adjusting the cavity length of the slave comb with a bandwidth
lower than 1 kHz.

In-loop measurement. After the stabilization, the two radio-frequency beat notes, each
resulting from a line of the master comb and a line of the first-order slave comb (one at
frequency fieae1. and the other at frequency fi .. in Fig. [3.4), are measured with a radio-
frequency spectral analyzer. The 3-dB linewidth of the two beat notes is 1 Hz (Appendix
Figure , limited by the resolution of the spectral analyzer. The result indicates the
relative stabilities between the two combs.

Interferometer. For dual-comb interferometry, the beam of the master comb interrogates
the gas sample in a single-pass gas cell. It is then combined on a beam splitter with
the beam of the slave comb emitted from the first-order diffraction of the AOFS. The
interference between the two beams is detected with a balanced InGaAs photodetector,
digitized with a data acquisition board, averaged and Fourier transformed. The frequency
scale of the resulting spectra is self-calibrated using the repetition frequency and the carrier-

envelope offset frequency of the master comb.

3.4 Experimental results

3.4.1 Interferogram

The established mutual coherence allows efficiently co-adding all the experimental inter-
ferograms directly and continuously. An interferogram of the acetylene absorption in the
region of the emission of the laser oscillators is shown in Figure [3.6] which results from

186,000 averages of single interferograms (each with 10 samples) over a total measure-
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Figure 3.6: Experimental feed-forward dual-comb interferogram. In the labora-
tory timescale, the interferograms repeat with a period of 1/Af,=10 ms, which corresponds
to an optical delay of 1/f,=10 ns.

a. 186,000 consecutive interferograms, each with a laboratory time of 10 ms, are averaged
directly, resulting in a total measurement time of 1,860 seconds.

b. On a 55,000-fold expanded y-scale, a view of the region indicated by the red rectangle in
a shows the characteristic interferometric modulation induced by the molecular transitions.
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ment time of 31 min. The entire range of optical delay (effective time) is 1/f,=10 ns,
corresponding to a 10-ms period of the interference signal in the laboratory frame. The
molecular free-induction decay is revealed up to optical delays of 2 ns, which corresponds
to the inverse of the Doppler-broadened molecular linewidth. Figure exemplifies the

characteristic molecular modulations at the optical delay of 1.6 ns.

3.4.2 Feed-forward dual-comb spectra
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Figure 3.7: Experimental dual-comb spectrum around 190 THz with a res-

olution of 100 MHz. It is recorded with the erbium laser oscillators in the region of
the v;+v3 combination band of 2CyH,y. The gas pressure is 195.2 Pa, and the absorption
path length is 70 cm. a. The entire spectrum spans 20 THz and its measurement time is
31 min. b. The measured transmittance spectrum and the phase spectrum of the v+
combination band of 2Cy,H,. The baselines are corrected with a third-order polynomial
fit.

The amplitude and the phase of the spectrum are retrieved by the complex Fourier
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transformation of the interferograms. Figure depicts a spectrum in the emission region
of the erbium oscillators with a resolution corresponding to the comb line spacing, 100
MHz. The spectrum is calculated from the interferogram of Figure [3.6h. The signal-to-
noise ratio in the spectrum reaches 8,550 around 188.2 THz and the average signal-to-noise
ratio across the entire span, from 182 THz to 202 THz, is 3,850. The good signal-to-noise
ratio in both the transmittance and the phase spectra (Figure [3.7b) enables to observe

O combination bands,

not only the rotational lines of the v; 4+ v5 and vy + v+ (vi+vs ')
but also the vy +vy+v)—v) and the vy +vo+13i —vid hot bands of 12CyH, and even the vy +u3
band of '2C'3*CHy,, whose concentration (in natural abundance) is 90-fold lower.

The figure of merit of a dual-comb spectrometer is defined as the product of the average
signal-to-noise ratio in an unit square root of measurement time and the number of resolved
spectral elements [42] 81]. In this demonstration of feed-forward dual-comb spectroscopy
in the near-infrared region, the figure of merit reaches 1.8x107 Hz'/2. It is slightly higher
but on the same order of magnitude than that of [22]. In the experiment, the power on
the detectors is limited to 50 pW, a value that is experimentally determined to avoid the
detector nonlinearities. Similar to Michelson-based Fourier transform spectroscopy, subtle
detector nonlinearities create line shifts and line profile distortions [79, [80].

The Fourier transform of interferograms with multiple bursts reveals dual-comb spectra
with resolved comb lines. An acetylene absorption spectrum in the region of emission
of the laser oscillator is shown in Figure 3.8 The total measurement time is 31 min.
Six-thousand interferograms, each with a measurement time of 0.31 s (31 bursts), are
averaged and transformed with 6-time zero filling. In Figure [3.8h, more than 200,000
comb lines are resolved over the entire spectral range of 20 THz. Figure [3.8b exemplifies
the measured molecular transitions by displaying the P(7) Doppler-broadened line of the
v1+v3 band of 2CyH, in the region around 195.581 THz. Its full width at half maximum
(FWHM) is near 473 MHz at 295 K. In the unapodized representation in Figure 3.8, the
expected instrumental line shape, cardinal sine function, is well resolved in the comb lines,
illustrating the phase stability of this dual-comb system. The FWHM of the comb lines
is set about 3.5 Hz in the radio-frequency domain, converting to 3.5 MHz in the optical
scale, at the transform limit. Importantly, the width of the instrumental line shape in
the comb lines is narrower than the Doppler profiles by two orders of magnitude, thus its
contribution to the molecular line shapes is negligible.

The evolution of the average signal-to-noise ratio of the spectrum as a function of the
measurement time (and the number of averages) is shown in Figure The interferograms
are averaged in the time domain and transformed to spectra with a resolution of 100

MHz. The average signal-to-noise ratio of the spectra for different measurement times is
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Figure 3.8: Experimental spectrum around 190 THz with resolved comb lines,
measured within 31 min.

a. Apodized spectrum across the entire span of the emission of the laser oscillators. Over
200,000 individual comb lines spanning 20 THz are resolved.

b. A magnified unapodized representation with the P(7) Doppler-broadened line of the
v1+v3 band of 12CyH,, which is sampled by the comb lines of 100-MHz spacing.

c. Magnified unapodized representation of a with five individual comb lines. The instru-
mental line shape, a cardinal sine, convolves the unapodized lines.
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calculated. A linear fit to the logarithmic representation of the experimental data yielding
a slope of 0.498(3) indicates that the signal-to-noise ratio is proportional to the square
root of the measurement time. The mutual coherence of the two combs is preserved over
the measurement time of 1,860 s, which is three orders of magnitude longer than the best
result of 1 s before [22]. No indications that the signal-to-noise ratio departs from this

square-root evolution. Therefore, longer averaging times may be achievable.
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Figure 3.9: Evolution of the average signal-to-noise ratio in the near-infrared
feed-forward dual-comb spectra with the measurement time.

A similar behavior is observed over the entire span broadened by the highly nonlinear
fibers. A spectrum in the region of the 2v3 band of methane around 180 THz with a
resolution of 100 MHz is shown in Appendix Figure [A.3] It spans from 175 THz to 184
THz and the measurement time is 14.46 s. The signal-to-noise ratio is 770 around 183.2
THz, and the average signal-to-noise ratio is 465, resulting in a figure of merit of 1.1x107

Hz'/2. The comb lines are resolved over the entire span, as exemplified in Appendix

Figure [A4]

3.4.3 Assessment of the spectra

The molecular lines in the experimental dual-comb spectra are analyzed and the resulting

spectroscopic parameters are compared to the data available in the literature.
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The absorption in the experimental spectrum I(f) is governed by the Beer’s law [,

which describes the intensity of the light I,(f) after traveling a path length [ in an absorbing
sample,

I(f) = Io(f)e V", (3.1)

where a(f) is the absorption coefficient of the sample at the frequency f. When the
baseline spectrum Iy(f) is obtained, with a reference measurement without a sample or
with a low-order polynomial fit on the experimental absorption spectrum, the molecular
absorption in the transmittance spectrum 7'(f) can be accessed with T'(f)=I1(f)/Io(f)=
—a(Al A logarithm operation on the transmittance spectrum reveals the line profiles in
the molecular absorption coefficient

(&

a(f) =~ W[T(f)]/L. (3.2)

Appropriate profiles, e.g., Gaussian profile when the lines are dominated by Doppler
broadening at low gas pressure, can be fitted to the absorption coefficient «(f). The line

parameters (e.g., position, width, and intensity) are then retrieved.
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Figure 3.10: A portion of the acetylene experimental transmittance spectrum
and its fitted result. The measurement time is 31 min. From left to right, the spectrum
shows the P(17), P(16) and P(15) lines of the v;+v3 band of '*CyH,. The transmittance
goes down to 40%. The Gaussian profiles (red line) are fitted to the experimental spectrum

data (blue dots). The standard deviation of the Observed-Fitted (“Obs-Fit”) residuals is
0.06%.

The experimental dual-comb spectra are analyzed and the fitted results are as exem-
plified in Figure [3.10] and appendix Figure [A.3k, respectively, for three molecular lines, the



3.5 Conclusion 31

P(17), P(16) and P(15), of the v1+v3 band of 12CyH, and the Q(1)F2 line of the 2v3 band
of 2CHy. The residuals at the noise level do not show any systematic effect. This fitted
result verifies that the instrumental line shape that convolves the profiles can be neglected,
thanks to the high mutual coherence of the two combs, the long averaging time, and the
narrow width of the comb lines.

The center position of eleven lines of the v;+v5 band of '2CyH,, for which the pressure
shift parameter is measured in [87], is compared to the accurate sub-Doppler saturated
absorption measurements from Ref. [88] and Ref. [89] in Appendix Table [B.1] The mean
value of the discrepancies between our measurement and those in Ref. [8§] and Ref. [89]
is 110 kHz and 44 kHz, with a standard deviation of 275 kHz and 285 kHz, respectively.
Two lines of the 2v3 band of 12CH, are listed in appendix Table , where the pressure
shifts are corrected using the result from [90]. The measurement is in agreement with the

Doppler-free line positions of ref. [91].

3.5 Conclusion

This chapter has discussed the major limitation of dual-comb instrumentation: the diffi-
culty of preserving the mutual coherence of the two combs over long measurement times. An
original dual-comb technique based on feed-forward control of the relative carrier-envelope
instabilities is proposed and demonstrated, circumventing this difficulty.

Phase-stabilized dual-comb spectroscopy is achieved with an experimental mutual co-
herence time approaching 2,000 seconds. This technique does not require any electronic-
or digital- corrections of phase errors. Such a result is more than three orders of magnitude
better than the previous best result of 1 s [22, [44]. As there is no indication that we reach
a limit in times of coherent averaging, arbitrary measurement times may even be within
reach. Molecular spectra of high quality with well-resolved comb lines are acquired at high
signal-to-noise ratio across a broad span.

With the feed-forward dual-comb stabilization, a compact external-cavity actuator is
employed, which is implementable with any types of frequency comb generators where fast
control of the phase variations is challenging, including quantum cascade lasers [92], or
micro-resonator combs [93]. Besides, the technique is expected to offer new solutions for
dual-comb interferometers in other spectral regions of interest where the control of phase
fluctuations remains complicated, such as the ultraviolet or the mid-infrared regions.

This phase-stable dual-comb interferometer offers prospects to fundamental or applied

problems in atomic and molecular physics. Future applications include multiplex Doppler-
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free spectroscopy at high resolution and high precision [35], investigation of optical activity
and study of refractive index with high phase precision, etc. In the next chapter, the
technique is exploited to study gas molecular sample of small amounts with attenuated-

total-reflectance spectroscopy.



Chapter 4

Attenuated-total-reflectance

dual-comb gas-phase spectroscopy

Attenuated-total-reflectance spectroscopy is one of the most widespread sampling tech-
niques in vibrational spectroscopy of condensed phase [30]. It allows samples in solid or
liquid state to be examined directly without further preparation. Such a sampling technique
has been widely used in diverse fields of chemical and biomedical studies [94-96]. It ex-
ploits light-matter interaction with evanescent waves, which provide a limited penetration
depth into the sample. One of the advantages of attenuated-total-reflectance spectroscopy
is that the short interaction length can avoid the problematic attenuation of infrared signal
in a highly absorbing medium (e.g., water solution) [94] [95]. Besides, the light beam is
restricted in a small region within the evanescent field, therefore this technique allows to
study samples in small volumes (e.g., on the nanoliter scale [24]). Sample interaction with
evanescent waves has enabled detection of chemical chirality [97], high-precision tracking

of single biomolecules [96], and fluorescence-based nanoscopy [98], etc.

Despite its success in condensed phase samples, attenuated-total-reflectance spectroscopy
is little used in gas-phase spectroscopy [25H27], and it has never been done in broadband
gas phase spectroscopy before the work of this thesis. This is due to the fact that combining
a broadband spectrometer to an internal reflection element for high-resolution analysis is
instrumentally challenging. In this work, leveraging the advantages of feed-forward dual-
comb spectroscopy (Chapter , we extend attenuated-total-reflectance spectroscopy to
coherent multi-heterodyne spectroscopy in the near-infrared domain with a variety of gas

absorbers of interrogating volumes as little as tens of picoliters.
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4.1 Background

4.1.1 Evanescent-wave sample interrogation

Evanescent waves establish when the light beam traveling in a medium undergoes a total
internal reflection at its boundary. The sample is placed in contact with the internal
reflection element, e.g., a prism or a waveguide (Fig. [4.I). At the interface where the
internal total reflection happens, the evanescent wave propagates into the sample and
interacts with it. The alterations of the evanescent field, e.g., due to the sample absorption,
albeit subtle, propagate back into the light beam that can be analyzed spectroscopically.
The penetration depth of the evanescent waves into the sample is on the scale of the
wavelength (e.g., a micrometer), restricting the light-matter interaction in a small region,
e.g., less than a nanoliter in volume. Attenuated-total-reflectance spectroscopy provides
nondestructive measurements and it is suited for studying samples of any phase (e.g., gas,
liquid or solid, etc). Different from the transmission-based methods, in attenuated-total-
reflection spectroscopy, the light beam can be confined in a volume on the nanoliter scale
in the evanescent field using, e.g., miniaturized internal reflection elements. It provides

opportunities for analyzing samples with little interrogated amounts.

sample—- b
Light beam

Figure 4.1: Representative sample interrogation configurations of attenuated-
total-reflectance spectroscopy. a. single-reflection prism. b. tapered-fiber waveguide.

4.1.2 Gas-phase attenuated-total-reflectance spectroscopy

Spectroscopic analysis of gas-phase molecules harnessing sample interaction with evanes-
cent waves has been demonstrated with several sampling configurations [25-27], based on
tunable CW laser spectroscopy in the near-infrared domain. For instance, for an analysis
of methane (CH,) molecules at around 1.6-um region [25], a detectivity of low parts per
million in volume (within a measurement time of tens of seconds) has been achieved, lead-
ing to as little as 10 — 107 molecules required in a measurement. The detectivity can be

enhanced with a chip-based resonator or with sample enrichment [99]. For further improve-
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ments, accessing the strong fundamental molecular transitions in the mid-infrared domain
presents exciting possibilities [100], 0], but its implementation has been hampered by the
difficulty of fabricating mid-infrared waveguides [I01]. Before the work of this thesis, all
the techniques of gas-phase attenuated-total-reflectance spectroscopy are performed with
tunable CW laser spectroscopy. These techniques usually target one specific transition of
a particular species [25H27] relying on the prior knowledge of the sample. Therefore their
capability of exploring different properties, such as composition and relative concentration,
of a samples is rather limited.

However, gas-phase attenuated-total-reflectance spectroscopy over broad spectral spans
has not been demonstrated before the work of this thesis, to the best of our knowledge.
Most broadband spectrometers employ incoherent light sources (e.g., the tungsten-halogen
lamp used in near-infrared Michelson-based spectrometers [36]), which are difficult to col-
limate and couple into a long internal reflection element for gas measurements with high
resolution.

A new approach to broadband attenauted-total-reflectance gas-phase spectroscopy is
enabled by dual-comb spectroscopy. The coherent frequency comb laser sources can be cou-
pled into a fiber-based or chip-based waveguide to interrogate the sample with evanescent
waves. In this work, the performance of feed-forward dual-comb spectroscopy is extended
to attenuated-total-reflectance spectroscopy, analyzing gaseous molecules using a tapered-

fiber evanescent element.

4.2 Principle

4.2.1 Tapered-fiber evanescent waveguide

We use a commercial center-tapered fiber as an internal reflection element (Figure ),
because it provides a path length compatible with gas spectroscopy. The tapered fibers
are made by heat stretching a step-index single-mode fiber (SMF-28) to subwavelength
diameters under adiabatic conditions. The technique for fabricating such tapered fibers
is well established [102], and the waveguide theory of subwavelength tapered fibers has
been studied thoroughly in literature [103-105]. Nowadays tapered fibers are used in a
wide range of applications, including optical spectroscopy and sensing [96] [106], nonlinear

spectral broadening [107], cold-atom physics [108], and waveguide coupling [25], etc.

Two different types of tapered fibers have been utilized in this work. One type of
fibers has a taper length of 12 mm and a taper diameter of 1 gm. The other type has a
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taper length of 20 mm and a diameter of 500 nm. With the single-mode propagation main-
tained over the tapered region, the optical transmission efficiency of the beam exceeds 95%.
These subwavelength tapered fibers exhibit a significant amount of the light propagating
in the evanescent field, which is suited for efficient sample interaction in attenuated-total-
reflectance spectroscopy. As an example, the distribution of the mode intensity around a
tapered fiber with a diameter of 500 nm in vacuum is depicted in Figure More than
90% of the light is guided in the evanescent field at the laser frequency of 200 THz. The
intensity fraction of the light guided in the evanescent field n(f), retrieved from the mode
distribution at different laser frequencies, is shown in Appendix Figure for the two
fibers being used. The fraction n(f) increases with the decreasing laser frequencies.
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Figure 4.2: Intensity distribution of the guided fundamental mode at the cross-
section of a fused-silica fiber in the vacuum. The diameter of the fiber is 500 nm, and
its reflective index is 1.445. The laser frequency is 200 THz with the polarization aligned
along the x-axis. At the fiber surface, the light intensity exhibits a sharp discontinuity,
which is due to the high contrast between the index of the fused silica and the vacuum
[103, 104]. The penetration depth, determined by the characteristic decay length of the
evanescent field [104], is 1.92 um. About 93.5% of the light intensity propagates in the
evanescent field. This numerical simulation is performed using the waveguide theory in Ref

[T09] and Ref [110], and the results are consistent with those in Ref. [103] and Ref [104].
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4.2.2 Attenuated-total-reflectance spectroscopy

In the tapered region, the evanescent wave that extends out of the core interacts with
the surrounding medium. The molecular sample, which is present within the interac-
tion depth, absorbs the evanescent wave and attenuates the total intensity of the guided
mode. In analogy to transmittance-based spectroscopy (section , the absorption in

the attenuated-total-reflectance spectra is governed by the Beer-Lambert law [111],

1(£) = Io(f)e 0 (4.1)

where [y and I, respectively, correspond to the intensity of light before and after trav-
elling through an absorbing sample. [ denotes the length of the evanescent waveguide in
the sample interaction region. «(f) is the absorption coefficient of the sample, which can

be retrieved from the spectrum using

a(f) = =I[T(N]/(n(f) - ), (4.2)
where T(f) = I(f)/1o(f)-

To preserve the consistency with transmission spectroscopy (Eq. [3.1]), one can refer [,

as the effective absorption length,

le(f) =n(f) -1 (4.3)
The Eq/4.1] can be rewritten as

I(f) = Io(f)e @D (4.4)

To discuss the detection limit of this technique, a few quantities are provided as follows.
The noise equivalent absorption coefficient aupi, (f) (in unit of cm™!) is one of the common-
used standards of detection limit. Derived from the first-order Taylor series of the Beer-
Lambert law (Eq with the assumption that the absorption is weak, au,,(f) is inversely
proportional to the signal-to-noise ratio (SNR) in the spectrum and the effective absorption
path length L(f),

amin(f) = 1/(SNR - 1o(f)) (4.5)

Taking the molecular absorption cross-section o(f) (in unit of ¢cm?/molecule) into

account using «(f) = o(f) - N, where N is the molecular number density (in unit of
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molecule/cm?), one obtains the minimum detectable value of N as,

Nmin ~ 1/(SNR : le(f) ' Umax)7 (46)

where 0., is the maximum absorption cross-section of the molecule within the spectral
coverage. In a sample interaction volume V(f) (in unit of cm?®), the minimum detectable

number of molecules is

Manin &V (f)/(SNR - le(f) - Omaz)- (4.7)

The volume V(f) can be calculated from the area indicated by the penetration depth
(Appendix Figure |A.6) and the length of the tapered waist. For the two tapered fibers

being used in the experiment, V(f) ranges from about 10 picoliters to 14 nanoliters.

4.3 Experimental setup

tapered fiber sensor

HNLF

Master comb — @ — | —
4 Retroreflector
Af Af, l gas
Y Y  HNLF

Slave comb

Figure 4.3: Experimental setup of dual-comb attenuated-total-reflectance gas-
phase spectroscopy. The black-dot rectangle indicates the setup of feed-forward dual-
comb stabilization. HNLF: highly-nonlinear fiber. The size of the sensor is not scaled to
its actual proportions.

The performance of broadband dual-comb attenuated-total-reflectance gas analysis is
explored with a setup in the near-infrared domain, as depicted in Figure 4.3| consisting of
our feed-forward dual-comb spectrometer (see Chapter 3| for details) and a sample interro-
gation unit with a tapered fiber.

The beam of master comb passes through a circulator and it is sent to the tapered-fiber
evanescent waveguide in a vacuum cell that can be filled with gases. For improving the
absorption path length, the tapered fiber is double-passed using a fiber-optic retroreflector
connected at the end of the tapered-fiber, which reflects the beam back to the sample
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interaction region. After interrogating the sample, the beam of the master comb circulates
by the circulator and overlaps with the beam of the slave comb using a 50:50 fiber coupler.
A balanced detector receives the two outputs of the coupler, and a digitizer records the
time-domain interferometric signal. The interferograms are Fourier transformed to derive
the amplitude and phase of the attenuated-total-reflectance spectra. The experimental

data are averaged to improve the signal-to-noise ratio.

4.4 Experimental results

4.4.1 Dual-comb attenuated-total-reflectance spectra

An experimental dual-comb attenauted-total-reflectance spectrum in the region of the 2u;
band of methane around 180 THz is shown in Fig [4.4] The effective absorption path
length is about 5.2 mm, the penetration depth is about 0.5 um and the sample interaction
volume is fewer than 25 picoliters. At the gas pressure of 68.5x10% Pa, the full width at
half maximum (FWHM) of the molecular lines is broadened to more than 2.4 GHz [112].
To sample the molecular profiles correctly while preserving the signal-to-noise ratio, the
spectral resolution is set at 1 GHz. Due to the mismatch between the resolution desired
in the spectra and the comb line spacing (100 MHz in this dual-comb system), only 10%
of the measurement time is acquiring useful data and the rest of the time is wasted. In
a total experimental recording time of 310 s (60,000 averages), where only 31 seconds of
the data contribute to computing the molecular spectrum, the signal-to-noise ratio in the
spectrum at around 180.5 THz exceeds 12,660. The average signal-to-noise ratio across
the span of 13 THz is 5,920, resulting in a figure of merit (as defined in Section [3.4.2]
Chapter ) of 4.4x10% Hz'/?, calculated using the total experimental time of 310 s. Both
the transmittance and dispersion spectra exhibit a good signal-to-noise ratio, which is
suited for the detection of weak absorptions. The entire 2v3 band of 2CHj, is resolved,
although its maximum absorption depth and phase shift are less than 8% (Fig. ) and
40 mrad (Fig. [4.4k), respectively.

The absorption coefficient of the 23 band of 12CH, is obtained from the experimental
spectrum (Fig. ) using Eq. , where the result of the frequency-dependent intensity
fraction n(f) in Fig. has been taken into account. As shown in Fig[4.5] the experimen-
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Figure 4.4: Experimental dual-comb attenauted-total-reflectance spectrum in
the region of the 215 band of '2CH,. Its resolution is 1 GHz.

a. A filtered spectrum around 180 THz. The tapered fiber with a waist diameter of 1 ym
and a length of 12 mm provides an effective absorption path length of about 5.2 mm.

b. The transmittance and phase spectra of the 2v5 absorption band of 2CH,. The base
lines are fitted with low-order polynomial functions.

tal absorption coefficient is compared to the methane absorption coefficient calculated with
Voigt line profiles using the line parameters available in HITRAN database [113]. The HI-
TRAN line list includes the 2014 GOSAT methane line intensities [I14], the line positions
from Ref. [52], and the line broadening coefficients from Ref. [I112]. The “Obs-HITRAN”
residuals are within 0.2 cm™!, which is about 5% of the maximum absorption coefficient
(0.4 cm™! at the R(4) manifold) in the region of the measurement. The standard devia-
tion of the residuals is 1.6 x 1072 cm ™!, corresponding to 0.4% of the maximum absorption

coefficient. Such results assert the agreement between this work and the literature data.
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Figure 4.5: Characterization of the dual-comb attenuated-total-reflectance spec-
trum. The observed absorption coefficient of the 2v5 absorption band of 2CH, with a

resolution of 1 GHz, is compared to a spectrum calculated using the line parameters in HI-
TRAN 2016. The Obs-HITRAN residuals are within 0.02 cm ™!, with a standard deviation
of 1.6x1073 cm ™.

Good signal-to-noise ratio is obtained over the entire spectral coverage of the dual-comb
system (covering from about 140 THz to 280 THz, as shown in Fig. . A spectrum in
the region of the v5+215 band of *2?CH, around 225 THz is depicted in Appendix Fig. |A.7
where the FWHM of the molecular lines is collisionally broadened to larger than 6 GHz
and the resolution of the spectrum is set to 2 GHz. In a measurement time of 480 s (only
5% of the time is used for calculating the spectrum), the signal-to-noise ratio culminates
at 21,800 around 226 THz and the average signal-to-noise ratio of 12,800 results in a figure
of merit of 3.4x10% Hz'/2. The comb lines in the attenuated-total-reflectance spectra are
resolved over the entire spectral coverage, as exemplified in Fig. 1.6 with a spectrum in the
region of the erbium oscillators. More than 210,000 comb lines are resolved across 21 THz.
The frequency scale of the spectrum can be referenced to an atomic clock (as demonstrated
in Chapter |3). Therefore, broadband attenuated-total-reflectance spectra can be achieved

with high signal-to-noise ratio, high resolution, and a self-calibrated frequency scale.
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Figure 4.6: Dual-comb attenauted-total-reflectance spectrum with resolved

comb lines. Its measurement time is 200 s (1,000 averages of 0.2-s recordings). a.
Apodized spectrum with the entire span of the erbium oscillators. b. Magnified repre-
sentation of a at around 195.9 THz showing the P-branch of the v; + v5 band of 2CyH,.
The gas pressure is 5.27x10* Pa, and the equivalent absorption path length is about 4.5
mm. c. Magnified representation with the collisionally broadened P(19) line of the vy 4 13
band of 2?CyH, resolved by the comb lines. d. A magnified unapodized spectrum of five
individual comb lines with line spacing of 100 MHz. The expected instrumental line shape,
cardinal sine function, convolves the comb lines. The FWHM of the comb lines is 5 Hz in
the radio-frequency domain, at the transform limit.
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4.4.2 Analysis of molecules in small volumes

The capability of analyzing molecular samples of small amounts is experimentally investi-
gated. In Figure 4.7, a dual-comb attenuated-total-reflectance spectrum in the region of
the vy + v3 band of acetylene is acquired with a gas pressure of 51 Pa. The molecular lines
are Doppler-broadened with a FWHM of more than 470 MHz, and the spectral resolution is
set to 300 MHz. The double-passed tapered fiber (500 nm in diameter and 20 mm in waist
length) provides an effective absorption path length of about 37.4 mm, and the penetration
depth of 1.9 um leads to an interrogation sample volume of less than 0.3 nanoliters. With
a total experimental time of 126 s (only 30 % of the total experimental time contributes to
acquiring data for calculating the spectrum), its signal-to-noise ratio reaches 6,250 around
197.7 THz, and an average signal-to-noise ratio of 3,750 corresponds to a figure of merit of
6.8x10% Hz'/2. Due to the low gas density, the maximum absorption and phase shift are
only about 1.7% and 10 mrad (Figure [4.7b), and the entire band is resolved.

The signal-to-noise ratio of 6,250 in the spectrum and the effective absorption path
length of 37.4 mm result in a noise equivalent absorption coefficient (Eq. of 4.3x107°
cm™! (or 4.8x107* cm~'-Hz~'/2). For acetylene, the absorption cross-section of 7.92x 10719
cm?/molecule (for the Doppler-broadened R(9) line of the vy + v3 band) at 197.22 THz
leads to a minimum detectable number density (Eq. of 5.4x10' molecules/cm?. In
the 0.3-nanoliter interaction volume, the detectable number of molecules is about 1.6x107
(Eq. , corresponding to 27 attomoles. Unlike other techniques where the detection limit
may result from the background spectral fringes due to the beating of multiple waveguide
modes [25], [101], in our demonstration, the number of molecules detectable can be fur-
ther decreased with longer acquisition times, because of the long mutual coherence of the
dual-comb spectrometer (Chapter and the single-mode property of the tapered-fiber

evanescent element.

This technique can be exploited for analyzing small volumes of gases. For example,
local detection of methane leakage from the natural gas systems has attracted significant
attention in recent years [115], and attenuated-total-reflectance gas spectroscopy has been
proposing solutions [25, 26]. At atmospheric pressure, the methane lines are collisionally
broadened, resulting in a linewidth of 5 GHz and an absorption cross-section of 1.5x 1072
cm?/molecule at the R(4) manifold of the 2v3 band [114]. In the experimental spectral
region of the 2v5 band of methane with a resolution of 1 GHz (Fig. , our signal-to-

noise ratio of 720 Hz!/2

applying to the detection of R(4) manifold, leads to a detectable
number density of 2.5x10' molecules/(cm?®- Hz!/2), which is slightly lower than (with a

difference less than a factor of 1.5) the state-of-the-art techniques with photonic crystal slot
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Figure 4.7: Dual-comb attenuated-total-reflectance spectrum in the region of
v, + v3 absorption band of 2C,H,. The gas pressure is 51 pa. a. The experimental
spectrum around 197 THz. Its resolution is 300 MHz, and the total experimental time is
126 s. b. The transmittance and phase spectra. The maximum absorption and phase shift
are only 1.7% and 10 mrad, respectively.

waveguides [26] and silicon-chip based spiral waveguides [25] based on tunable CW laser
spectroscopy, despite our spectra are acquired over a broad bandwidth with the ability to

diagnose multiple absorbers simultaneously.

4.5 Conclusion

In this chapter, we extend attenuated-total-reflectance spectroscopy to coherent multi-
heterodyne analysis of gas-phase molecules with high-resolution (at the Doppler-limited
resolution) for the first time. Using a tapered-fiber internal reflection element, broadband

dual-comb spectra interrogating sample volumes as little as tens of picoliters, are capable
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of analyzing molecules with an amount of tens of attomole (10" molecules). Multiple gas
species can be analyzed simultaneously over broad spans with the measurement consistency
preserved. Our detection limit is close to the state-of-the-art gas-phase evanescent detection

techniques based on tunable CW laser spectroscopy [25], 26].

In this demonstration, a considerable amount of the measurement time is wasted be-
cause of the mismatch of the molecular linewidth (e.g., up to several GHz) and the 100-
MHz line spacing of the dual-comb spectrometer. For future applications, depending on the
samples to be analyzed, the measurement time can be improved by choosing a dual-comb
spectrometer with a line spacing slightly lower but close to the width of the molecular pro-
files, e.g., a dual-comb system with comb line spacing of a few GHz is ideal for analyzing
acetylene at atmospheric pressure [55].

In the future, if the technology of waveguide fabrication is advanced, dual-comb at-
tenuated-total-reflectance spectroscopy may be implemented with chip-based waveguides.
The effective absorption path length may be improved by using a longer waveguide. The
detectable number of molecules may be reduced if the technique can be operated in the mid-
infrared domain [101] to access the strong fundamental molecular transitions. The feed-

forward dual-comb technique is performed in the mid-infrared region in the next chapter.
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Chapter 5

Mid-infrared feed-forward dual-comb

spectroscopy

The mid-infrared spectral region is of fundamental importance for molecular spectroscopy
because almost all molecules have strong absorption in this region [I, B6]. As one of
the techniques of frequency-comb spectroscopy, dual-comb spectroscopy has been mostly
reported in the near-infrared range, where broadband molecular spectra with well-resolved
comb lines have been obtained [22], 23]. However, its implementation in the mid-infrared
region turns out to be involved. In this chapter, the feed-forward dual-comb technique is

extended to the 3-pum region, providing a solution to mid-infrared dual-comb spectroscopy.

5.1 Background

A small molecule, e.g., with as few as three atoms, has multiple fundamental vibrational
modes (stretching and bending, etc.) and possesses a large number of rotational and vi-
brational states. The transitions between these states are characteristic with their unique
frequency, usually within the mid-infrared range of the electromagnetic spectrum (15-150
THz or 2-20 pm). The absorption cross section of these fundamental transitions is typically
strong, which will enhance the detection sensitivity. Directly and simultaneously interro-
gating these molecular fingerprints with high-resolution spectroscopy over broad spans,
yields rich information, not only for revealing the structure and dynamics of the molecules
[19, 32], but also for unambiguously identifying and quantifying the species in complex
mixtures [116]. For instance, in the spectral window around 3 pm [117], which corresponds
to the energy of the CH, OH, and NH stretching modes in molecules, broadband molecu-

lar spectroscopy has become an irreplaceable tool for the study of many small and large
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organic, as well as oxygen- or nitrogen-containing molecules.

Currently, Michelson-based Fourier transform spectroscopy, harnessing a mechanical
scanning arm and incoherent light sources, is the workhorse of mid-infrared molecular
spectroscopy; it provides broadband spectra with high resolution (e.g., up to 27 MHz
[21]). However, as explained in Chapter |2} the limitations of Michelson interferometers are
related to the moving parts. Dual-comb spectroscopy is a technique of Fourier transform
interferometry without moving parts. Its powerful performance has been mostly explored
in the near-infrared region on overtone molecular transitions. Extending its potential to
the molecular fingerprint region will enable new possibilities to the discoveries of molecular

science; however, its implementation still encounters several challenges.

5.1.1 Challenges of mid-infrared dual-comb spectroscopy

Unlike the near-infrared and the visible spectral regions, where frequency comb technology
is well established, mid-infrared comb generators are still in active development. Various
approaches have been explored, e.g., with novel solid-state [58] or doped-fiber [I18] laser
gain media, quantum-cascade [92] or interband-cascade lasers [119], micro-resonators [60),
120], and nonlinear frequency conversion such as difference frequency generation [121],
optical parametric oscillation [122], and spectral broadening in highly nonlinear waveguides
[123], etc.

Apart from the difficulty of generating mid-infrared combs, maintaining the mutual
coherence between two mid-infrared frequency combs represent another challenge of mid-
infrared dual-comb spectroscopy. So far, most techniques of mid-infrared dual-comb spec-
troscopy are based on frequency conversion of near-infrared combs. Due to the complex-
ity of the laser systems and the difficulty of designing mid-infrared single-frequency lasers
with hertz linewidth for referencing the two combs, the near-infrared dual-comb techniques,
based on phase stabilization using common references [22], [44] or phase reconstruction using
computer algorithms [46] 48] [68], are difficult to implement in the mid-infrared region.

Last but not least, the photonic tools and optics in the mid-infrared region are not
as advanced as those in the visible or the telecommunication region, which represents an
additional difficulty.

5.1.2 Current state of mid-infrared dual-comb spectroscopy

Because of the difficulties, many results of mid-infrared dual-comb spectroscopy remained

a stage of promising proofs of principle, although they point to an intriguing potential
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[12, 59, 61H63, 66, 119]. For example, the first results based on frequency comb generators
of large comb line spacing, such as semiconductor lasers [61, [119] and micro-resonator combs
[66] highlight new opportunities in time-resolved spectroscopy for physical chemistry. Mid-
infrared dual-comb spectra with well-resolved comb lines have been produced, although
over narrow spectral spans, with systems of quantum cascade [124] and inter-band cascade
lasers [119], difference frequency generators using erbium-doped mode-locked fiber lasers
[62] and electro-optic modulators [63]. Recently, advanced control of degenerate optical
parametric oscillators [65], and difference-frequency comb generators stabilized in the near-
infrared in combination with real-time digital corrections [64], have proved in producing
broadband mid-infrared spectra with well-resolved comb lines.

In Chapter [3], our recent technique based on feed-forward stabilization of the relative
carrier-envelope offset frequencies has been devised with erbium fiber laser combs in the
near-infrared region [23]. It allows continuous averaging of interferograms during times
approaching 2,000 seconds without any phase correction, which is three orders of magnitude
longer than the previous state-of-the-art [22]. Such a technique results in experimental
simplicity and reduction of possible spectral artifacts. In this chapter, this technique is
extended to the mid-infrared region, accessing one of the most important spectroscopic

windows, the 3-pm range.

5.2 Principle

Our 3-um feed-forward dual-comb scheme is based on difference frequency conversion of
a phase-stabilized near-infrared system to the mid-infrared region, as sketched in Figure
b.1l The near-infrared dual-comb system has been described in section [3.2] where the
master comb is self-referenced to a radio-frequency atomic clock to provide the long-term
stability, while the slave comb follows the fast phase variations of the master comb with
a relative stabilization using feed-forward control. The two erbium combs are frequency
converted to the mid-infrared region using a single-frequency laser as the pump in the
difference-frequency generation process.

The principle of difference frequency generation between a frequency comb and a single-
frequency laser is illustrated in Fig. 5.2l Such a frequency conversion technique has been
exploited in dual-comb spectroscopy with erbium combs [62] and with electro-optic modu-
lators [63]. Mixing a continuous-wave laser with a pulsed laser is a process of low efficiency.
The signal pulsed laser emits a large amount of photons in a short duration; within this

period the photons of the continuous-wave laser are entirely depleted in the conversion
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Figure 5.1: Scheme of mid-infrared feed-forward dual-comb spectroscopy. DFG:
difference frequency generation; CW: continuous-wave; MIR: mid-infrared.

a b
nf+f
nf;,+fce—> f -(nf"‘f ) 5 fpump r ‘ce

pump r ‘ce o)

x? §

pump
fpump_(nfr+fce)
Figure 5.2:  Principle of difference frequency generation between a single-

frequency laser and a frequency comb.

a. The geometry of the nonlinear frequency interaction [32, 125]. In a medium with
appropriate x® second-order nonlinearity, mixing a single-frequency laser ( Joump) and a
frequency comb (nf, + f..), leads to the generation of the idler comb, f, .o — (nf, + f.)-
b. Energy-diagram description. The single-frequency pump laser excites the atoms to a
high virtual level. Stimulated by the signal comb, this level decays with a two-photon
emission process. One pump photon is split into a photon of the signal comb and a photon
of the idler frequency comb.

process, resulting in the waste of signal photons. Nevertheless, because of the simplicity of
the implementation of this technique, and for avoiding detector nonlinearities, mid-infrared
combs with high average power are not required, we retain this scheme. With quasi-phase-
matched commercial nonlinear crystals [125], sufficient idler comb power can be obtained

without significant efforts.
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In our implementation, the frequency of the continuous-wave pump laser is stabilized
against the master comb. The beam of the pump laser is split into two parts. Each part is
used as the pump to generate a mid-infrared idler comb with an erbium signal comb. The
repetition frequency of the resulting idler comb remains the same as that of the signal comb,
while its carrier-envelope offset frequency is shifted by the amount of £, (modulo f).
Because two idler combs share the same pump laser, their carrier-envelope-offset frequency
is shifted by the same amount; the dual-comb phase instability induced by the pump laser
is canceled out. Therefore, the mutual coherence of the near-infrared system is transferred
to the two mid-infrared combs.

5.3 Experimental setup

The performance of the mid-infrared feed-forward dual-comb spectrometer is investigated
with an experimental setup displayed in Figure[5.3] The original configuration of the feed-
forward near-infrared dual-comb system, indicated in the rectangle, has been described in
section |3.3. The difference of the repetition frequencies of the two combs is set to 130 Hz

in this demonstration.

Feed-forward

...................................................

f )
r erbium [ erbium ) : / ) 1
oscillatorf|_amplifier | : 7 1 |
| H
fce [erbium spectral ) : PPLN
amplifier broadenlngJ/ :
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: N, I detector
: Slave comb aofs : dichroic  ppLN beam
R, : mirror splitter
Figure 5.3: Experimental setup of mid-infrared feed-forward dual-comb

spectroscopy. aofs: acousto-optic frequency shifter; CW: continuous-wave; PPLN:
Magnesium-doped periodically poled lithium niobate crystal.

Here, each erbium comb is converted to the mid-infrared region by difference-frequency
generation in a Magnesium-doped periodically poled lithium niobate (PPLN) crystal .

The pump is a continuous-wave ytterbium-doped fiber laser emitting at f,,,,=281.8 THz
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(1063.8 nm) with a linewidth of 50 kHz (at 100-us integration time). Its frequency is phase
locked to a line of the master comb. The output of the pump laser is split into two beams.
Each beam with 2-W average power is superimposed on the amplified erbium comb beam
using a dichroic mirror, and the combined beam is focused onto one of the poling channels
of the PPLN crystal, which has a length of 3 mm and seven poling periods around 30.5
pm. The spectrum resulting from the difference frequency generation is shown in Figure
[A.8 The span of the idler comb is about 8.2 THz, which is limited by the phase-matching
bandwidth of the PPLN crystal. The center frequency of the idler comb can be tuned from
82 THz to 100 THz by changing the temperature or the poling period of the crystal. A
long-wavelength-pass optical filter filters out the residual pump and the signal lasers after
the crystal. The power of the idler comb increases with the pump power (Fig. ), and
it exceeds 90 W at the pump power of 2 W.

In the dual-comb interferometer, the arm of the master idler comb passes through a
single-pass gas cell of a length of 70 cm. The two idler beams are then combined using a
pellicle beamsplitter. One output of the beamsplitter is focused onto a fast thermoelec-
trically cooled HgCdTe detector. For avoiding the detector nonlinearities, the total power
falling on the detector is kept below 40 puW. The interference signal of the two combs is
electronically filtered, amplified, and digitized. Due to the limited power onto the detector,
obtaining a good signal-to-noise ratio over broad spectral bandwidth requires an integration
time of several minutes. To implement time-domain averaging, the experimental conditions
are set Af,,=0 (or Af,, as an integer multiple of Af,) to keep the individual interferograms
identical. When averaging, we add up all the experimental interferograms directly without
implementing any numerical corrections to the interferograms or the spectra. The averaged
interferogram is computed with a complex Fourier transform to reveal the amplitude and
phase of the spectrum. During the measurements, the radio-frequency parameters (f., f..,
and Af) of the two near-infrared combs, the absolute frequency of the pump ytterbium
laser at 281.8 THz, and that of the erbium laser at 189 THz (used for the feed-forward
driver signal generation, see Chapter , are counted to calibrate the frequency scale of the

dual-comb spectra.

5.4 Experimental results

An interferometric sequence with nineteen interferograms in the region of the v9 and vq;
bands of ethylene is shown in Figure p.4h. In the laboratory time frame, the individual
interferograms repeat with a period of 1/Af,=7.7 ms, corresponding to an optical delay of
1/£,=10 ns (Figure p.4p). A magnified view in Figure of the region surrounded by a
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red rectangle in Figure displays the characteristic modulations induced by the ?CyH,
transitions. The signal-to-noise ratio enables revealing modulations up to optical delays
of more than four nanoseconds, corresponding to the inverse of the Doppler width of the
molecular transitions.

A broadband mid-infrared dual-comb spectra with resolved comb lines around 92 THz,
resulting from the interferogram of Figure [5.4h, is shown in Figure 5.5 It spans 8.2 THz
with 82,000 comb lines (Figure ) In Figure , a magnified view of the spectrum
shows a Doppler-broadened line of the vy band of 2CyH,, sampled by the comb lines
with 100-MHz spacing. The individual comb lines (Figure ) appear with the expected
instrumental profile, sinc function, with a transform-limited full-width at half maximum
(FWHM) of 6.8 Hz in the radio-frequency domain. The instrumental line shape in the comb
lines is resolved, illustrating the relative phase stabilities between the two mid-infrared
combs.

The spectrum (in Figure [5.6h) with a resolution of the comb-line spacing (100 MHz)
shows the absorption lines of ethylene over the entire measured span. Ethylene (*?CyH,)
is a near-prolate planar asymmetric-top molecule. In a single recording without tuning
the center frequency, the spectral bandwidth covers the region of the vy and 147 stretching
modes of 12C,H,, where the vy +119, 2v19+ 112, and vy +14 cold bands are observed. Figure
illustrates the transmittance and phase spectra. A magnified view in the region of a
@-branch of the vg band is shown in Figure [5.6f, exemplifying the resolved rovibrational
lines. For a measurement time of 1,742 s, the signal-to-noise ratio peaks 1,275 in the region
around 92.5 THz (corresponding to 30.5 Hz'/?), and its average value across the span of 8.2
THz is 570 (13.6 Hz!/2). The figure of merit, given by the product of the average signal-to-
noise ratio in unit square root of measurement time and the number of spectral elements,
is 1.1x10% Hz'/2, which is comparable with the best results reported in the same spectral
region, such as narrowband [62, 63], and phase-reconstructed broadband [64] dual-comb
spectroscopy.

The center frequency of the spectrum can be optimized to the absorption of different
molecules by changing the temperature or the poling period of the PPLN crystals. The
comb lines are resolved across the entire tunable spectral range (82-105 THz). As an
example, the spectrum is centered at around 98 THz for the measurement of the v3 fun-
damental band of 2CyH,, depicted in the Appendix Fig. with resolved comb lines. In
Figure [5.7h, the spectrum sampled at the comb-line positions has a signal-to-noise ratio of
1,360 at around 98.4 THz and an average signal-to-noise ratio of 500 across the span of 8
THz. The transmittance and phase spectra of the v3 band of *2CyH, are shown in Figure
, where the strong lines belong to the v3 and vo+(v4+v5) cold bands of '2CyHs, and
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Figure 5.4: Feed-forward mid-infrared dual-comb interferogram.

a. an averaged time sequence with 19 individual interferograms. Its total measurement time
is 29 min, resulting from 11,920 averages of continuous recordings, each with a laboratory
time of 0.146 s.

b. a magnified view with an averaged interferogram in a sampling period (10 ns in the
effective time scale and 7.7 ms in the laboratory scale).

c. a magnified view of the region indicated by the red rectangle of b with the characteristic
molecular modulations.
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Figure 5.5: Experimental mid-infrared dual-comb spectrum at around 92 THz
with resolved comb lines.

a. Apodized spectrum in the full spectral bandwidth of 8.2 THz, measured within 29 min
and computed with a complex Fourier transform with 6-fold zero filling.

b. Magnified unapodized representation of a showing a Doppler-broadened molecular line
(J=13,K,/=1,K./=13)-(J'=14,K,”=0,K.,”=14) in a P-branch of the vy band of 2?CyH,.
The gas pressure is 146.7 Pa and the absorption path length is 70 cm. In the line as-
signments, K, and K., respectively, denote the quantum number of the projection of the
rotational angular momentum to the inertial axis of the smallest and largest moment. J is
the rotational quantum number. The prime and double primes labels the upper state and
lower state of the transition, respectively.

c. Magnified unapodized view of b showing eight individual comb lines convolved with the
cardinal-sine instrument line shape.
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Figure 5.6: Experimental spectrum in the region of the vy and v;; fundamental
bands of ?C,H, around 92 THz.

a. The entire spectrum spans 8.2 THz, and it is measured within 29 min. The resolution
of the spectrum is 100 MHz, corresponding to the spacing of the comb lines.

b. Transmittance and phase spectra of the vy and v4; band of *CyH,. The baseline is
corrected with a third-order polynomial fit.

c. Magnified view of b in the region at around 91.8 THz. The lines in the ¢)-branch of the
vy band are assigned J-J'=0, K,/ =5, K,”=6, and K./-K/)"=1.
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Figure 5.7: Experimental spectrum in the region of the r; fundamental band
of 2C,H, with a resolution of 100 MHz, measured within 34.2 min. a. A
portion of the spectrum shows the vp+1v4+15 combination band and the P-branch of the
v3 fundamental band of '2CyH,. The acetylene sample is in natural abundance with a
pressure of 10.7 Pa and an absorption path length of 70 cm. b. Transmittance and phase
spectra of the v and vp+vy+v5 band of 2C,H,.

the weak lines are assigned to the vs+vj—v}, vo+(2uy+vy)  1I—v), vo+(2v44v5) TT—13 hot

bands. The rotational assignments can be found in Ref [126].
The evolution of the signal-to-noise ratio in the acetylene spectrum (Fig. with

the measurement time is shown in Figure 5.8, The signal-to-noise ratio increases as the
square root of the measurement time, which is the expected trend for coherent averaging.
The linear behavior in Fig. has not reached its limit at the maximum measurement
time of 2,052 s, suggesting that the mutual coherence between two mid-infrared combs can
be obtained for longer times. Similar behavior is also observed in the ethylene spectrum
(Figure . Such a coherence time is experimentally achieved without any other corrective
treatment of phase errors. It is three orders-of-magnitude longer than that of the state-of-
the-art dual-comb systems, where a mutual coherence of 1 second represents an excellent

figure.
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Figure 5.8: Evolution of the average signal-to-noise ratio in the experimental
mid-infrared dual-comb spectra over 2,000 s. The interferograms, each with duration
of 0.153 s, are averaged and Fourier transformed to obtain dual-comb spectra. The average
signal-to-noise ratio in the spectra (with 100-MHz resolution) is measured for different
measurement times. In the logarithmic scale, a linear fit with a fitted slope of 0.509(5)
indicates the signal-to-noise is proportional to the square root of the measurement time.

For a preliminary analysis, we fitted a limited number of molecular lines in the self-
referenced experimental dual-comb spectra to determine their frequency. In the ethylene
spectrum (Figure , the lines of the vy band of 2CyH, with an FWHM of about 215
MHz are satisfactorily sampled by the resolved comb lines of 100-MHz spacing. The result
of the least-squares fit of Doppler profiles to the experimental lines is exemplified in Figure
5.9, The “Obs-Fit” residuals with a standard deviation of 0.12% do not exhibit any
systematic signatures above the noise. We select 250 lines that are well isolated and
we compare the retrieved line positions to the literature data, in Appendix Table
For a measurement time of about half an hour, the average statistical uncertainty of our
measurement is about 0.8 MHz, with a standard deviation of 0.4 MHz. In an extensive
line list on HITRAN 2016 [I13], which reproduces the report of [I127], the precision of the
position of most lines is listed better than 20 MHz, and the accuracy is stated as “slightly
worse”. The mean value of the discrepancies between this work and those of HITRAN is
—240 kHz with a standard deviation of 1 MHz. In Appendix Table [B.4] about sixty lines

in the v1; band are compared with ref. [128], in which the lines are measured with an
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Figure 5.9: Portion of the experimental transmittance spectrum of ethylene and
the fitted molecular profiles. The measurement time of the spectrum is 29 min. The
gas pressure is 146.7 Pa, and the absorption path length is 70 cm. The Doppler-broadened
FWHM of the lines is approximately 215 MHz. The maximum absorption goes down to
50%. The “obs-fit” residuals are within 0.25% with a standard deviation of 1.2x1073.

accuracy of £18 MHz. The average discrepancy between ref.[I128] and our measurement is
1.0 MHz, with a standard deviation of 3 MHz. This indicates that our feed-forward dual-
comb technique, with frequency scale calibrated directly to the hydrogen maser, provides a
potential for Doppler-limited molecular line position measurements. However, the related
line parameters of the samples in the experiment, such as the pressure shifts, have not
been experimentally determined, which will be the main object of our future investigations,

therefore no line positions can be provided at this point.

5.5 Conclusion and discussion

In this chapter, the feed-forward dual-comb technique is extended to the molecular finger-
print region. For the first time, broadband mid-infrared spectroscopy with self-calibrated
frequency scales is demonstrated with a negligible contribution of the instrumental line
shape, without any types of phase correction required. While maintaining a relatively
simple dual-comb experimental setup, a mutual coherence of 2,000 seconds is achieved,
exceeding the state-of-the-art techniques by three orders of magnitude. Moreover, com-
pared to the techniques of stabilizing the two combs to optical references [62), 64], the
feed-forward scheme does not involve any referencing cavities or continuous-wave lasers

with linewidth at the Hertz level. As discussed in Chapter 2, phase correction is not al-
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ways implementable and may induce subtle artifacts degrading the precision. Therefore,
such a system without any data correction will open new prospects to broadband precision
molecular spectroscopy, and it will help to identify the systematic instrumental artifacts
and ascertain the precision frontiers.

This spectrometer provides self-calibrated frequency scale and resolves molecular pro-
files with negligible instrumental line width, which is well suited for the line shape analysis.
The major contribution to the instrumental profile arises from the optical lines of the mas-
ter comb that interrogates the sample. In this work, the master comb is self-referenced
with a linewidth of 100 kHz (at 1-min integration time), which is three orders of mag-
nitude narrower than the Doppler-broadened molecular profiles (at room temperature).
The molecular profiles in the spectra can be directly fitted, potentially resulting in line
parameters with improved precision.

A limitation of this scheme is the low average power of the mid-infrared idler combs.
The power obtained (about 100 pW) is suitable for spectroscopy with a single-pass cell
or a multi-pass cell of a small number of reflections because the power falling onto the
detector should be kept 30-40 uW to avoid detector nonlinearities. For experiments with
a long absorption path or with a high-finesse cavity, the efficiency of difference-frequency
generation could be improved by chirping the signal pulses to several picoseconds for an
improved temporal overlap between the signal pulses and the pump laser. For further ad-
dressing the low output power issue, the mid-infrared combs based on optical parametric
oscillators or difference frequency generation between two laser systems should be har-
nessed; using an external actuator, the feed-forward control of relative phase fluctuations
could be implemented in the mid-infrared region.

With the current configuration, the spectrum bandwidth covers 81-106 THz (2.8-3.7
pum). Broader tunable spectral bandwidth over the entire atmospheric window 60-100 THz
(3-5 pm) is achievable by spectrally broadening the output of the erbium combs [23]. To
access the lower frequency ranges, such as the 21-37 THz (8-14 pum) domain, a tunable
continuous-wave laser as pump laser, or intra-pulse difference frequency generation in a
semiconductor (e.g., orientation-patterned gallium phosphide [129]) could be harnessed.

This feed-forward dual-comb spectroscopy at the 3-um region demonstrates the poten-
tial of phase-stable dual-comb interferometer in the molecular fingerprint region. Future

work of precision spectroscopy of molecular line shapes will be explored.



Chapter 6

Summary and Outlook

In this thesis, phase-stabilized dual-comb spectroscopy is first demonstrated in the near-
infrared region. Its versatility is illustrated with the demonstration of gas-phase attenuated-
total-reflectance spectroscopy over broad spectral bandwidth. Furthermore, we extended
it to the 3-um mid-infrared region. The results and prospects of this thesis are summarized

in this chapter.

Chapter 3| has described an original dual-comb approach, which addresses one of the
main difficulties of dual-comb instrumentation: the demanding requirement of preserving
the relative phase coherence between the two frequency combs during measurements. Es-
tablished by means of acousto-optic feed-forward control of the relative carrier-envelope
offset frequencies, mutual coherence between two mode-locked femtosecond erbium-fiber
frequency combs is maintained during about 2,000 seconds without any computer-based
corrective processing of phase errors. The experimental achieved coherence is more than
three orders of magnitude longer than that of the previous best result [22]. The absence
of saturation in the evolution of the signal-to-noise ratio versus time suggests that such
a phase control in a dual-comb interferometer might offer arbitrarily long measurement
times.

This achievement opens new prospects for broadband high-precision spectroscopy and
metrology. For instance, this dual-comb technique should be capable of resolving comb
lines of narrow spacing (e.g., based on frequency combs with line spacing lower than 1
MHz rather than the 100-MHz combs in the present demonstration), leading to improved
spectral resolution; such an accomplishment will speed up the development of Doppler-free
spectroscopy over broad spectral bandwidths [35]. Coherent averaging can be performed
to improve the signal-to-noise ratio in the dual-comb spectra, therefore this technique may

become suited for the measurement of weak molecular lines. The extended measurement
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times that are reached can be harnessed to study some interesting properties of substance,
such as characterization of refractive index [75] or investigation of molecular chirality.

As it employs a fast and compact external actuator, this dual-comb technique can be
used with any types of frequency comb source, including semiconductor lasers [53, [61]
and micro-resonator combs [66] [03]. Further development might provide solutions to dual-
comb spectroscopy in spectral regions where its development is still challenging, such as

the ultraviolet and the mid-infrared regions.

Chapter [4]exploits phase-stabilized dual-comb spectroscopy for attenuated-total-reflectance
analysis of gases in small amounts. Using a center-tapered fiber of subwavelength diameter
for sample interrogation, the broadband dual-comb spectrometer simultaneously resolves
absorption and dispersion features of multiple gas molecules in volumes as little as 25 picol-
itres, with the capability of diagnosing molecular amounts below 0.3 femtomoles within a
measurement time of 1 second. The consistency and precision of the spectra are preserved
by the coherent multi-heterodyne acquisitions.

The technique could be exploited for analyzing samples in small quantities, e.g., local
detection of gas leakage [I15], or observation of small amounts of gases released from
chemical reactions (e.g., microgasometry [130]), etc. In this demonstration, the line spacing
of the comb sources is about 100 MHz, which is suited for gas analysis at low pressure
(e.g., with Doppler-broadened line profiles). For future applications, e.g., analyzing gases
at atmospheric pressure with a linewidth of several GHz, the line spacing of the dual-comb
system should be chosen to match the resolution required in the spectra for avoiding the
waste of measurement times [55].

With future development to waveguide fabrication technology, the technique could be
implemented in the mid-infrared domain on strong fundamental transitions to reduce the
minimum detectable number of molecules. This work explores the potential of dual-comb
spectroscopy with evanescent-wave sample interaction. Currently, on-chip frequency comb
sources are in active development [I31]; in a long term vision, the light sources, the sample

interrogation part, and the detection unit might be fully integrated.

Chapter [5| explores the potential of phase-stabilized dual-comb spectroscopy in the mid-
infrared region. The light of the feed-forward dual-comb spectrometer is frequency con-
verted by difference frequency generation to the mid-infrared region around 3 pm. The
mutual coherence between two mid-infrared combs is experimentally preserved over 2,000
seconds. A signal-to-noise ratio over 1,000 is obtained, and comb lines are resolved over

the spectral range of tunability (82-100 THz). This allows self-calibration of the frequency
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scale and negligible contribution of the instrumental line shape to the Doppler-broadened
profiles of small molecules at room temperature.

All these features are simultaneously achieved with a relatively simple experimental
setup of coherence control; this set-up does not require complex computer hardware and
programming for phase reconstruction or ultra-stable cavities for phase referencing. Be-
cause phase correction is not needed, the technique provides opportunities to further ascer-
tain the frequency precision and examine systematic artifacts. In this demonstration, the
instrumental line width, which is ultimately determined by the width of the interrogation
comb lines (on the order of 100 kHz at the measurement time of 1 min), has a negligible
contribution to the Doppler width (a few hundreds of MHz) of the molecular transition.
Therefore, the intrinsic molecular profiles can be accessed and directly fitted with appro-
priate spectral profiles. In the future, by harnessing spectrally-broadened signal combs
or tunable CW pump laser in the difference frequency generation process, the spectral

coverage could be extended to lower frequencies.
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6. Summary and Outlook




Appendix A

Appendix Figures
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Figure A.1: Spectral broadening of an erbium comb in a highly nonlinear fiber.
The output of each erbium laser comb is amplified to 300 mW and launched into a piece of
highly nonlinear fiber for spectral broadening. The length of the highly nonlinear fiber is
7 ¢cm, and its nonlinear coefficient is 10.7 (W - km)~!. The resulting spectrum spans close
to an octave.

The spectrum is measured with two different optical spectral analyzers: one covers 140-230
THz (in black), and the other records the range of 170-280 THz (in red). The resolution
is 1 nm.
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A. Appendix Figures
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Figure A.2: Radio-frequency power spectrum of the phase-locked in-loop beat
signals. After the phase stabilization, the two beat signals f .1 and f ..o are measured
to preliminary indicate the relative stability. The center frequency of each beat note is
detuned to zero frequency. The 3-dB linewidth of each beat note is 1 Hz, limited by the
resolution bandwidth of the spectral analyzer. RBW: resolution bandwidth
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Figure A.3: Experimental feed-forward dual-comb spectrum in the 180-THz
region with a resolution of 100 MHz. a. The spectrum in the region of the 2u;3
band of 2CH, spans 9 THz and the data recording time is 14.46 s. The absorption path
length of the sample is 70 ¢m, and its gas pressure is 1,067 Pa. b. The experimental
transmittance and phase spectra of the 2v3 band of 2CHy. c¢. Transmittance spectrum
with the @(1) line of the 2v3 band and its fitted result. The maximum absorption is about
13% at the line center. The Doppler full width at half maximum of the (1) line at 295
K is approximately 554 MHz. The experimental profile is fitted by a Doppler line shape.
The “observed—fitted” residuals are at the noise level with a standard deviation of 0.3%.
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Figure A.4: Experimental dual-comb spectra with resolved comb lines in the
region of the 215 band of ?CH, around 180 THz. The spectra are displayed apodized
in a. and unapodized in b,c,d. The measurement time is 14.46 s. a. The entire span covers
9 THz. b. A portion of the spectrum shown in a. with some of the multiplets in the Q-
branch of the 2v3 band of ?CH,. ¢. Magnified view of the Q(6) manifold. d. Magnified
view of five individual comb lines.
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Figure A.5: The evolution of the fraction 7(f) of total light intensity propagating
in the evanescent field with laser frequencies. The intensity distribution of the
vacuum-clad tapered fibers at different laser frequencies is calculated (as in Fig. .
For each frequency, the intensities inside ([;,) and outside (I,y) the core, are integrated
to retrieve the ratio n(f)= Iout/(lin+ louw). In a and b, n(f) is calculated for the fiber
diameter of 1 ym and 500 nm, respectively.
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Figure A.6: Penetration depth of the evanescent filed around a tapered fiber at
different guided laser frequencies. The results for the fiber with the diameter of 1
pm and 500 nm are in a and b, respectively. The penetration depth increases with the
wavelengths.
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Figure A.7: Dual-comb attenuated-total-reflection spectrum at around 225 THz
with the 15 + 2v3 band of CH,.

a. The resolution is 2 GHz and its total experimental time is 480 s (only 24-s data
contributes to acquiring useful molecular spectrum). A tapered fiber provides an equivalent
absorption path length of about 17 mm, and the gas pressure is 97.14 kPa. The FWHM
of the molecular lines are broadened to more than 6 GHz.

b. A portion of transmittance spectrum at around 225 THz shows the v5 4+ 23 band of
12CH4. The maximum absorption is only less than 4%.



72 A. Appendix Figures

a 1.0+ b -
p— [ ]
—~ = 80 °
5 S T .
L 2 60— o
2 0.5 s .
‘D 3 °
5 Lk
= o .
o 20— °
0.0 T T T | LI I S I B I
80 90 100 0.5 1.0 1.5 2.0
Frequency (THz) Pump power (W)

Figure A.8: Result of mid-infrared frequency comb generation.

a. The spectra of generated mid-infrared idler frequency comb. They are recorded by
a Fourier spectrometer with a resolution of 30 GHz. The center frequency is tuned by
changing the temperature of the PPLN crystal.

b. The idler comb power increases with the increasing pump power.
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Figure A.9: Mid-infrared dual-comb spectrum with resolved comb lines in the
region of the v; band of >C,H, around 98 THz. The measurement time of the
spectrum is 34.2 min, resulting from 13,400 averages of consecutive interferograms of 153-
ms duration. The spectrum is displayed apodized in a and unapodized in b,c.

a. A portion of the spectrum spans about 7 THz.

b. Magnified view of the line P(7) of the v3 fundamental band of ?CyH,.

c. Magnified view of nine individual comb lines. The expected instrumental line shape
convolves the comb lines.
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Appendix B

Appendix Tables

B.1 List of experimental molecular line positions of Chapter

The v;+v3 band of 12CyH, (Table [B.1])
The 2v;3 band of *CH, (Table [B.2))

B.2 Experimental molecular line positions of Chapter

The vy band of 2CyHy (Table

The v1; band of 2C,H, (Table

The vy + 115 band of ?CyH, (Table
The 2v10 + v12 band of *CyH, (Table
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Table B.3: Line positions of the vy band of 2C,H,.
Observed! HITRAN [I13] HITRAN Observed-
J | K, | K. |J"| K!| K/ Uncertainty | HITRAN
(MHz) (MHz) 9
code (MHz)

30 5 25 | 31 6 26 | 90,145,138.1(13) | 90,145,136.00 5 2.1
27 1 5 23 | 28 6 22 | 90,203,826.6(15) | 90,203,828.50 5 -1.9
9 9 0 10 10 1 90,241,494.0(10) 90,241,492.70 ) 1.3
9 9 1 10 10 0 90,241,494.0(10) 90,241,492.70 4 1.3
14 | 11 3 14 | 12 2 90,290,874.2(11) 90,290,873.50 ) 0.7
22 5 18 | 23 6 17 90,488,885.7(4) 90,488,886.60 4 -0.9
13 7 7 14 8 6 90,505,566.7(7) 90,505,567.80 4 -1.1
13 7 6 14 8 7 90,505,566.7(7) 90,505,567.80 4 -1.1
1] 7 |4 |12] 8 | 5 | 90,617,974.5(5) | 90,617,973.10 5 1.4
11 7 5 12 8 4 90,617,974.5(5) 90,617,973.10 5 1.4
12 6 6 13 7 7 90,804,714.4(5) 90,804,715.00 5 -0.6
12 6 7 13 7 6 90,804,714.4(5) 90,804,715.00 5 -0.6
71 70| 8| 8| 1| 90841,6727(4) | 90,841,672.00 5 0.7
71 7 1] 8| 8| 0| 90,841,672.7(4) | 90,841,672.00 5 0.7
141 5 9 15 6 10 90,934,841.8(4) 90,934,841.10 5 0.7
141 5 10 | 15 6 9 90,934,841.8(4) 90,934,841.10 5 0.7
9 6 4 10 7 3 90,972,817.7(6) 90,972,818.70 5 -1.0
9| 6 [ 310 7 | 4 | 90,972,817.7(6) | 90,972,818.70 5 -1.0
10 5 6 11 6 5 91,158,744.6(3) 91,158,745.30 5 -0.7
10 5 5 11 6 6 91,158,744.6(3) 91,158,745.30 5 -0.7
8 ) 3 9 6 4 91,270,517.1(5) 91,270,517.40 5 -0.3
8| 5[ 49| 6| 3 | 91,270517.1(5) | 91,270,517.40 5 0.3
7 5 3 8 6 2 91,326,294.4(4) 91,326,295.90 5 -1.5
7 5 2 8 6 3 91,326,294.4(4) 91,326,295.90 5 -1.5
12 3 10 | 13 4 9 91,381,981.3(6) 91,381,982.30 5 -1.0
6 5 2 7 6 1 91,381,981.3(6) 91,381,982.30 5 -1.0
6 5 1 7 6 2 91,381,981.3(6) 91,381,982.30 ) -1.0
5 5 0 6 6 1 91,437,566.8(5) 91,437,568.20 5 -1.4
5 5 1 6 6 0 91,437,566.8(5) 91,437,568.20 5 -14
14 3 11 | 15 4 12 01,448,049.2(7) 91,448,048.70 5 0.5
9 4 6 10 5 5 91,455,688.0(5) 91,455,688.60 ) -0.6
9 4 5 10 5 6 91,455,688.0(5) 91,455,688.60 5 -0.6
13 3 11 | 14 4 10 91,466,218.2(5) 91,466,218.20 5 0.0

The v9 band of CoHy (Continued on next page)

!The number within parentheses is the statistical uncertainty in units of the last digit.
2The HITRAN uncertainty code: “4” represents an uncertainty of 3-30 MHz, and “5” for an uncer-

tainty of 0.3—-3 MHz.
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Table B.3 The vy band of C;H, (continued from previous page)

Observed | HITRAN [I13] | T LRAN | Observed:
J | K, | K. |J"| K!| K/ Uncertainty | HITRAN
(MHz) (MHz)
code (MHz)

12 3 9 13 4 10 91,542,541.7(4) 91,542,542.70 5 -1
11] 3 9 12 4 8 91,582,780.9(5) 91,582,782.80 5 -1.9
10| 3 7 11 4 8 91,645,718.5(5) 91,645,719.60 ) -1.1
) 4 1 6 ) 2 91,678,399.7(5) 91,678,400.60 5 -0.9
51 4 | 2 5 | 1 | 91,678,399.7(5) | 91,678,400.60 5 -0.9
9 3 6 10 4 7 91,699,317.2(5) 91,699,317.20 4 0.0
8 3 6 9 4 5 91,752,123.1(4) 91,752,125.40 4 -2.3
8 3 ) 9 4 6 91,753,719.3(7) 91,753,719.60 ) -0.3
22 1 21 | 23 2 22 91,816,985.4(7) 91,816,985.80 5 -0.4
21 1 21 | 22 0 22 91,944,686.5(7) 91,944,687.80 5 -1.3
4 3 2 5 4 1 91,974,151.5(7) 91,974,152.40 5 -0.9
4 3 1 ) 4 2 91,974,151.5(7) 91,974,152.40 ) -0.9
18 1 17 | 19 2 18 91,992,030.6(6) 91,992,028.60 ) 2.0
17| 4 13 | 17 5 12 92,0125,76.5(4) 92,012,576.40 5 0.1
8 2 6 9 3 7 92,0125,76.5(4) 92,012,576.40 5 0.1
3 3 1 4 4 0 92,029,146.0(4) 92,029,144.10 ) 1.9
3 3 0 4 4 1 92,029,146.0(4) 92,029,144.10 ) 1.9
6] 1 | 15|17 ] 2 | 16 | 92,075,518.5(4) | 92,075,517.90 5 0.6
18] 1 [ 18] 19| 0 | 19 | 92,100,9841(7) | 92,100,983.30 5 0.8
21 1 21 | 21 2 20 92,116,625.2(7) 92,116,624.60 4 0.6
20 8 12 1 19 9 11 92,116,625.2(7) 92,116,624.60 4 0.6
4] 1 [ 13]15] 2 | 14| 92,125954.2(5) | 92,125,954.70 5 0.5
23 3 21 | 23 4 20 | 92,132,303.3(10) | 92,132,302.70 4 0.6
171 0 17 | 18 1 18 92,146,547.7(3) 92,146,548.80 5 -1.1
16 2 15 | 17 1 16 92,227,258.9(5) 92,227,258.40 4 0.5
16 3 14 | 16 4 13 92,228,635.5(6) 92,228,634.90 4 0.6
14 3 12 | 14 4 11 92,237,963.8(7) 92,237,965.10 4 -1.3
10| 3 7 10 4 6 92,251,132.9(6) 92,251,133.90 5 -1.0
10| 1 9 11 2 10 | 92,253,060.9(5) 92,253,059.80 5 1.1
13 3 10 | 13 4 9 92,264,727.6(5) 92,264,730.20 ) -2.6
14 0 14 | 15 1 15 92,294,681.1(6) 92,294,682.00 ) -0.9
8 1 7 9 2 8 92,320,120.5(5) 92,320,121.20 5 -0.7
18] 3 15 | 18 4 14 | 92,333,451.6(4) 92,333,450.90 5 0.7
13 0 13 | 14 1 14 92,342,681.9(3) 92,342,682.20 ) -0.3
501 5| 6| 2| 4| 92,345453.3(4) | 92,345,453.20 5 0.1
16 2 15 | 16 3 14 92,362,725.9(5) 92,362,724.30 4 1.6
20 | 3 17 | 20 4 16 92,373,453.8(4) 92,373,452.90 5 0.9

The vg band of CoHy (Continued on next page)
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Table B.3 The vy band of C;H, (continued from previous page)

Observed | HITRAN [73) | [IRAN | Observed-
J | K, | K. |J"| K!| K/ Uncertainty | HITRAN
(MHz) (MHz)
code (MHz)

171 3 15 | 18 2 16 92,381,896.5(4) 92,381,896.10 4 0.4
22 3 19 | 22 4 18 92,410,178.7(5) 92,410,179.70 5 -1.0
12 1 12 | 13 0 13 92,421,036.1(5) 92,421,036.50 5 -0.4
24 3 21 | 24 4 20 92,433,606.8(5) 92,433,607.70 4 -0.9
20 1 19 | 20 2 18 92,451,258.6(6) 92,451,258.50 ) 0.1
9 2 8 9 3 7 92,468,294.6(5) 92,468,293.40 4 1.2
5 2 3 5 3 2 92,490,658.3(5) 92,490,658.40 4 -0.1
8 2 6 8 3 ) 92,506,436.7(5) 92,506,436.50 4 0.2
ol 0|9 10| 1 |10 92512,22004) | 92,512,229.60 4 0.6
11 2 9 11 3 8 92,541,615.5(5) 92,541,616.30 ) -0.8
19 6 13 | 18 7 12 92,556,228.0(7) 92,556,229.70 5 -1.7
19 6 14 | 18 7 11 92,556,228.0(7) 92,556,229.70 5 -1.7
12 2 10 | 12 3 9 92,556,228.0(7) 92,556,229.70 5 -1.7
81 0| 8| 9| 1| 9| 92557675.54) | 92,557,675.50 5 0.0
4] 0 | 14| 14| 1 | 13 | 92,557,675.5(4) | 92,557,675.50 5 0.0
15 3 13 | 16 2 14 92,562,611.3(6) 92,562,611.60 4 -0.3
18 1 17 | 18 2 16 92,564,606.7(4) 92,564,607.20 ) -0.5
15 2 | 13| 15| 3 | 12 | 92,595,862.4(6) | 92,595,862.70 5 0.3
9 1[99 2| 8 | 92601,550.84) | 92,601,551.50 5 0.7
16 2 14 | 16 3 13 92,603,961.2(5) 92,603,960.80 5 0.4
1 1 1 2 2 0 92,613,894.3(6) 92,613,894.60 5 -0.3
13 0 13 | 13 1 12 92,615,305.6(4) 92,615,305.50 5 0.1
17 1 16 | 17 2 15 92,615,305.6(4) 92,615,305.50 ) 0.1
7 1 7 7 2 6 92,649,126.2(6) 92,649,126.50 5 -0.3
8 1 8 9 0 9 92,653,466.8(5) 92,653,468.30 5 -1.5
16 1 15 | 16 2 14 92,664,936.7(8) 92,664,937.30 ) -0.6
6 1 6 6 2 5 92,668,638.3(9) 92,668,638.90 4 -0.6
12 0 12 | 12 1 11 92,670,328.5(6) 92,670,327.20 4 1.3
15 1 14 | 15 2 13 92,682,373.2(3) 92,682,374.90 5 -1.7
) 0 5 6 1 6 92,683,402.1(3) 92,683,401.50 5 0.6
) 1 ) 5 2 4 92,685,294.6(3) 92,685,294.30 ) 0.3
6 1 6 7 0 7 92,777,792.3(9) 92,777,792.80 ) -0.5
9 0 9 9 1 8 92,798,928.6(4) 92,798,929.40 5 -0.8
6 0 6 6 1 5 92,896,963.1(7) 92,896,962.90 5 0.2
300 3| 3| 1| 2 | 92946,537.2(4) | 92,946,538.40 5 1.2
26 6 20 | 25 7 19 92,946,537.2(4) 92,946,538.40 ) -1.2
2 0 2 2 1 1 92,955,328.6(5) 92,955,329.10 5 -0.5

The vg band of CoHy (Continued on next page)
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Table B.3 The vy band of C;H, (continued from previous page)

Observed | HITRAN [IT3) | L LRAN | Observed-
J | K, | K. |J"| K!| K/ Uncertainty | HITRAN
(MHz) (MHz)
code (MHz)
9 3 7 10 2 8 93,061,301.1(11) | 93,061,302.90 4 -1.8
12 ] 2 11 | 11 3 8 93,088,909.9(10) | 93,088,908.20 4 1.7
171 5 13 | 18 4 14 | 93,088,909.9(10) | 93,088,908.20 4 1.7
2 1 1 2 0 2 93,207,350.0(8) 93,207,349.50 5 0.5
501 4|5 0] 5 | 93241,663.2(9) | 93.241,661.30 5 1.9
8 1 7 7 2 6 93,246,963.8(9) 93,246,965.10 5 -1.3
9 1 8 9 0 9 93,346,825.1(15) | 93,346,826.60 5 -1.5
3 1 3 2 0 2 93,348,398.5(12) | 93,348,398.30 5 0.2
1] 2| 9| 11] 1 | 10 |93374059.8(15) | 93,374,058.90 5 0.9
6 | 2| 4|6 | 1| 5 |93391,156.7(11) | 93,391,157.50 5 0.8
13 2 |11 ]13] 1 | 12 | 93,396,572.3(14) | 93,396,572.00 5 0.3
10| 2 9 10 1 10 | 93,416,316.3(15) | 93,416,317.60 5 -1.3
14 2 12 | 14 1 13 | 93,416,316.3(15) 93,416,317.60 5 -1.3
8| 0|8 | 7| 1| 7 |93438457.9(10) | 93,438,459.00 5 1.1
15 2 13 | 15 1 14 | 93,442,115.3(11) 93,442,115.60 5 -0.3
11 1 10 | 10 2 9 93,468,705.0(13) | 93,468,703.60 4 1.4
16 2 14 | 16 1 15 | 93,474,108.6(16) 93,474,109.20 ) -0.6
17 3 14 | 17 2 15 | 93,509,212.2(13) 93,509,213.20 ) -1.0
6 3 3 6 2 4 93,509,212.2(13) | 93,509,213.20 5 -1.0
171 2 15 | 17 1 16 | 93,512,027.6(15) | 93,512,029.00 5 -1.4
221 3 19 | 22 2 20 | 93,552,571.9(15) | 93,552,572.00 5 -0.1
19 2 17 | 19 1 18 | 93,603,913.1(11) 93,603,913.00 4 0.1
26 4 22 | 26 3 23 | 93,621,545.2(12) 93,621,543.20 ) 2.0
11 0 11 | 10 1 10 | 93,621,545.2(12) 93,621,543.20 5 2.0
703 4|7 2| 5 |936524286(12) | 93,652,430.00 5 14
25 3 22 | 25 2 23 | 93,659,313.7(14) 93,659,313.40 ) 0.3
6 3 3 6 2 4 93,659,313.7(14) 93,659,313.40 ) 0.3
4 2 2 3 1 3 93,671,509.7(12) | 93,671,509.90 4 -0.2
14 1 14 | 13 0 13 | 93,805,078.5(11) | 93,805,077.80 5 0.7
171 2 16 | 17 1 17 | 93,821,957.0(13) | 93,821,957.10 5 -0.1
19 4 16 | 19 3 17 | 93,900,876.3(16) 93,900,876.00 ) 0.3
23| 10 | 13 | 24 9 16 | 93,900,876.3(16) 93,900,876.00 ) 0.3
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Table B.4: Line list of the v;; band of Ethylene (12CyH,).
J| K| K| | K| KY Observed! [L28)° L3 code? 8;] 3}1);]
(MHz) (MHz) (MHz)
(MHz) | (MHz)

50 2 | 3 4] 2| 2 [89,872,664.7(13) | 89,872,664.40 | 89,872,664.30 | 5 0.3 0.4
6 0 6 5 0 5 89,918,378.0(12) | 89,918,382.80 | 89,918,377.80 5 -4.8 0.2
6 2 4 5 2 3 89,929,211.4(15) | 89,929,214.30 | 89,929,212.60 5 -2.9 -1.2
7 1 7 6 1 6 89,956,996.1(11) | 89,956,993.10 | 89,956,995.90 5 3.0 0.2
7 2 5 6 2 4 89,986,396.2(12) | 89,986,393.70 | 89,986,396.50 5 2.5 -0.3
7 1 6 6 1 5 89,995,481.3(11) | 89,995,483.40 | 89,995,483.80 5 -2.1 -2.5
s| 18| 7| 1| 7 |90,007123.0(14) | 90,007,121.40 | 90,007,123.10 | 5 1.6 0.1
8 4 5 7 4 4 90,031,050.5(12) | 90,031,044.80 | 90,031,048.90 5 5.7 1.6
8 4 4 7 4 3 90,031,050.5(12) | 90,031,044.80 | 90,031,048.90 5 5.7 1.6
9 6 4 8 6 3 90,080,014.9(15) | 90,080,015.90 | 90,080,014.90 5 -1.0 0.0
9 6 3 8 6 2 90,080,014.9(15) | 90,080,015.90 | 90,080,014.90 5 -1.0 0.0
9 2 8 8 2 7 90,082,992.6(13) | 90,082,986.80 | 90,082,992.50 5 5.8 0.1
9 5 5 8 5 4 90,082,992.6(13) | 90,082,986.80 - - 5.8 -

9 5 4 8 5 3 90,082,992.6(13) | 90,082,986.80 | 90,082,992.50 5 5.8 0.1
9 3 7 8 3 6 90,087,615.3(12) | 90,087,609.60 | 90,087,615.20 5 5.7 0.1
10 0 10 9 0 9 90,115,740.1(11) | 90,115,742.20 | 90,115,740.20 5 -2.1 -0.1
10 5 5 9 5 4 90,137,385.7(14) | 90,137,387.20 | 90,137,387.30 5 -1.5 -1.6
10 5 6 9 5 5 90,137,385.7(14) | 90,137,387.20 | 90,137,387.30 5 -1.5 -1.6
10 3 9 3 7 90,142,150.6(12) | 90,142,150.90 | 90,142,151.80 5 -0.3 -1.2
10| 3 9 | 3 | 6 |90,145,138.1(13) | 90,145,133.80 | 90,145,136.00 | 5 43 2.1
11 1 11 | 10 1 10 | 90,155,211.0(12) | 90,155,206.80 | 90,155,210.10 5 4.2 0.9
15 8 7 14 8 6 90,155,211.0(12) - 90,155,210.10 5 - 0.9
1| 5 10| 5 | 6 |90,191,767.2(14) | 90,191,763.50 | 90,191,767.00 | 5 3.7 0.2
1| 5 10| 5 | 5 |90,191,767.2(14) | 90,191,763.50 | 90,191,767.00 | 5 3.7 0.2
11 3 8 10 3 7 90,201,378.4(11) | 90,201,374.90 | 90,201,378.70 5 3.5 -0.3
12 1 12 | 11 1 11 | 90,203,826.6(15) | 90,203,824.20 | 90,203,828.50 5 2.4 -1.9
12 5 8 11 5 7 90,246,150.2(10) | 90,246,154.90 | 90,246,152.80 5 -4.7 -2.6
12 5 7 11 5 6 90,246,150.2(10) | 90,246,154.90 | 90,246,152.80 5 -4.7 -2.6
12 3 10 | 11 3 9 90,250,873.4(14) | 90,250,876.60 | 90,250,873.80 5 -3.2 -0.4
1301 13|12 1 | 12 | 90,252,093.8(9) | 90,252,090.80 | 90,252,093.70 | 5 3.0 0.1
12 1 11 | 11 1 10 90,265,976.5(8) | 90,265,977.20 | 90,265,979.30 5 -0.7 -2.8
13 2 |12 12| 2 | 11 | 90,200,874.2(11) | 90,200,877.90 | 90,290,873.50 | 5 3.7 0.7

The v1; band of CoHy (Continued on next page)

!The number within parentheses is the statistical uncertainty in units of the last digit.
2The uncertainty of the line positions in [128] is 18 MHz.

3The HITRAN uncertainty code: “4” represents an uncertainty of 3-30 MHz, and “5” for an uncer-

tainty of 0.3—-3 MHz.
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Table B.4 Line list of the v;; band of CoH, (continued from previous page)

Obs- Obs-
VAN AN AP AT aAry Observed [128] [113] code | [ 113
(MHz) (MHz) (MHz)
(MHz) | (MHz)
B 2 [1112] 2 | 10 | 90,335,089.2(12) | 90,335,085.30 | 90,335,091.60 | 5 3.9 2.4
14| 3 12 1 13 3 11 | 90,358,760.6(8) | 90,358,753.90 | 90,358,758.50 5 6.7 2.1
14| 4 11 | 13 4 10 | 90,358,760.6(8) - 90,358,758.50 5 - 2.1
14 | 4 10 | 13 4 9 90,360,020.2(7) | 90,360,019.10 | 90,360,021.10 5 1.1 -0.9
15| 8 7 14 8 6 90,396,271.8(6) - 90,396,273.40 5 - -1.6
15| 8 8§ | 14 8 7 90,3962,71.8(6) - 90,396,273.40 5 - -1.6
16 | 7 10 | 15 7 9 90,454,947.7(7) | 90,454,948.30 | 90,454,947.90 4 -0.6 -0.2
16 | 7 9 | 15 7 8 90,454,947.7(7) | 90,454,948.30 | 90,454,947.90 4 -0.6 -0.2
16 | 4 12 | 15 4 11 90,471,297.6(6) | 90,471,299.00 | 90,471,298.00 4 -1.4 -0.4
18| 1 18 | 17 1 17 | 90,488,885.7(4) | 90,488,884.80 | 90,488,886.60 4 0.9 -0.9
18| 0 18 | 17 0 17 | 90,490,261.5(4) | 90,490,260.90 | 90,490,262.00 4 0.6 -0.5
1710 | 7 | 16 | 10 6 90,490,261.5(4) - 90,490,262.00 4 - -0.5
17| 1 16 | 16 1 15 90,511,306.5(5) | 90,511,306.30 | 90,511,307.60 4 0.2 -1.1
17| 6 11 | 16 6 10 | 90,513,614.0(5) | 90,513,614.70 | 90,513,615.20 4 -0.7 -1.2
17| 6 12 | 16 6 11 | 90,513,614.0(5) | 90,513,614.70 | 90,513,615.20 4 -0.7 -1.2
17| 2 15 | 16 2 14 | 90,558,601.2(4) | 90,558,598.60 | 90,558,603.50 4 2.6 -2.3
18| 6 13 | 17| 6 12 | 90,567,810.6(4) | 90,567,808.20 | 90,567,811.00 4 24 -0.4
181 6 |12 17| 6 | 11 | 90,567,810.6(4) | 90,567,808.20 | 90,567,811.00 | 4 2.4 0.4
18| 3 16 | 17 3 15 | 90,570,737.4(5) | 90,570,737.20 | 90,570,736.00 4 0.2 1.4
18| 4 15 | 17 | 4 14 | 90,577,085.2(7) | 90,577,080.80 | 90,577,084.70 5 4.4 0.5
20 | 1 20 | 19 1 19 | 90,581,793.1(4) | 90,581,796.50 | 90,581,794.80 4 -3.4 -1.7
201 O 20 | 19 0 19 90,582,535.2(4) | 90,582,531.00 | 90,582,535.20 4 4.2 0.0
18| 4 14 | 17 4 13 90,584,311.5(5) | 90,584,314.80 | 90,584,310.90 4 -3.3 0.6
19 | 8 11 | 18 8 10 | 90,611,154.4(10) | 90,611,155.20 | 90,611,154.00 4 -0.8 0.4
19 | 8 12 | 18 8 11 | 90,611,154.4(10) | 90,611,155.20 | 90,611,154.00 4 -0.8 0.4
18 | 2 16 | 17 2 15 90,612,029.8(7) | 90,612,030.60 | 90,612,029.30 5 -0.8 0.5
19| 7 12 | 18 7 11 | 90,616,798.7(11) - 90,616,798.50 5 - 0.2
19 7 13 | 18 7 12 | 90,616,798.7(11) - 90,616,798.50 5 - 0.2
19| 4 15 | 18 4 14 | 90,641,686.3(5) | 90,641,686.10 | 90,641,686.80 5 0.2 -0.5
22| 2 21 | 21 2 20 | 90,731,305.1(11) - 90,731,305.50 ) - -0.4
28 | 1 |28 | 27| 1 | 27 | 90,944,969.0(5) ; 90,944,969.70 | 5 ; 0.7
28 | 0 | 28 | 27| 0 | 27 | 90,944,969.0(5) - 90,944,969.70 | 5 ; 0.7
291 1 29 | 28 1 28 | 90,989,457.7(4) - 90,989,456.60 4 - 1.1
291 0 | 29 | 28 0 28 | 90,989,457.7(4) - 90,989,456.60 4 - 1.1
25| 4 21 | 24 4 20 | 90,998,618.1(6) - 90,998,619.40 4 - -1.3
30 | 3 28 | 29 3 27 | 91,158,744.6(3) - 91,158,745.30 5 - -0.7
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B. Appendix Tables

Table B.5: Line list of the v+, band of Ethylene (2CyHy).

HITRAN Observed-
, , , . . ” Observed HITRAN [113] :
J K| K| J | K] | K Uncertainty | HITRAN
° (MHz) (MHz)
code (MHz)
15 8 7 15 8 8 91,992,030.6(6) 91,992,028.60 5 2.0
8 4 5 8 4 4 92,229,597.2(6) 92,229,597.20 4 0.0
8 4 4 8 4 5 92,229,597.2(6) 92,229,597.20 4 0.0
5 4 2 5 4 1 92,239,740.7(5) 92,239,741.60 5 -0.9
5 4 1 ) 4 2 92,239,740.7(5) 92,239,741.60 ) -0.9
13 3 | 11| 13| 4 | 10 | 92,240,923.3(6) | 92,240,923.70 5 0.4
5 0 5 4 0 4 92,555,340.0(6) 92,555,341.40 4 -1.4
7 1 7 6 1 6 92,641,916.3(4) 92,641,916.40 5 -0.1
8 4 5 7 4 4 92,669,319.3(7) 92,669,319.60 4 -0.3
8 4 4 7 4 3 92,669,319.3(7) 92,669,319.60 4 -0.3
11| 4 7110 | 4 6 92,820,758.8(7) 92,820,759.30 4 -0.5
11| 4 8 |10 | 4 7 92,820,758.8(7) 92,820,759.30 4 -0.5
141 2 13 | 13 2 12 92,992,298.2(7) 92,992,298.30 4 -0.1
15 1 14 | 14 1 13 | 93,061,301.1(11) | 93,061,302.90 4 -1.8
Table B.6: Line positions of the 2v;y + v1» band of 2CyH,.
Observed HITRAN [I13] HITRAN | Observed-
J | K| K. |J"| K!| K/ Uncertainty | HITRAN
(MHz) (MHz)
code (MHz)

6| 4 | 13 |17 | 4 14 | 91,992,030.6 (6) | 91,992,028.60 5 2.0
5 5 0 6 5 1 |92,641,916.3 (4) | 92,641,916.40 5 -0.1
1 0 1 2 0 2 | 92,955,328.6 (5) | 92,955,329.10 5 -0.5
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