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Chapter 1

Introduction

After over 100 years of breakthroughs, discoveries and accomplishments, molecular spec-
troscopy is facing new frontiers in the 215¢ century.

The numerous fascinating avenues of current research include several tests of funda-
mental physical laws. Laboratory experiments have set stringent upper bounds for po-
tential violations of the symmetrization postulate of quantum mechanics by searching for
molecular transitions to states which cannot exist if symmetrization prevails [1, 2]. Po-
tential variations of the proton-to-electron-mass ratio are being sought for in laboratory
experiments [3] and on a cosmological scale, using Hy lines in the absorption spectra of
quasars [4]. Similar experimental techniques are used for probing a potential cosmological
variation of the electromagnetic fine structure constant [5].

The revolution in frequency metrology brought about by the emergence of optical fre-
quency combs [6] has also boosted molecular spectroscopy experiments for absolute tran-
sition frequency measurements down to the 100-Hz-level [7-9]. A strong synergy exists
between such studies providing experimental frequency data with unprecedented accuracy
on the one hand, and parallel enormous progress in ab initio calculations based on first
principles [10-12] on the other hand. Providing stringent tests of quantum electrodynam-
ics, this has opened the door to searches for a potential fifth force beyond the Standard
Model of particle physics in basic molecular systems [13].

Furthermore, there is an exciting quest for the first experimental observation of shifted
energy levels in chiral molecules which is expected on the grounds of parity violation by the
weak interaction [14, 15]. Resolving the resulting minute transition frequency differences
between enantiomers by precision laser spectroscopy is a continued experimental challenge
[16, 17]. An elucidation of parity violation effects in molecular systems could contribute to
a better understanding of the origin of homochirality of biomolecules, which is intimately
linked to the origin of life.

Closing in on the applications targeted by the developments in this thesis, let us
mention that molecular spectroscopy can also contribute to the redefinition of the Kelvin
in terms of an exactly defined value for the fundamental Boltzmann constant kg [18]. This
update of the international unit system SI (Systéme International), which also concerns the
kilogram, the ampere and the mole, is expected to be adopted by the General Conference
on Weights and Measures (CGPM) in 2018 [19]. Up to then, further precise measurements
of kp with distinctly different experimental techniques have been recommended by the
Committee on Data for Science and Technology (CODATA) [20], in order to provide an
independent verification of the accepted value for kg, thus laying a solid foundation for
the redefinition of the Kelvin. One such technique is the spectroscopic measurement of
kp through the Doppler broadening of a molecular absorption line in a sample in thermal
equilibrium [18], which is illustrated in Fig. 1.1a. First experimental determinations of
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Figure 1.1 Two promising metrological applications of molecular absorption spectroscopy:
absolute temperature or Boltzmann constant measurements by the Doppler width Avp of
an absorption line (a), and isotopic ratio measurements by the integrated absorptions Sp
and So of two absorption lines belonging to two isotopologues of one molecular species,
here in the case of CO2, with a relative error below 10~* (b). The two illustrations both
depict absorption spectra with an absorption coefficient « as a function of optical frequency
v. kp: Boltzmann constant, T: temperature, m: molecular mass, c: speed of light, vg:
absorption line center frequency.

kp with this method [21-23] were in agreement with the accepted value and showed a
promising potential for reaching a competitive precision of a few parts per million (ppm)
[24-26] in the near future.

This ppm-precision goal sets the same strict requirements on the frequency resolution
and stability of any spectrometer used for such a measurement. Furthermore, it challenges
the most advanced theoretical models used for describing the shape of a molecular absorp-
tion line [27, 28]. Providing insights into intermolecular interaction processes, molecular
line shape studies are another domain of molecular spectroscopy where fast progress is
currently made through the close cooperation of experimentalists and theoreticians.

Physically sound absorption line profile models are also vital for the rapidly developing
application field of isotopic ratio measurements by laser spectroscopy [29]. As illustrated in
Fig. 1.1b, the integrated absorption due to a line corresponding to a certain isotopologue
of a molecular species is proportional to the number density of that isotopologue. Tiny
changes in the isotopic composition of different natural or artificial samples are due to
fractionation processes, in particular by the different kinetics and equilibrium thermody-
namics of isotopologues with different mass, but also independently of mass, by a differing
isotopologue photochemistry, for instance. These subtle isotopic signatures carry a wealth
of information on the processes which occurred during the formation or the lifetime of
a substance. Consequently, their precise and reliable measurement is highly relevant to
environmental sciences and paleoclimatology [30-33]. Optical measurements by laser spec-
troscopy have been demonstrated for atmospherically relevant species such as water [34,
35], carbon dioxide [36, 37] or methane [38], for instance. Such compact laser instruments,
including commercial [39] and field-deployable [40] devices, can complement or eventually
replace conventional dual-inlet mass spectrometers, which are both bulky and expensive.
Another crucial advantage of spectroscopic approaches is their high intrinsic isotopologue
selectivity, which is due to the fact that different isotopologues have distinct and resolved
infrared spectra. Consequently, even isotopologues of nearly equal mass can be clearly
distinguished by laser spectroscopy.



At Laboratoire Interdisciplinaire de Physique (LIPhy) in Grenoble, which was for-
merly known as Laboratoire de Spectrométrie Physique (LSP), we build on a long-lasting
tradition of fundamental and applied research in molecular spectroscopy. In particular,
LIPhy researchers have been pioneering development of state-of-the art laser techniques
and instruments for molecular absorption spectroscopy, such as continuous-wave cavity
ring-down spectroscopy (CW-CRDS) [41], optical-feedback cavity-enhanced absorption
spectroscopy (OFCEAS) [42] and mode-locked cavity-enhanced absorption spectroscopy
(ML-CEAS) [43], which have been invented or realized for the first time at LIPhy. The
common ground of all these techniques is the use of optical resonators with highly reflective
mirrors, which guarantee high resolution and sensitivity by providing a sharp frequency
grid and a strong interaction enhancement between light and molecular samples.

To cite just a few examples of the manifold research directions in molecular spec-
troscopy at LIPhy, let us mention CRDS with record-breaking absorption sensitivity for
detecting previously inaccessible absorption features [44], fundamental physics studies [12,
45], and broadband rovibrational spectroscopy [46, 47] for providing comprehensive cov-
erage in spectroscopic databases, which are beneficial for a wide range of applications,
such as planetology [48, 49], for instance. Further efforts are directed at the development
of compact laser instruments for the measurement of isotopic ratios [35, 50] and the de-
tection of trace gases for environmental sciences [51, 52], pollution monitoring [53, 54],
real-time breath analysis [55], and the in situ detection of elusive atmospheric radicals [56,
57], which play a key role in ozone photochemistry.

While traditionally reaching record sensitivities in terms of absorption, the frequency
precision of spectrometers at LIPhy was first limited by a frequency axis calibration based
on grating spectrograph or reference etalon readings and reference lines, and lately by the
measurement precision of optical wavemeters, which reach a frequency resolution at the
MHz level at best.

To go beyond this limitation, we set out on the development of an ultrastable V-
shaped optical cavity as a dedicated reference resonator for frequency-stabilization and
linewidth-narrowing of a conventional near-infrared diode laser by optical-feedback locking
[58]. Combined with radio-frequency fine-tuning using an integrated electro-optic single-
sideband modulator, we thus realized a highly stable, yet tunable laser source with sub-
kHz linewidth, outperforming our best wavemeter by three orders of magnitude in terms
of resolution and short-term stability. Importantly, the narrow linewidth of this VCOF
(for V-Cavity Optical Feedback) laser allows its efficient injection into an optical cavity
with highly reflective mirrors. Clearly, the work in [58] prepared the ground for the
developments reported here.

A first objective of this thesis was to fully characterize the frequency noise and stability
properties of the VCOF laser. This was a non-trivial task due to the fact that no other
light source at LIPhy came close to being sufficiently coherent for qualifying as a reference
oscillator for the sub-kHz-linewidth laser.

The heart of our project was to use this stable VCOF laser for realizing a novel cavity
ring-down spectrometer with unprecedented frequency stability and resolution and fur-
ther increased absorption sensitivity. This Optical Feedback Frequency-Stabilized Cavity
Ring-Down Spectrometer (OFFS-CRDS) was designed for tackling challenging metrolog-
ical applications of molecular absorption spectroscopy, such as Doppler thermometry or
isotopic ratio measurements (cf. Fig. 1.1). Metrology, as the science of measurements, dic-
tates rules for rigorous measurement procedures and requires an experimental setup which
allows traceable measurements of physical quantities. Such measurements are linked to
primary standards, which put the definition of the SI units into practice, by an unbroken



4 CHAPTER 1. INTRODUCTION

chain of calibration measurements with a complete uncertainty analysis and error budget.

Once OFFS-CRDS was operational, our objective was threefold. We aimed at fully
characterizing the performance of the new spectrometer, at understanding and alleviating
its limitations, and at carrying out first spectroscopic applications exploiting its charac-
teristic qualities.

In line with the discussion above, this thesis consists of three parts. The first part fo-
cuses on the realization and characterization of highly coherent near-infrared laser sources
for precision spectroscopy. The second part details design aspects and characteristics of
the new OFFS-CRD spectrometer and provides a general analyis of limitations of CRDS.
The third part reports metrological applications of OFFS-CRDS to the rovibrational spec-
troscopy of COs with a particular focus on saturated absorption.

Throughout its three parts, the present treatise is based on six peer-reviewed articles
and one theoretical supplementary material, which are concise, yet detailed accounts of
the major scientific results obtained in the framework of this thesis. For the specialist
reader, it may be opportune to start off by reading these articles to gain a broad overview
of the results which have been obtained. Afterwards, the reader may turn to the additional
technical and experimental details as well as further theoretical and experimental results
reported here. As far as possible, the chapters were designed to be self-sufficient, and
references to previous or following sections are made wherever it was opportune. Conse-
quently, the reader interested in one particular aspect of the present work may focus on
the corresponding chapter to begin with.

Naturally, this thesis can be read equally well in a linear fashion. Chapters on basic
concepts, intended to provide a physical and methodological background and an overview
of the relevant literature, are alternated with chapters dedicated to the presentation and
discussion of our scientific results. This linear structure is meant to provide a consistent
global picture and is recommended to the novice reader.

In Chapter 2, we provide an introduction to basic concepts of laser frequency stability
and phase noise, as well as measurement and stabilization schemes. In a similar manner,
optical single-sideband modulation, self-referenced optical frequency combs, as well as the
basic physics and recent developments of ultrastable optical cavities for laser stabilization
will be introduced.

In Chapter 3, the original publication reporting the VCOF laser is followed by an
experimental section detailing its frequency-noise characterization with a massive reference
etalon, as well as long-term frequency drift measurements using either narrow saturated
absorption features or an optical frequency comb. Eventually, ongoing developments on
improved V-shaped reference cavities are presented.

In Chapter 4, we explore straightforward methods for transferring the coherence of our
VCOF laser to other, noisier near-infrared lasers well outside the VCOF laser bandwidth.
These techniques are based on ultra-fast frequency and phase corrections to the noisy
laser light field by single-sideband modulation in a feed-forward configuration. Beside a
methodological and theoretical analysis, we present two articles reporting experimental
results on sub-radian phase coherence transfer and frequency-offset locking on the one
hand, and a generalization of this scheme for coherence transfer over a broad spectral
interval by an optical frequency comb on the other hand. The studies in this chapter were
carried out in collaboration with the group of Prof. Marco Marangoni from Politecnico di
Milano.

In Chapter 5, we provide a brief introduction to historical and methodological as-
pects of CRDS and discuss two different theoretical approaches. Then, ultra-sensitive and
frequency-stabilized CRDS techniques from the literature, which are relevant to OFFS-



CRDS, are reviewed. Eventually, some exciting recent trends and developments in CRDS
are discussed.

In Chapter 6, we render a detailed account on the new OFFS-CRD spectrometer. The
original publication of the method is followed by an in-depth discussion of all relevant
experimental and technical details including data processing and automation routines.
At the end of the chapter, an experimental study characterizing the dependence of the
absorption detection limit on spectrum averaging is presented, reaching a record low on a
narrow spectral zone.

In Chapter 7, systematic error sources and limitations of CRDS are analyzed from a
general point of view. Covering a broad range of adverse effects, the discussion combines
findings from the literature with our own experimental studies and theoretical develop-
ments. The comprehensive overview of errors and biases provided in this chapter are
meant to promote a considered use of CRDS for metrological applications.

In Chapter 8, an introduction to some basic concepts of rovibrational absorption spec-
troscopy is given, with a particular focus on line profile models. The second half of the
chapter is dedicated to an article reporting further performance characterizations and im-
provements in OFFS-CRDS as well as proof-of-principle applications to broadband spec-
troscopy and precision line shape measurements.

In Chapter 9, a literature review on saturated absorption studies by CRDS is followed
by a detailed theoretical analysis of weak saturation effects in CRDS. In particular, we
derive an analytic formula for the non-exponential ring-down signal in this regime and
apply it to saturated-absorption experiments by OFFS-CRDS. Then, a frequency-comb-
assisted OFFS-CRDS setup is presented, which was used for measuring twelve 2C!60,
transition frequencies near 1.6 pm with an accuracy of a few kHz, again in collaboration
with the Marangoni group of Politecnico di Milano. After the original article reporting
these results, the data processing and error analysis are discussed in more detail, as well
as the impact of these new COs reference frequencies for spectroscopic databases.

In Chapter 10, a conclusion of the work carried out in the framework of this thesis is
drawn. Providing an outlook to research activities in the near future, we show preliminary
results on the first application of OFFS-CRDS towards optical isotopic ratio measurements
of 170 in COy. Eventually, a general perspective on future developments and applications
of OFFS-CRDS is given.
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Highly coherent and tunable laser
sources for precision spectroscopy






Chapter 2

Methodological foundations and
state of the art

Almost 100 years ago, Albert Einstein predicted the existence of a stimulated emission
process of radiation [59] theoretically. This pioneering contribution and many ensuing
studies ([60], for instance) paved the way to a radiation source of unprecedented spec-
tral purity, the ammonium maser (microwave amplification by stimulated emission of
radiation) realized by James Gordon, Herbert Zeiger and Charles Townes [61] 60 years
ago. Five years later, it was followed by Theodore Maiman’s ruby laser (1 for light) in the
visible domain of the electro-magnetic spectrum [62].

After these breakthroughs, it took another 45 years until the Nobel prize in Physics
was awarded to Theodor Hénsch and John Hall in 2005, in particular for their contribu-
tion to the development of self-referenced optical frequency combs. Such frequency combs
have revolutionized optical frequency metrology by mapping an optical frequency to two
radio frequencies (RF) and one integer [6, 63], as will be discussed in detail in a later
section of this chapter. The radio frequencies can be readily measured using a frequency
counter, or locked using analog electronics, thus yielding a straightforward optical fre-
quency measurement at an accuracy ultimately limited by the primary caesium clock used
for realizing the current definition of the Sl-second as 9,192,631, 770 oscillation periods
of a hyperfine transition in ground-state !33Cs (SI=Systéme International d’Unités) [64].
A symbolic depiction of such an electron-nucleus spin flip transition for the case of the
hydrogen atom is shown in Fig. 2.1. This phenomenon was judged so fundamental and
universal by NASA (National Aeronautics and Space Administration) scientists that the
pictogram was engraved on the unmanned Pioneer-10 and Pioneer-11 space probes as a
message to potential intelligent extraterrestrial lifeforms who might retrieve the space-
craft. Today, hydrogen masers based on this hyperfine transition are still very powerful

Figure 2.1 Symbolic depiction of the 21-cm-wavelength hyperfine transition of the hydro-
gen atom by NASA scientists Carl Sagan and Frank Drake.
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tools for precision spectroscopy [65], by virtue of their outstanding frequency stability,
which typically outperforms rubidium-referenced crystal-oscillator clocks by three orders
of magnitude.

The coherence length of a light source can provide an intuitive grasp of the extreme
stability properties of maser and laser oscillators. It can be defined as the maximum
optical path length difference between two light fields originating from that same source
at which temporally and spatially stable interference fringe patterns can still be observed.
A rough mathematical formulation for this condition can be obtained by considering the
width Av of the frequency spectrum of a light source. Assuming a dephasing of less than
27 for components from both ends of the spectrum leads to the following simple expression

for the coherence length L.:
c

%
where ¢ is the vacuum speed of light. Its exact 9-digit value is fixed to ¢ = 299,792,458 m /s,
thereby defining the meter as the base unit of length in the SI [66]. The fundamental
dispersion relation

L.~ (2.1)

c= v (2.2)

links the frequency v of an electro-magnetic wave to its vacuum wavelength A. The
wavenumber 7 = 1/), typically expressed in units of cm~!, is a derived frequency unit
commonly used in molecular spectroscopy. With the dispersion relation (2.2), the coher-
ence length (2.1) of a light source can be rewritten in terms of its spectral width A\

around a central wavelength A:
)\2
L.~ — 2.3
A (2.3)

Visible white light from a black-body source, such as the sun, for instance, is characterized
by a continuous spectrum centered around 550 nm and spanning approximately 300 nm .
In this case, Eq. (2.3) yields a coherence length of only 1 pm, implying that white-light
interferometers need to work at optical path differences below this value. Except for the
case of bidirectional Sagnac loop interferometers [67], where both beams travel an identical
optical path in opposite directions, meeting this criterion often constitutes a considerable
experimental challenge. With an emission frequency on the order of 24 GHz, stable to a
few parts in 10'? at the timescale of one second, the first ammonium laser [61] featured
an unprecedented spectral purity corresponding to a coherence length of over 7000 km.
Today, laser oscillators locked to ultrastable optical resonators, which will be discussed
in greater detail in Section 2.4 below, exhibit second-scale linewidths down to 40 mHz at
optical frequencies on the order of 200 THz [68]. This corresponds to a coherence length
of 7-10%km, 18 times the distance between earth and moon.

The ground-breaking scientific advances discussed above are only the tip of the ice-
berg of the enormous progress which was made in the physics of stable oscillators, ultra-
monochromatic light sources and frequency metrology over the past century. The benefits
of ultrastable lasers for fundamental physics in general, and for precision spectroscopy and
time and frequency metrology in particular, are numerous.

The objective of this chapter is to provide a general introduction to the study of
highly coherent optical oscillators, in order to lay a solid foundation for the discussion of
methods and results on laser frequency stabilization and coherence transfer in this thesis,
while embedding it in a broader context. An exhaustive, complete and profound treatment
of this vast field, however, is beyond the scope of this Thesis and not attempted here.
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2.1 Frequency stability and phase noise

An ideally monochromatic oscillator at angular frequency wg is characterized by the time-
dependent field amplitude
E(t) = Fjcos (th + QO(]) (24)

where FEj is the maximum field amplitude and g the initial phase of the oscillation.

By contrast, in a real oscillator, there are random phase fluctuations due to noise
processes, such as the spontaneous emission of a photon with random phase in the laser
medium. This is only one particular example, as there are myriads of atoms in the laser
medium, charge carriers in the driving electronics and photons in the pump field and in the
laser resonator, which, in turn, is subject to mechanical perturbation, while all are affected
by thermal motion and the statistics related to thermal excitation. Due to the complex
interactions between all these system constituents, many other stochastic mechanisms may
affect the oscillation of the laser field, giving rise to a random noise process in laser phase.
Consequently, ¢(t) becomes a time-dependent quantity ¢(¢), and E(t) then reads

E(t) = Ep cos (wot + ¢(t)) (2.5)

The explicit time-dependency of the phase noise ¢(t) alters the instantaneous frequency
w(t) = d(arg [E(t)])/dt of the oscillator:
d (wot + ¢(1)) dep(?)
w(t)=——==wy+ —— 2.6

(t) P 0+, (2.6)
This fundamental relationship therefore inseparably links phase and frequency noise pro-
cesses, which are two representations of the same physical reality. For comparing charac-
teristics of oscillators from different domains of the electro-magnetic spectrum, the instan-
taneous frequency is often expressed as a normalized relative frequency y(¢) with respect
to the reference frequency wy defined as

y(t) = L) =0 (2.7)

wo

The phase noise processes in @, w and y can be decomposed into contributions from
many spectral frequencies f, which are also called Fourier frequencies in honor of the father
of spectral analysis [69]. To examine their respective impact on the total noise process,
let us first consider the autocorrelation function R, (7) of the quantity y(¢), which is given
by

. 1
Ry(r) = lim oo

T

/ y(t + )y ()dt (2.8)
-T
where the asterisk denotes the complex conjugate. The power spectral density (PSD) of
y(t) then reads

S,(f) =2 / Ry (r)e= /7 dr (2.9)

and gives the spectral contribution to y(t) from the Fourier frequency interval [f, f 4+ df].
This important result is the Wiener-Khintchine theorem [70, 71]. The power spectral
density in Eq. (2.9) is implicitly one-sided, in that its domain of definition is the positive
real axis f > 0. The factor of two in (2.9) originates from the conversion of a symmetric,
two-sided PSD into a one-sided PSD of the same integrated area, which is most commonly
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2

5 iny(t) is given

used in practice. According to Egs. (2.8) and (2.9), the total variance o
by

ot = 0/ S,(H)df (2.10)

Relations analogous to Eq. (2.9) also hold for all other time-domain signals. Corre-
sponding to ¢(t), for instance, S,(f) is the phase noise PSD, which reveals the spectral
composition of the underlying phase noise processes. Moving from angular frequencies to
frequencies, one may define the instantaneous detuning A(¢) of the laser field in Eq. (2.5)
with respect to its nominal frequency w/(27) as

w(t) — wo
Alt) = ——— 2.11
(=" (211)
With (2.11), the equivalence relation (2.6) between phase and frequency noise combined
with the A- and p-variants of Eq. (2.9) yields the following important relationship between
the phase- and frequency-noise power spectral densities:

Sa(f) = *S,(f) (2.12)

Common noise processes exhibit power-law-scaling with Fourier frequency in Sa(f), and
consequently in S, (f). For instance, a random walk of laser phase leads to Sa(f) = const.,
called white frequency noise. Another very common noise process often dominating at low
Fourier frequencies is so-called 1/f or flicker noise of technical origin, which is character-
ized by SA(f) ~ 1/f. For a more detailed discussion on physical phase noise processes
and an overview on their different power-law scalings in Sa(f) and S, (f), see [72] and
Table 2.1 therein, for instance.

Another important quantity is the power spectral density Sg(f) of the light field E(t)
itself, derived via the autocorrelation function Rg(7):

Sp(w) =2 / Rp(r)e “dr (2.13)

This quantity, which is not to be confounded with Sa(f) or S, (f), is proportional to the
power spectrum of the electro-magnetic field. When measured, it directly provides the
laser linewidth in terms of the width of the peak at wg. It is also useful for retrieving the
autocorrelation function of the light field by inverting the Fourier transformation in Eq.
(2.9). A very interesting property of Sg(w), which is useful for characterizing the phase
coherence of narrow-linewidth lasers, is the relationship between phase variance U?P and
the power P, in the coherent delta-peak carrier at wg, as compared to the total signal
power Py ~ 5% Sp(w)dw [73]:

P.

Ptot
This equation will be used in Article 2 on page 51 for characterizing the sub-radian phase-
coherence transfer by single-sideband modulation in a feed-forward configuration.

e % (2.14)

An analytic relationship between S, (f) and Sg(w) can be developed [74, 75] by writing
the autocorrelation for the field E(t) as

2
in“(mwfr
s f(2 )df

Rp(r) = Egewme_2 Jo~Salh (2.15)
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Figure 2.2 Experimental study on the combined frequency noise power spectral densities
(upper panels) and optical power spectra (lower panels) of three laser pairs by Bucalovic et
al. [76]. The areas under each frequency noise PSD to be used in Eq. (2.18) for estimating
the laser linewidth with the {3-separation-line technique are indicated by darker shades.
Adapted from [76] (Figure 2).

Then, Sg(w) follows from Eq. (2.13). Unfortunately, this expression can only be evaluated
analytically in a few simple cases [75], for instance for pure white frequency noise:

ho

SA(f) = ho & Sp(v) = E§ 5
(v —10)” +

(2.16)

2ph2
m2h§

where frequency units v = w/(27) and vy = wp/(27) have been used. Consequently, the
power spectrum of an oscillator exhibiting pure white frequency noise is a Lorentzian with
full width at half maximum (FWHM) 7hg centered at 1. The dashed line for the free-
running DFB laser in Article 1 on page 32 was evaluated on this basis, and corresponds
to a Lorentzian laser lineshape with 2 MHz FWHM. When an explicit analytic form for
Sp(w) does not exist, or in the case of an experimentally measured frequency noise PSD,
one must resort to a numerical integration of Eqs. (2.15) and (2.13) while ensuring that
numerical pitfalls due to the rapidly oscillating integrand or due to the integration bounds
are avoided, which is a challenging endeavor in practice [76].

To address this issue in the case where only the laser linewidth is of interest, Di
Domenico and co-workers have proposed a simple geometrical approach to deduce an
approximate value for laser linewidth directly from the frequency-noise PSD of an oscillator
[75]. To this end, they showed that the sections of the PSD lying below the so-called (-

separation line
~ 8In2

B =51
do not contribute appreciably to the FWHM of the optical lineshape. Physically, in a
modulation-sideband picture of frequency noise, this is due to the fact that contributions
at small modulation depths affect mainly the Lorentzian wings of the optical lineshape,
whereas high modulation depth processes contribute to the central Gaussian portion, which
determines the FWHM. Let A equal the sum of all areas under the curve Sa(f) on intervals
where SA(f) > B(f). Then, the f-separation-line estimate for the laser FWHM Avpyy g

(2.17)
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reads

AVFWHM ~ \/81D2'A (218)

This simple and elegant procedure for obtaining the laser linewidth is illustrated on the
experimental examples shown in Fig. 2.2. One can see that, in spite of significantly dif-
ferent noise structures and orders of magnitude, the combined linewidths estimated with
the B-separation-line technique are in good agreement with the values determined directly
from the power spectra of the respective two-laser beat notes.

Another very important concept in frequency metrology concerns a time-domain char-
acterization of oscillator frequency stability. In order to mark out random noise from
divergent drift processes, Allan suggested a two-sample variance [77] closely related to
the one originally proposed by Neumann et al. [78]. Taking adjacent dead-time free nor-
malized frequency averages J; = 1/7 [§ y (47 + t') dt’ over a time interval 7, the so-called

Allan variance o7 (7) reads

1
oy(r) = S (G~ %)), (2.19)
where the angle brackets denote a time average over all squared normalized frequency
differences. As an example, the Allan deviation o, (7) for the laser oscillator of a state-of-
the-art optical clock based on strontium atoms inside an optical lattice [79] is shown on
the left of Fig. 2.3.
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Figure 2.3 Left: Allan deviation o,(7) for a state-of-the-art strontium lattice clock by
Bloom et al. [79]. The dashed line indicates the averaging behavior expected for random
white frequency noise. Adapted from [79] (Figure 1a). The solid red line is a fundamental
quantum noise limit. Right: Power-law behavior of the Allan deviation with averaging
time 7 in double-logarithmic scaling for different phase and frequency noise mechanisms
as well as linear frequency drifts.

On the right of Fig. 2.3, the power-law scaling of the Allan variance for different noise pro-
cesses is sketched schematically. Conveniently measured, typically on the heterodyne beat
note of two optical fields, using a dead-time free counter in the radio-frequency domain,
the Allan variance thus provides a wealth of information about the noise characteristics of
an oscillator, the presence of drifts, as well as the precision level which can be ultimately
attained by averaging. The Allan variance follows from the frequency noise PSD by the
following relationship [72]:

sm 7r7'f)
_2/5 el (2.20)
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Consequently, the Allan variance of an oscillator can be determined from its frequency
noise PSD, while the inverse is not true in general. Consequently, the characterization in
terms of a PSD should be preferred whenever possible, as it provides complete information
about the noise properties of the oscillator.

As a concluding remark, let us note that Werle and co-workers have applied the con-
cept of Allan variance to the measurement stability and averaging behavior analysis of
molecular absorption spectrometers [80, 81]. In this thesis, the technique was used to
characterize the OFFS-CRDS spectrometer in Articles 4 on page 90 and Article 5 on page
160.

2.2 Frequency noise measurement and laser stabilization
techniques

The frequencies of optical oscillators on the order of hundreds of THz lie well outside the
realm of electronics, turning a measurement of their phase and frequency noise character-
istics into an experimental challenge. Nevertheless, many powerful techniques based on
different physical mechanisms exist.

A very common approach is based on the heterodyne beat-note between two optical
oscillators. Consider the superposition of two fields Fj(t) and E(t) as in Eq. (2.5) on a
photodetector, yielding the signal S(t):

S(t) ~ (El (t) + Eg(t))2 = E% + E22 + FE1FE5 cos ((WQ — wl) t+ (pg(t) — gol(t)) (2.21)

where terms oscillating at optical frequencies wy/o or higher were omitted, as they are
orders of magnitude beyond the bandwidth of any photodiode. The signal in Eq. (2.21)
oscillates at the difference frequency of both fields. Consequently, for sufficiently similar
optical frequencies, the problem of relative phase noise measurement has been transferred
to the radio-frequency domain.

There, a measurement of the combined linewidth can be readily carried out by examin-
ing the beat note power spectrum Sg(w) with a radio frequency spectrum analyzer. In this
process, the shape of the optical spectrum is preserved in the radio frequency domain on
the condition that the width of the spectrum is small compared to the beat note frequency
W2 — W1 [7—1}

The heterodyne beat note can also be used for characterizing the long-term stability of
both oscillators as well as their underlying noise processes. To this end, a dead-time free
radio-frequency counter may be employed, which counts the number of cycles IV of the beat
note signal in a gate time interval ¢, yielding the instantaneous frequency of the beat note
f = N/ty. The accuracy of this frequency can be ensured by referencing the counter to a 10
MHz timebase signal based on a GPS-disciplined hydrogen-maser or rubidium-clock (GPS:
global positioning system). The dead-time free instantaneous frequency measurements can
then be used for determining the Allan variance of the system by inserting them into Eq.
(2.19), making oscillator stability characterization at hundreds of THz possible, as in the
case of the optical atomic clock in Fig. 2.3. There, the Allan variance from the beat note
of two independent clock lasers was divided by v/2 to reflect the performance of the single
system, by assuming statistically independent, but equivalent noise processes for the two
systems. If, on the contrary, one reference oscillator with supreme frequency stability is
available, it can be used for a direct characterization of a noisier oscillator with negligible
own noise contribution. This was the case for the characterization of free-running laser
noise by a sub-kHz reference laser in Fig. 2a of Article 2 on page 51, for instance.
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Finally, the beat note signal (2.21) can also be processed using a radio-frequency dis-
criminator, or frequency-to-voltage converter [82]. Such a device provides a voltage signal
proportional to the instantaneous frequency of the beat note and allows a direct determi-
nation of its frequency and phase noise PSDs Sy (f), Sa(f) and S,(f)by means of Egs.
(2.8-2.12).

A sensitive phase discriminator for the beat note signal (2.21) can be realized by
multiplying it with a local oscillator signal Ero cos(wro + ¢ro) with negligible phase
noise using a radio-frequency mixer. The RF mixer output signal U(t) then reads

U(t) ~ EroE1Escos (wro + ¢ro) cos ((we — w1) t + @a(t) — ¢i(t)) (2.22)
~ EroFE1FEscos ((wa — w1 —wro + 2(t) — p1(t) — ¢ro)) (2.23)

after having cut all signals at frequencies wy—w1 or higher by a low-pass filter. In the special
case of two highly coherent sources with ¢a(t) — ¢1(t) < 1, the choices wro = wa — wy
and ¢ro = —m/2 lead to

U(t) ~ ELoErEasin (pa(t) — ¢1(t)) ~ (@2(t) — ¢1(1)) (2.24)

Consequently, U(t) acts as a phase discriminator yielding a voltage proportional to the
relative phase of the two fields in this regime.

This mixer operation at quadrature as in Eq. (2.24) is particularly useful when using
U(t) as an error signal for an active servo control phase phase-locking the two optical
oscillators to Ay = 0 at an angular frequency offset wro. The basic structure of such a
phase-locked loop (PLL), whether electronic or optical (OPLL), is shown in Fig. 2.4. The

uy =K, (@~ %oyt~ ©)
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Figure 2.4 Block diagram of a basic phase-locked loop (PLL). Adapted from [83] (Figure
1.1).

control signal us in Fig. 2.4 can be the pump current of a diode laser, for instance. Their
particularly fast modulation response has allowed the realization of analog OPLLs with
servo bandwidths as high as 180 MHz [84, 85] in the field of microwave telecommunication,
yielding a phase lock with a root-mean-square (rms) phase error down to 0.2 rad between
lasers with free-running linewidths of several MHz dominated by fast white frequency
noise. Commercial modules for realizing an optical phase-locked loop based on the mixing
signal from a heterodyne beat note and a local oscillator also exist and feature bandwidths
of several tens of MHz. As an example, let us mention the Toptica mFALC 110 module,
without endorsing it in any way. For a noisier relative phase rapidly varying by several ra-
dians, a digital phase discriminator can relax servo bandwidth requirements and provide
a reliable lock with wide locking range at the price of slightly increased residual phase
error. A prominent example for such a system is the broad-range digital phase-frequency
detector by Prevedelli, Freegarde and Hénsch [86].

For measuring the frequency noise PSD of a laser without down-conversion into the
radio-frequency domain, optical frequency discriminator schemes exist. They are based
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on physical processes which exhibit a narrow response as a function of optical frequency
conveying them high discrimination sensitivity. As discussed in detail in Section 3.2.1,
we have used the transmission of a high-finesse Fabry-Pérot cavity with a mode width
of 9 kHz for measuring the frequency noise PSD of the sub-kHz VCOF laser. A similar
approach consists in using a Doppler-broadened absorption line [87] as an optical frequency
discriminator. For obtaining higher frequency sensitivity, using a saturated-absorption
feature (cf. Chapter 9) may be an interesting alternative.

Another approach to measuring the phase and frequency stability of an optical oscilla-
tor without an independent reference consists in the time-delayed interference of two light
fields from the same source. Intuitively, the introduction of a time delay T approaches
an experimental realization of the autocorrelation function (2.8) of the light field. The
interference can be carried out by splitting the signal into two parts, inserting a fiber-optic
delay line 7 in one of the two arms, and recombining the delayed and undelayed beams.
This setup constitutes a Mach-Zehnder type interferometer which converts phase fluctua-
tions of the light fields into intensity variations which can be detected using a photodiode.
If an additional frequency shift is introduced in one interferometer arm, for example by
means of an acousto-optic modulator (AOM), the interference signal can be studied in the
radiofrequency domain by means of an RF spectrum analyzer. An example for such an
experiment can be seen in Fig. 2.5, showing the delay-line-measured power spectrum of a
distributed-feedback (DFB) laser at 1.55 pm shifted to 200 MHz by an AOM.
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Figure 2.5 Radio-frequency power spectrum from a self-heterodyne measurement of a DFB
laser with a 6-km-long delay line by Ludvigsen et al. [88]. The solid line corresponds to an
optical lineshape with flicker and white noise contributions. The white-noise contribution
corresponds to a Lorentzian with a linewidth of 440 kHz (dashed line). Adapted from [88]
(Figure 2).

The phase noise PSD S:D of the interferometer output signal may be measured using a
radio-frequency phase discriminator. Then, the phase noise PSD S, of the optical oscilla-
tor can be retrieved using the relation [72]

S,(f) = 4sin® ((mf7)%) - S, (f) (2.25)

Consequently, the observable noise signature in the interferometer output signal vanishes
quadratically as fr — 0. In view of this property of Eq. (2.25), the elegant delay-line
technique is unfortunately impractical for characterizing sub-kHz-linewidth lasers with
important frequency noise contributions at Fourier frequencies below f. = 100 Hz (cf. Fig.
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5 of Article 1). To resolve such slow fluctuations in the time domain, a delay line with a
length of ¢/f ~ 3000 km would be necessary. In such situations, partial information on
the high-frequency noise properties of the laser can nevertheless be extracted even with a
short delay line [88].

For further details on phase and frequency noise measurement techniques, see [72],
for instance. Let us note that amplitude noise, which is present in real systems and was
set aside here and in the preceding section for the sake of simplicity, can not be distin-
guished from frequency noise in all of the above measurement schemes. Consequently, it is
important to evaluate its impact by means of an independent measurement. In practice,
amplitude noise is often negligible in sensitive phase or frequency noise measurements [73].

While electronic solutions to laser stabilization are most common, diode laser frequency
stabilization and linewidth narrowing by resonant optical feedback from a high-finesse res-
onator is a physically appealing and powerful technique. Physically, the high sensitivity
of such lasers to optical feedback is due to the coupling between electric field amplitude
and phase in the semiconductor laser medium via charge-carrier density variations [89].
Dahmani, Hollberg and Drullinger first demonstrated how the reinjection of light trans-
mitted by an optical cavity into the laser medium leads to a linewidth-narrowing by three
orders of magnitude and self-locking of laser frequency to cavity resonance [90].

This optical feedback self-locking phenomenon can be seen as an optical form of in-
jection locking, where a resonant circuit starts oscillating at the frequency of another
oscillator which is used for exciting the first one, provided that there is a sufficiently
strong coupling between the two [72]. A mechanical analogon to this behavior is the anti-
phase synchronization of two pendulum clocks mounted on a common support discovered
by Huygens in 1665 [91].

An in-depth theoretical treatment of the Maxwell-Bloch equations in a laser medium
with an optical feedback term was given by Laurent and co-workers [92]. The main
results of their analysis have been summarized and discussed in [58]. Another detailed
introduction to optical feedback self-locking in view of optical feedback cavity-enhanced
absorption spectroscopy (OFCEAS) is provided in [42]. Finally, a concise discussion on
essential features and relations of the phenomenon can be found in the introductory part
of Article 1 on page 32. As discussed in the article, we have demonstrated that optical
feedback self-locking allows sub-kHz laser frequency stabilization with a simple lock-in-
based servo loop at a bandwidth of a few 100 Hz, six orders of magnitude lower than the
servo bandwidths of most sophisticated analog OPLLs.

2.3 Optical single-sideband modulation

An optical frequency shifter is an important ingredient for a broad range of experiments
in laser physics, frequency metrology and spectroscopy. It allows fine tuning of the fre-
quency of a light field with the accuracy and precision of a radio-frequency signal without
perturbing the laser oscillation it originates from. Most often, an acousto-optic modulator
(AOM) is used for this purpose. It increases or decreases the photon energy by absorption
or emission of a phonon in a travelling sound wave in the modulator medium, leading
equally to a slight deflection of the light beam corresponding to momentum conservation.
Typical AOM shift frequencies range from several tens to several hundreds of MHz. The
AOM bandwidth is limited by the propagation time of the sound wave inside the modula-
tor, which is typically on the order of several 100 us, corresponding to a bandwidth in the
few-MHz range [93]. An important advantage of AOMs is the high conversion efficiency
of the frequency shifting process, which can reach up to 90%.
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A distinctly different physical approach to optical frequency shifting is electro-optic
single-sideband modulation with an integrated dual-parallel Mach-Zehnder modulator
(MZM). Such a modulator typically features an electro-optic bandwidth from virtually
DC to 20 GHz or higher [94, 95] and can shift the frequency of a light wave on that same
interval on both sides of the carrier frequency. Operated as a differential quadrature phase-
shift keying (DQPSK) transmitter for high-speed fiber-optic telecommunication [94-96],
the integrated modulator can encode two bits of digital information in one phase jump of
the light field, yielding a data rate up to 100 Gbit/s when exploiting a 50 GHz electro-optic
bandwidth [95].

Here, we will give a brief introduction to the basic principles and characteristics of
continuous-wave operation of an MZM as a single-sideband modulator. The nested Mach-
Zehnder-interferometer waveguide structure of the MZM originally proposed and realized
by Izutsu and co-workers [97] is shown in Fig. 2.6. A lithium niobate waveguide is split
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Figure 2.6 Schematic sketch of the lithium niobate waveguide structure (thick black lines)
of a dual-parallel Mach-Zehnder modulator with DC electrodes (blue) and RF electrodes
(red). The corresponding RF and optical signals are represented by qualitative sketches
of their power spectra.

into two symmetric arms, each bifurcating into another parallel waveguide pair, which
subsequently recombines and eventually merges with the second arm, providing a single-
waveguide output. This waveguide configuration constitutes a triple integrated Mach-
Zehnder interferometer (MZI), with two small child MZIs nested in the big parent MZI.
The static phase shifts in the three MZIs, the interferometric working points, are controlled
by applying static electric fields across the waveguides in both arms of each MZI. By the
electro-optic Pockels effect, these fields lead to refractive index changes in lithium niobate,
which are equal in magnitude but opposite in sign for the two arms of each interferometer.
Both contributions thus produce a static dephasing of the light waves in each MZI, which
is controllable by the voltage applied to the respective DC electrode (blue lines in Fig.
2.6). A detailed experimental study of the interferometric transfer functions of the three
MZIs is given in [58].

In a similar fashion, travelling-wave radio-frequency electrodes are used for applying
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rapidly varying electric fields across the waveguides in both arms of the child MZIs, giving
rise to phase modulation sidebands on the respective optical carrier wave. As illustrated
in Fig. 2.6, the 90° phase shift between the RF signals applied to the two child MZI is of
key importance for single-sideband operation. As a static dephasing of 7 is applied to the
two child MZIs, they become opaque for the optical carrier and transmit only the phase
modulation sidebands. A third static dephasing of +7/2 is applied between the two arms
of the parent MZI. Thanks to the different intrinsic phase structure of the two-sideband
signals in each arm of the parent MZI related to the 90° RF dephasing discussed above,
this interferometric working point enables destructive interference on one sideband and
constructive interference on the other, yielding a single-sideband suppressed carrier (SSB-
SC) output signal.

Beyond this qualitative discussion of single-sideband modulation, a detailed theoretical
analysis of the multiple interferences inside the MZM is provided in Section 4.3. In reality,
small optical and RF amplitude unbalance effects, imperfections of the interferometric
working points and the 90° RF phase shift, as well as higher-order sidebands due to
deep phase modulation lead to the presence of residual unwanted spectral components
in the MZM output signal. The spectral purity of the MZM output signal in terms of
the suppression ratios of these unwanted signal, which are typically on the order of 30
dB, is characterized in Fig. 4 of Article 1 on page 32. As a rough rule of thumb, the
single-sideband output power of a fibered MZM can reach up to -12 dB of its input. An
experimental study on MZM output power as a function of driving RF power is reported
in [58].

2.4 Ultrastable optical cavities

Narrow lasers locked to ultrastable cavities have numerous applications in fundamental
physics and frequency metrology [63]. Most importantly, they fulfilled a necessary condi-
tion for the advent of a new generation of optical atomic clocks [98-100], by providing a
clock laser with adequate short-term stability and linewidth for probing ultra-narrow clock
transitions with sufficient resolution. An extreme example is an octupole transition in the
1"yh*-ion with a natural lifetime on the order of several years [101]. As a matter of fact,
till very recently, the characteristics of ultrastable cavities were one of the key limitations
of optical clock stability [102, 103]. At present, a state-of-the-art relative stability and
accuracy approaching fundamental noise limits at a few 107!® has been achieved with a
strontium lattice clock [79].

Another natural application of ultra-narrow lasers lies in the field of precision spec-
troscopy. As a prime example, let us mention the spectroscopy of narrow 1S-2S two-photon
transitions in atomic hydrogen and deuterium with a natural linewidth of 1.3 Hz [65, 104].
The resulting hyperfine splittings and isotope shifts provided fundamental test for quan-
tum electrodynamics (QED). Turning to molecular spectroscopy, we proposed [58] using
a dedicated highly stable V-shaped cavity for a new type of optical feedback frequency-
stabilized cavity ring-down spectrometer, whose realization is discussed in the second part
of this thesis.

Before discussing design and performance aspects of state-of-the-art optical cavities,
let us first recall the underlying physics as well as some of their elementary properties.

2.4.1 Fabry-Pérot resonator basics

In its simplest realization, an optical cavity consists of two partially transparent mirrors
aligned along an optical axis, as shown on the left of Fig. 2.7. This setup is also called
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Fabry-Pérot cavity or resonator in honor of Charles Fabry and Alfred Pérot who first de-
scribed the interference fringes arising from the multiple reflections of a light field between
two partially reflective glass interfaces and used such a system as an interferometer [105].

TEM,, TEM,,

EA;
- - TEM,, TEM,,
T=1-R L T=1-R

Figure 2.7 Left: Schematic sketch of a linear optical cavity of length L, for the idealized
case of two mirrors with reflectivity R and loss-free transmission 7" = 1—R. The intracavity
electric field is denoted E. Right: Intensity distribution of the lowest-order Hermite-Gauss
transverse modes TEM,,,,, of an optical cavity with cartesian symmetry.

Light fields inside the resonator must fulfill the electromagnetic wave equation with
the boundary conditions imposed by the cavity mirrors. In the paraxial approximation
of beams propagating at small angles with respect to the optical axis, the spatial part of
each solution can be written as a linear combination of the so-called Gauss-Hermite modes
[106]. These modes are most commonly labeled TEM,,,,, (for transverse electro-magnetic)
and can be observed in virtually all laser resonators and Fabry-Pérot cavities due to
breaking of cylindrical symmetry, for instance by a slight astigmatism of cavity mirrors,
with different radii of curvature along two principal axes. The spatial distribution of light
intensity in the four lowest-order TEM,,,, modes in the plane orthogonal to the optical
axis is illustrated on the right of Fig. 2.7. The corresponding electric field amplitude Fy,,
is given by the expression [107, 108]

r2 N . o .
E,. = E U)O)Hm (\/iT) H (ﬂy) G—W—l-z;‘T(z)—z(m—l-n—H) arctan a—o—z(kz—wt) (

2.26)

w(z w(z) w(z)

where z is the optical axis, « and y are the transversal coordinates with 72 = 22 + 32,
and H; denotes the i-th Hermite polynomial [109]. The curvature radius of the wavefront

2
R(z) =z- (1 + (27’*)2) and the beam radius w(z) = woy/1 + (i) . Therein, the so-called
Rayleigh range zp is determined by the resonator condition that the wavefront curvature at
the mirror surface must equal the mirror radius of curvature r. For a symmetric resonator

with two identical mirrors at a geometric distance L, it reads

R <§> = g (1 + ﬁ*) =7 (2.27)
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L |27
= —/—= —1. 2.28
R=F\ T (2.28)

Finally, the beam waist wq is determined by zg through

yielding

wo = | 228 (2.29)

Let us note that (2.28) only has a real solution if L < 2r. A more rigorous analysis using
the ABC'D matrix formalism (see e.g. [110]) confirms that this is indeed the geometric
condition for stable light propagation in the resonator. This stability criterion is often
formulated in terms of the resonator parameter g:

—1<g:(1—L><1 (2.30)

r

In the steady state, the light field in a Fabry-Pérot cavity is the superposition of an
infinite number of light fields having travelled a growing number of round-trips inside the
cavity. For constructive interference of all these field contributions, the round-trip phase
of light in the cavity must be a multiple of 2. Taking both the plane wave phase ikz and
the Gouy phase —i(m +n + 1)arctan 2 [111, 112] in Eq. (2.26) into account, this leads
to the following expression for the resonance frequencies vy, of the optical cavity:

c ( m+n+1
l+ —F—-

— S . 2.31
Vimn oL arccos g) (2.31)

m
where ng denotes the refractive of the intracavity medium to distinguish it from the
Hermite-Gauss mode index n. According to Eq. (2.31), the frequency spacing frsgr
between two equivalent TEM,,,,, modes of adjacent longitudinal mode number [ and [ 4+ 1

simply reads
c

QTL()L
This so-called free spectral range (FSR) is the periodicity of the cavity transverse mode
frequency spectrum. Although the discussion in this section is limited to linear cavities,
the FSR of a V-shaped cavity with three mirrors and two arms of length L shall be quoted
here for the sake of completeness:

frsr = (2.32)

C
frsry, = Tnol (2.33)

For a detailed treatment of the properties of V-shaped cavities, see [58], for instance. Let
us note that the transverse mode resonance frequencies according to Eq. 2.31 are based
on several idealizations, such as the paraxial approximation or the assumption of isotropic
mirror curvature. Consequently, as discussed in Section 3.2.1 and 7.7, several frequency
splittings due to the lifting of degeneracy in Eq. (2.31) lead to a much more complex
transverse mode spectrum for a real Fabry-Pérot cavity [113-115].

The frequency-dependent normalized transmission of the cavity T.,, follows from a
quantitative analysis of the steady-state superposition of field contributions with a growing
number of intracavity round trips (see [116], for instance). This treatment yields the well-
known Airy function
(1-R)?

Foaw = (1- R)2+4Rsin? ($)

(2.34)
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as a function of mirror reflectivity R and round-trip phase ®. For R — 1, the resonances of
(2.34) become very narrow. Consequently, around resonance ® = 0 mod 27 a first-order

expansion in ® can be made:
(1-R)?
Togo ~ —2 (2.35)
(1-R)?
L
This is a Lorentzian function with full width at half maximum A® = 2(1 — R)/VR.
Comparing this to the full phase span 27 yields the finesse F' of the cavity, which is

defined as the ratio of free spectral range to cavity modewidth Awv:

_frsk 2t VR
F="A "6~ "1-r (2:36)

In the high-finesse limit R — 1, the formula for the finesse can be further simplified to
F =m/(1—R) in good approximation. The cavity transmission formulae (2.34) and (2.35)
can be reconverted to a frequency description by replacing (® mod 27) = 27A/frsgr
with the detuning A from cavity resonance. Consequently, a high-finesse optical cavity
is a sharp band-pass frequency filter and a sensitive frequency discriminator. For a more
detailed in-depth analysis of Fabry-Pérot resonator physics, let us refer the reader to [107,
108, 110).

By inspection of Eq. (2.31) with the explicit expression g = (1 — L/r), one sees that
the resonance mode shift dvy,,, of the TEM,,,, mode with longitudinal mode number [ is
linked to a cavity length change dL by

-1

dvpnn v . 1 m4+n+1 (1+(m+n+1)arccos(lf)) (2.37)
dL L - /2% -1 ml
With 1/1 <« 1 for macroscopic cavities, this reduces to
dv dL
T (2.38)

independently of transverse mode number, so that the indices have been dropped. Let
us note that the correction term to (2.38) in Eq. (2.37) is not necessarily negligible for
microscopic cavities with small [, or in the case of exotic macroscopic cavities very close
to the stability limit L — 2r. For such near-concentric cavities, the 1/1/2(r/L) — 1-
term diverges, thus compensating for the smallness of 1/I. Finally, in the case of our
ultrastable cavity with » = 1m and L = 15cm discussed in Chapter 3, v =~ 186 THz
implies | ~ 380000, and the relative error due to the correction term in (2.37) is only
2.4 -1077, confirming that Eq. (2.38) indeed holds in very good approximation.

2.4.2 Ultrastable cavity design and performance characteristics

The fundamental significance of relation (2.38) for laser stabilization was first explicitly
discussed by Salomon, Hils and Hall in their seminal contribution [117] aiming at the re-
alization of lasers with mHz-level linewidth for applications in fundamental physics. The
authors demonstrated experimentally that two lasers tightly locked to adjacent modes of
one Fabry-Pérot cavity by means of a sufficiently high-bandwidth analog servo loop ex-
hibited a relative linewidth on the order of 50 mHz and Hz-level long-term stability. Con-
sequently, it became clear that the problem of achieving sub-Hz laser frequency stability
could be reduced to the mere technical challenge of designing an ultrastable Fabry-Pérot
resonator. Over the last decades, enormous progress has been made in the development
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of such ultrastable optical cavities, and the discussion here can inevitably only provide a
selective review of some milestones of this process in order to elucidate essential principles
of ultrastable cavity design.

In general, the dominant drift mechanism of a cavity is due to temperature-induced
length changes, which lead to a resonance frequency shift

dv dL
— Y AT 2.
o 7 ad (2.39)

according to Eq. (2.38). This experimental issue could be solved by virtue of commer-
cial glass ceramic materials with specified coefficient of thermal expansion (CTE) below
108 1/K, notably ultra-low expansion (ULE) glass [118] and Zerodur [119]. To form an op-
tical cavity from these materials, two ultra-polished dielectric mirrors are optically bonded
to the two ends of an ULE or Zerodur cavity spacer using intermolecular adhesion forces.
An experimental characterization of the zero-crossing of the cavity CTE as a function of
temperature can be used to stabilize the reference cavity at a temperature of virtually
zero CTE. In this regime, the total cavity expansion becomes dominated by the dielectric
mirror coatings, as their microscopic pm-level thickness is partially compensated for by
an extremely small thermal inertia [120]. Optically contacted ultra-low expansion mate-
rial cavities thus reduced temperature expansion effects by several orders of magnitude as
compared to Invar cavities. An overview of the physical properties of typical ultrastable
cavity materials is given in Table 5.2 of [58] and Table 3.3 of [72], for instance. In order
to make temperature-related drift mechanisms negligible, a considerable effort in temper-
ature stabilization is nevertheless necessary. Typically, this encompasses passive isolating
layers and an actively temperature-stabilized low-gradient enclosure. Furthermore, the
cavity must be installed on low-conduction posts in a high-vacuum chamber featuring one
or several heat shields with low emissivity to protect the cavity from thermal heat transfer
[58, 68, 120].

As the cavity resonance frequencies scale with the inverse of the refractive index ng
of the residual intracavity gas according to Eq. (2.31), a pressure increase dP inside the
cavity leads to a frequency variation

= ~ —dP 2.40
> (2.40)

This relationship, which will be discussed again in Section 3.2.2 (cf. Egs. (3.12) and
(3.13)), implies that the reference cavity and its surroundings must be pumped down
to a vacuum with a residual-pressure stability better than 10" mbar for Hz-level laser
frequency stabilization [58]. To avoid vibration-induced perturbations of cavity length,
the high vacuum from an initial pump-down is generally maintained using an ion pump
without any moving parts.

Vibrations from seismic and acoustic origin are another important technical challenge
in achieving Hertz-linewidth lasers. An established design principle is vertical mid-plane
mounting of the cavity spacer in order to achieve a rough first-order compensation of cav-
ity length changes due to vibration-related accelerations acting on the cavity [121, 122].
In practice, a useful technique to further minimize cavity acceleration sensitivity is based
on a mounting scheme which allows for fine-tuning of the cavity support contact points.
This allows an experimental determination of the mount position for first-order vibration
insensitivity by observing the cavity response to excitation by a vibrating platform [123].
Alternatively, finite-element modeling of the cavity can be used for determining the opti-
mal configuration before constructing the setup, providing a nearly vibration-insensitive
cavity without any iterative mounting adjustments. This approach is illustrated on the
right of Fig. 2.8. In analogy to the efforts for thermal isolation and stabilization, a damp-
ing enclosure for isolating the cavity from acoustic perturbations and an active vibration-
cancellation platform for absorbing accelerations of seismic origin are generally used for
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reducing the expected vibration-induced frequency noise to a negligible level.

With all these technical measures taken, the reference cavity performance approaches
the fundamental physical limit of the definition of cavity length at temperatures 7" > 0.
Due to thermal motion, the length of the cavity is not an exact constant, but subject to
statistical fluctuations. This thermal noise limit [72, 121, 124] can be analyzed using the
fluctuation-dissipation theorem of statistical physics, which relates random fluctuations of
a system to its losses. An important result, which might seem counter-intuitive at first
sight, is that the thermal noise of the spacer is negligible with respect to the contribution
from the mirror substrate and its dielectric coating in general. Physically, this is due to the
sub-mm size of the laser beam sampling only a small portion of the mirror surface, leading
to less efficient statistical averaging of fluctuations as compared to the cm-scale spacer
[124]. The power spectral density of thermal noise is proportional to both temperature
and the mechanical loss rate of the sample. Therefore, working at low temperatures with
materials exhibiting a high mechanical quality factor () constitutes an optimal choice for
reducing the fundamental stability limit set by thermal noise. Consequently, fused silica
mirror substrates (Qrs ~ 10°) should be preferred to their ULE (Qurg ~ 6 - 10*) and
Zerodur (Qzp ~ 3-103) counterparts [124], as illustrated by the thermal noise budget on
the left of Fig. 2.8.
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Figure 2.8 Left: Comparison of thermal noise PSDs and Allan variance thermal noise
floors for different cavity spacer and mirror substrate materials for the ultrastable cavity
geometry shown in the inset. Right: Acceleration sensitivity of the near-mid-plan-mounted
cavity in the inset determined by finite-element simulation. The optimal mounting position
for first-order vibration insensitivity depends on the spacer material. Colors in the inset
depict the distribution of strain energy in the cavity spacer. Adapted from [68] (Figure
1).

Monocrystalline silicon has an even higher quality factor (Qs; > 107) and a zero-crossing
of its CTE at 124 K [68]. Kessler and co-workers have exploited these highly advanta-
geous properties for engineering the ultra-stable cavity illustrated in Fig. 2.8, consisting
of a single-crystal silicon spacer with two equally monocrystalline, optically bonded mir-
rors with aligned crystal axes [68]. The authors demonstrated that a laser locked to
this vibration- and temperature-insensitive silicon reference cavity features a fractional
frequency stability of 10716 at a second-timescale, a linewidth of 50 mHz and long-term
frequency excursions below 19 Hz over one day.
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2.4.3 Pound-Drever-Hall locking

Beyond optical feedback self-locking as discussed in Section 2.2, many techniques for lock-
ing a laser to the resonance of an optical cavity or vice-versa exist. For retrieving the
necessary frequency-discriminator error signal measuring the detuning of laser and cavity
resonance, they use different physical approaches, for instance based on geometric [125]
or polarization [126, 127] effects. The Pound-Drever-Hall (PDH) technique is particularly
frequently used in various experimental contexts and owes its success to its high perfor-
mance in terms of gain, bandwidth, locking range and robustness. Based on a microwave-
oscillator stabilization scheme by Pound [128], it has been adapted to the optical domain
by Drever, Hall and co-workers [129].

Here, instead of focussing on the original realization, let us discuss the basic principles
and properties of PDH locking on the modified, Mach-Zehnder-modulator-based and all-
fibered PDH locking scheme shown on the left of Fig. 2.9. The experimental realization of
this scheme for tightly locking a high-finesse cavity to a stable laser, which was proposed
in [58], is discussed in detail in Section 6.2.2, as well as in Article 4 on page 90 and Article
5 on page 160.

Transmission
photodiode

< CRDS cavity le D‘{

Fiber-optical

Laser carrier circulator

Wo

Fibered MZM

Fiber
coupling

Fibered PDH \ _/
photodiode

PID
servo loop

Error signal
electronics

CHA 200rY

Figure 2.9 Left: Schematic sketch of a modified Pound-Drever-Hall locking scheme using a
fibered Mach-Zehnder modulator as a phase modulator and a fiber-optic circulator in order
to retrieve the cavity reflection signal on a fibered photodiode. Right: Oscilloscope traces
of an experimental PDH error signal (upper green curve) versus cavity transmission (lower
yellow curve) during a length scan of the cavity. Note the presence of transient ringing
effects [130] on the error signal in the present rapid-scanning regime. A contribution from
the weak second-order modulation sidebands can be clearly discerned on the error signal
trace.

Physically, the PDH mechanism is based on the presence of phase modulation side-
bands serving as an optical frequency and phase reference for the optical carrier and
vice-versa. The cavity reflection signal contains both the incoming laser directly reflected
off the cavity and the backwards transmission from inside the cavity. The heterodyne
interference of these light fields on a photodiode leads to a signal oscillating at the mod-
ulation frequency €2 of the sidebands. Demodulation with a radio-frequency mixer and
subsequent low-pass filtering yields the PDH error signal, which is sensitive to the relative
phase of the incoming and the intracavity field. Consequently, it can detect fast phase
fluctuations as well as detuning-dependent phase shift of cavity backward transmission,
and thus acts as a combined frequency and phase discriminator [129]. An experimental
PDH error signal obtained through a length sweep of an OFFS-CRDS ring-down cavity (cf.
Part II) against a sub-kHz-linewidth laser (cf. Chapter 3) is shown on the right of Fig. 2.9.
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When the carrier is close to resonance, a complete non-resonant reflection of the phase
modulation sidebands can be assumed in good approximation as long as 2 # frgr. Under
this condition, the PDH error signal Sppp close to resonance can be written as [72]

A

Sppr ~ Jo(8¢)J1(8¢)Eo” - 5

(2.41)
where dv and A denote the cavity modewidth and the detuning from resonance, respec-
tively. Jo(dp)Ey and Ji(dp)E, are the electric field amplitudes of the optical carrier and
the phase-modulation sidebands, respectively. Therein, Jy(d¢) and Ji(dp) are first-kind
Bessel functions of phase modulation depth dp, which can be approximated as Jy =~ 1
and J; = dp/2 for small modulation depths dp < 1. Due to the heterodyne amplitude
multiplication in (2.41), small d¢ are sufficient for obtaining a usable PDH error signal.
Equation (2.41), which holds for A/dv < 1, corresponds to the central steep slope of the
experimental PDH error signal shown on the right of Fig. 2.9. The full shape of the signal
is obtained when the complete expressions for amplitude and phase of the reflected carrier
and sidebands are taken into account, as in [72], for instance.

In the PDH-scheme illustrated on the left of Fig. 2.9, phase modulation sidebands are
generated by applying phase-modulated radio frequency signals to the driving electrodes of
a Mach-Zehnder modulator. In this way, a single-sideband signal with phase-modulation
satellites is provided at MZM output. This technique is further illustrated in Fig. 1
of Article 5 on page 160. An important feature of this approach is that the residual
carrier does not have phase-modulation sidebands and that those of the suppressed other
sideband have opposite polarity. Therefore, even the hypothetical danger of accidental
locking on one of these small residual spectral components is not given in this locking
scheme. The fiber-optic circulator of the present setup is a robust and cost-effective
alternative to the free-space polarizing beam splitter and quarter-wave plate of the original
PDH setup. Importantly, it allows injecting the cavity with an arbitrary, typically linear,
polarization state (cf. Section 7.7). Furthermore, it is a helpful tool for finding the beam
alignment for optimal mode-matching and guarantees an intrinsic alignment of cavity
backward transmission and fibered PDH photodiode.

2.5 Self-referenced optical frequency combs

The last decades have seen a burst of new science and technological progress related to
femtosecond pulse lasers in general, and in optical frequency combs in particular. Review-
ing this rapidly developing field from a general point of view of ultrafast laser physics [131,
132] or direct frequency comb spectroscopy [133, 134] is beyond the scope of this thesis.
For a broader overview, the reader is referred to [72], for instance. Here, we will focus on
a concise discussion of self-referenced optical frequency comb synthesizers for the direct
and absolute measurement of optical frequencies [135, 136], which have triggered a golden
age of optical frequency metrology [6] and optical atomic clocks [98], distinguished by the
Nobel prize in Physics co-awarded to Theodor Hénsch and John Hall [63, 137].

The term frequency comb originates from a frequency domain representation of fem-
tosecond laser pulses. Such pulses arise when a huge number of longitudinal modes v,
of a laser are locked to in-phase oscillation by a physical process such as self-focussing by
the nonlinear optical Kerr effect, for instance. According to elementary Fourier analysis,
the free spectral range frsr = ¢/(2n9L) between longitudinal laser cavity modes (cf. Eq.
(2.32)) equals the repetition rate fre, = frsr of the resulting pulse train. Consequently,
the following relationship holds for the teeth v, of this equidistant comb in frequency
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space:
Um=m: frep+fCE07 (242)

with a zero-offset frequency forpo whose physical origin will be discussed in the following.
This frequency-space representation of an optical frequency comb is illustrated in Fig.
2.10b.

Fourier
transformation

—)&)r(— w

Figure 2.10 A mode-locked femtosecond pulse laser in the time (a) and frequency domain
(b). w, and wy denote pulse repetition rate and carrier-envelope offset, respectively, which
are both expressed as angular frequencies here. Adapted from [6] (Figure 1).

In the time domain, depicted in Fig. 2.10a, the pulse train originates from a giant
pulse circulating inside the laser cavity. A fraction of its power is transmitted by the
cavity whenever the pulse arrives at the output mirror. This happens at a period of
2ngL/c, corresponding to the repetition rate f,., found above. Due to dispersion notably
from the wideband mirrors and the active medium, the group and phase velocities in the
cavity, vy = dw/dk and v, = w/k, respectively, are not exactly equal. This leads to a phase
slip worpo between the pulse envelope and its carrier field oscillation at each subsequent
round trip,

1 1

pcpo = 4mvcL (— - —) ; (2.43)
bg  Up

with the pulse carrier frequency v.. As illustrated in Fig. 2.10, this time-domain phase-slip

leads to the frequency domain zero-offset fopo

PCEO 1 1
fCEO = o : frep = 2v.L (U_g - @) : frep (244)

introduced in Eq. (2.42) above. If fopo should exceed frep, it can be replaced by an
equivalent frequency modulo frep, so that Eq. (2.42) is still fulfilled after an adequate
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renumbering of modes.

In view of Eq. (2.42) it is clear that if f,., and fcrpo can be measured or stabilized
precisely, the optical frequency comb constitutes a frequency ruler with hundreds of thou-
sands of markings v, whose absolute values are known to an accuracy corresponding to
the error propagation of frgr and fopo in (2.42). Referenced to a rubidium-disciplined
crystal oscillator or a hydrogen maser, their short-term stability is typically on the order
of 10712 or 10715, respectively. At optical frequencies on the order of 10'® Hz, this corre-
sponds to an absolute frequency measurement with accuracies down to the Hz-level. The
ultimate limitation at present is the accuracy of the respective primary standard caesium
clock realizing the SI second.

The stabilization of frgr is rather straightforward, in that it can be easily measured
by counting the comb repetition rate frgr on a fast photodiode. This provides the error
signal for an active servo control of cavity length L, for example using a piezo-electric
actuator or a fast electro-optic phase modulator, in order to keep frsr locked to an
adequate local oscillator radio frequency.

The measurement and stabilization of fogpo is a much more challenging experimen-
tal task and has been the bottleneck for the realization of an optical frequency comb
synthesizer for long. An experimental solution came within reach with the realization
that spectral self-broadening processes in nonlinear materials with a strong third-order
susceptibility X(3) preserve the phase-coherence of the original femtosecond pulse [138].
Consequently, as soon as highly nonlinear nano-structured photonic crystal fibers became
available, an octave-spanning frequency comb was realized [139]. Such a comb allows a
direct measurement of fopo by superposing a frequency-doubled portion of the broad-
ened comb with a portion of the original broadened comb on a photodiode, giving rise to
a beat note signal between the teeth 2v,, from the first and v, from the second field,
respectively. According to Eq. (2.42), the corresponding beat frequency amounts to

Uy, — Vo = 2mfrep + 2fC’EO - (merep + fC’EO) = fC'EO (245)

Mustrated in Fig. 2.11, this strikingly simple and elegant principle underlying self-
referenced optical frequency combs is commonly called f — 2f interferometry. Once mea-
sured, fopo can be stabilized to a reference radio frequency, typically by means of a servo
loop on pump laser power. Such a system is called optical frequency comb synthesizer
(OFCS), as full control of f., and fcpo implies that any optical frequency within the
spectral bandwidth of the comb can be realized on demand as one of the comb teeth v,.

With an OFCS, measuring the absolute frequency vy of any continuous-wave laser
within the spectral bandwidth becomes straightforward. After spectral pre-filtering using
a grating or a narrowband interferometric filter, the relevant fraction of the OFC can be
superposed with the laser field in order to generate a beat note at the frequency difference
BN between the laser and the closest tooth v, of the OFCS according to Eq. (2.21). Such
measurements are discussed in Article 6 on page 192, with the experimental setup reported
in Fig. 1 therein. According to Equation (1) of that article, the absolute frequency v of
the laser can be deduced from the beat note frequency fpy as

v — fceo — sfBN

frep

provided that an approximate value 7y for the frequency to be measured is known to an
accuracy better than fre,/2. Furthermore, Eq. (2.46) necessitates a knowledge of the
beat note sign s, which is 1 for vy > v, and -1 otherwise, and implies fcgo > 0, which
must be ensured experimentally. An easy way of determining s consists in slightly varying

vo = Round < ) frep + fcEO + SfBN, (2.46)
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Figure 2.11 Schematic depiction of f — 2f interferometry for determining the carrier-
envelope offset frequency fopo in an octave-spanning frequency comb by comparing the
frequency-doubled red end of the comb spectrum to its blue end. Adapted from [6] (Figure
3).

the OFC repetition rate: s = 1 if fpy decreases for increasing frep, and s = —1 if fpny
increases for increasing frep-



Chapter 3

Sub-kHz laser stabilization by
optical feedback from a highly
stable V-shaped cavity

Soon after the beginning of our project of developing a ring-down spectrometer based on
an optical feedback frequency-controlled laser, we were faced with the realization that
mere linewidth-narrowing of a distributed-feedback (DFB) diode laser from several MHz
down to a yet unknown value well below the MHz-level was not sufficient for metrological
applications in molecular spectroscopy [58]. As a matter of fact, locked-laser frequency
drifts of several tens of kHz per second were observed, and unambiguously attributed to
the dimensional instability of the V-shaped feedback cavity used at that time. When
applied to point-by-point absorption spectroscopy, laser frequency drifts of this extent
would lead to a severely distorted frequency axis, impeding the very applications the new
spectroscopic setup was being developed for.

One potential solution would have been the use of a frequency-stabilized Helium-Neon
(HeNe) laser for stabilizing the spectrometer frequency axis at the MHz-level. Introduced
to CRDS by Hodges and co-workers in 2004 [140], this approach will be reviewed in Sec-
tion 5.3. Typical high-end commercial stable HeNe lasers, such as the Melles-Griot model
05-STP-901 used in these CRDS experiments [141], feature a specified short-term sta-
bility on the order of +500kHz at 1 min observation time. Although very competitive,
this performance is still insufficient for most challenging metrological applications, such
as the optical measurement of the Boltzmann constant discussed in the introduction. In
spite of its considerable experimental complexity, even a HeNe laser stabilized to an iodine
transition [142—144] would not have been a perfect solution for stabilizing the ring-down
spectrometer frequency axis, as its short-term linewidth of several kHz is much larger than
the sub-Hz linewidth level theoretically attainable by optical feedback locking [58, 92].

In the light of these considerations and the recent ground-breaking developments in
ultrastable Fabry-Pérot resonators from the field of frequency metrology discussed in Sec-
tion 2.4, we chose to stand by our original experimental approach. We proposed to harness
the advantages of such ultrastable resonators for metrological molecular absorption spec-
troscopy and developed a highly stable V-shaped reference cavity for optical feedback laser
frequency stabilization [58].

This approach implies tackling the considerable technical challenges of thermal and
vibrational insensitivity, isolation and stabilization of the cavity. For over a decade, sig-
nificant progress has been made in this field in leading standards and metrology labs.
Consequently, for the conception of our stable reference cavity, we followed the basic de-
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sign principles of classical ultrastable cavity designs [120, 122] detailed in Section 2.4,
based on a vertically mid-plane-mounted ultra-low expansion glass spacer. These cav-
ities feature two ultrapolished mirrors optically contacted to the two spacer end facets
by molecular adhesion. For realizing a cavity with three mirrors, we were constrained
to abandon this method. Our original approach for realizing a V-shaped cavity consists
in tightly contacting two precision-machined low-expansion mirror holders to the spacer.
This first highly stable V-shaped cavity is shown in Fig. 2 of Article 1 on page 32.

When locking a standard DFB diode laser to this reference cavity, its linewidth narrows
to the sub-kHz level and the laser inherits the long-term frequency stability of the cavity.
However, for high-resolution spectroscopy, fine tunability is no less important than stabil-
ity. Therefore, we proposed to use an integrated electro-optic Mach-Zehnder modulator
(MZM) as an optical single-sideband frequency shifter for spectroscopy [58]. Combining
these elements thus provides us with a fine-tunable V-Cavity Optical-Feedback-stabilized
laser source (VCOF).

The first Section of this Chapter contains the original article demonstrating the ex-
perimental principles, the realization and the performances of this VCOF source. Subse-
quently, further details on the frequency noise measurement reported in the Article are
given, en passant revealing the polarization mode splitting of the etalon used for this
purpose. Then, further characterizing long-term drifts of the V-cavity experimentally, we
present a saturation spectroscopy measurement of the cavity resonance frequency drift
with astonishingly high resolution using a molecular transition as a physical frequency
reference. Finally, an absolute measurement of the V-cavity-locked laser frequency by
means of an optical frequency comb is reported. At the end of this Chapter, we provide
an overview of ongoing developments on the realization of a new generation of quasi-
monolithic ultrastable V-shaped cavities based on optical contacting.

3.1 Article 1 - Optical feedback stabilized laser tuned by
single-sideband modulation

In the following article [145], the methodological foundation as well as the experimen-
tal setup for a VCOF laser source are introduced and presented, focussing on the two
key ingredients optical feedback frequency stabilization and MZM-based single-sideband
frequency tuning. Then, important aspects and details of the highly stable V-shaped
reference cavity design as well as its temperature stabilization and vacuum systems are
discussed. In the experimental part, measurements of the cavity free spectral range, fi-
nesse and thermal expansion coefficient are reported, allowing the estimation of an upper
bound for V-cavity mode frequency drifts. Another important measurement concerns the
spectral purity of the MZM single-sideband output in terms of the extinction ratio of
unwanted frequency components. Finally, a measurement of the frequency noise power
spectral density of the MZM-tuned optical-feedback-stabilized laser light is shown and
interpreted.

Let us note that the free spectral range measurements discussed in Section 3.2.2 based
on saturated absorption and in Article 5 on page 160 with an optical frequency comb pro-
vide a much more precise value for the V-cavity free spectral range than the measurement
reported in Article 1 with a wavemeter. Further details on the VCOF laser frequency
noise measurement shown in Fig. 5 of Article 1 will be discussed in Section 3.2.1 following
the article.
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Semiconductor laser self-locking due to optical feedback
[1] is an intriguing phenomenon, which has been theoreti-
cally understood [2] and widely used in various fields [3,4].
Feedback photons coming from inside a high-finesse
cavity counteract the random walk of laser phase due
to spontaneous emission, leading to drastic linewidth
narrowing and to robust laser frequency stabilization.
Despite the efficient high-frequency noise rejection [5]
and relative experimental simplicity offered by this tech-
nique, its ultimate potential has never been fully exploited
due to insufficient reference cavity stability. Here, we
present a novel highly stable cavity used for distributed
feedback (DFB) diode laser frequency stabilization by
optical feedback. By injecting the stabilized laser light
into a fibered Mach—Zehnder modulator (MZM) [6], we ob-
tain a finely tunable light source with excellent spectral
purity. An optical determination of the Boltzmann con-
stant [7], the generation of accurately tunable terahertz
radiation, and optical isotopic ratio measurements are
only a few examples of its potential applications.

A reference cavity inside a temperature-stabilized vac-
uum chamber is the heart of our setup, shown in Fig. 1.
Its V-shaped geometry ensures that only light from a cav-
ity resonance is reinjected into the DFB laser diode, pro-
ducing optical feedback locking [4]. It follows from
theory [2] that as long as the free-running laser detuning
ov from reference cavity resonance remains within a
locking range A, there exists a feedback phase ¢ that
forces locked laser emission to this resonance frequency:

M

The locking range A grows with the square root of feed-
back rate [2] and is set to one free spectral range (FSR) of
the reference cavity for continuous locking by means
of a polarizing Glan-Taylor beam splitter. The feedback
phase ¢ is actively kept at its optimal value by a piezoelec-
tric transducer (PZT) governing the distance between la-
ser and reference cavity. A first-derivative error signal is
retrieved at cavity transmission by modulating the laser
diode injection current at a few kilohertz. As only a small
fraction of the laser power is needed for optical feedback

@ = arcsin(26v/A).
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locking, the rest is injected into a polarization-maintaining
fiber. It is then coupled into the MZM (Covega Mach-10-
060), an integrated lithium niobate electro-optic modula-
tor with nested Mach-Zehnder interferometer waveguide
structure. Applying two orthogonal radio frequency (RF)
signals in the gigahertz range to the MZM, multiple
voltage-controlled interferences in the Mach—Zehnder
waveguide [6] generate a single-sideband modulation sig-
nal with suppressed carrier. This allows for frequency fine
tuning covering more than one FSR of the reference cav-
ity. Therefore, any frequency within the laser gain band-
width becomes accessible with a precision given by the
accuracy of the RF, the residual noise on the feedback
phase [cf. Eq. (1)], and the stability of the reference cavity
resonance frequency v. Its fluctuations Av are caused
by changes AL of the cavity’s optical armlength L:
Av/v = —AL/L. Therefore, our design aims at minimizing
the cavity’s susceptibility to thermal expansion, vibra-
tional perturbations, and pressure fluctuations.

As in standard ultrastable cavity designs [8,9], we use
an ultralow expansion glass (ULE) spacer to minimize
thermal expansion effects. We achieve the mirror tilt

servo loop

DFB
laser

reference cavity

optical
feedback

photo-
diode

temperature stabilized
vacuum chamber

RF synthesizer

single
sideband
output

Fig. 1. Schematic sketch of the experimental setup. PZT,
piezoelectric transducer; v, reference cavity resonance fre-
quency; vgp, driving RF.
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needed for a V-shaped cavity configuration (Fig. 1) with
two mechanically prealigned cavity flanges machined
from the low-expansion alloy Super Invar. Being held
in tight contact with the 15 cm long ULE glass spacer
by six stiff stainless steel springs, this glue-free configu-
ration guarantees automatic and permanent optical align-
ment. Figure 2 shows this highly stable reference cavity,
held by a stainless steel clamp ring that is supported by
three Macor glass ceramic legs limiting heat conduction
and mounted onto the vacuum chamber bottom flange.
Following established design concepts [8-10], our refer-
ence cavity features a high degree of symmetry and ver-
tical mid-plane mounting. This reduces its sensitivity to
vibration-induced length changes. It is installed inside
a vacuum chamber pumped down to 2 x 107 mbar,
thereby reducing refractive index related fluctuations
of its resonance frequencies to the order of 1 Hz. The vac-
uum chamber contains an aluminum radiation shield and
is placed inside an acoustic noise-reducing thermally in-
sulated wood enclosure fixed to a commercial optical
breadboard. We actively stabilize the average value of
two temperature probes at opposite ends of the vacuum
chamber to 23°C, with in-loop root mean square (RMS)
temperature fluctuations of 250 pK and temperature
differences between the probes always smaller than
8 mK.

We have verified the easy and wide tunability of the
locked laser frequency v by performing laser diode tem-
perature sweeps. As long as the laser’s free-running fre-
quency remains within the locking range of a reference
cavity mode, its emission frequency remains unaffected.
When the locking range of one mode is left, the laser
automatically locks to the adjacent cavity resonance,
changing its emission frequency by one FSR. For a scan
from —-10°C to 60°C, the DFB laser locked to 2059 con-
secutive modes of the reference cavity, thereby covering
a spectral interval of more than 1 THz between 1587 and
1596 nm. Measuring the locked laser frequencies during
the scan with a high-resolution wavemeter yields a meas-
urement for the V-shaped cavity mean FSR c¢/(4L) =
(491.381 £ 0.001) MHz, where c¢ is the speed of
light. The cavity modewidth of (2205.2 +0.1) Hz at

Super Invar flange
holding 2 tilted mirrors

Il «<— 15 cm ULE spacer

stainless steel springs

stainless steel
clamp ring

Macor supporting rods

Super Invar flange
holding 1 mirror
- 3 % <——— vacuum bottom flange

i
s o

Fig. 2. Highly stable V-shaped cavity.
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vy = 188.4818 THz determined by cavity ring-down
measurements [11] therefore implies a finesse
F = 222830 + 10. To obtain an experimental upper
bound for the maximum reference cavity drift rate 7,
we relate it to thermal expansion due to heat transfer
processes via

U= -valAT/z, 2

where AT is the difference between the vacuum chamber
wall and cavity temperatures, « is the effective (linear)
coefficient of thermal expansion of the composite cavity,
and 7 is the time constant of heat transfer between vac-
uum chamber and reference cavity. As shown in Fig. 3,
we have determined a and 7 experimentally by measuring
the frequency drift of the locked laser after a sudden vac-
uum chamber temperature change of -3 K. The rapid ac-
tive stabilization of the in-loop outer surface temperature
(~2 h) is followed by the thermalization of the whole
vacuum chamber (~12 h), which afterwards acts as an
ideal thermal reservoir. This leads to the exponential de-
cay of the locked laser frequency with time constant
7= (12 £ 1) h, which is visible in Fig. 3. The total fre-
quency drift observed for the -3 K temperature change
implies an effective coefficient of thermal expansion
a=-(6.0+0.2) x10-7 K-L. Using the conservative ex-
perimental assessment |AT| <8 mK, Eq. (2) yields
|| <20 Hz/s. Other potential drift mechanisms such
as material aging, fluctuating laser power dissipation
by cavity mirrors, and varying spring tension were evalu-
ated and found to be negligible. As only about 1 mW of
the 30 mW total laser power is needed for continuous op-
tical feedback locking, roughly 15 mW is available at the
MZM input after fiber coupling. Driving the MZM with a
RF synthesizer referenced to a rubidium timebase, we
obtain 1 mW of single-sideband power and achieve fre-
quency shifting with millihertz accuracy over more than
1 GHz, limited by the bandwidth of our 90° two-way split-
ter. Although this is more than sufficient for bridging the
gap between the V-shaped reference cavity modes here,
it could be extended to up to 40 GHz with the appropriate
commercially available RF equipment. In order to char-
acterize the spectral purity of the MZM output, we have
injected it into a scanning Fabry-Pérot cavity serving as
an optical spectrum analyzer. The result in Fig. 4 shows
that the extinction ratios of the optical carrier and the
other sideband with respect to the single sideband were
better than 28 dB. The observed transmission peak shape
is due to the buildup and ring-down dynamics of intracav-
ity intensity. To measure the frequency noise of our light
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Fig. 3. Locked laser frequency response to vacuum chamber
temperature change (thin curve).
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Fig. 4. MZM output power spectrum analyzed with a scanning
cavity (*, transverse modes) for bad (light gray curve) and
optimal (dark curve) control voltages.

source, we used a Super Invar Fabry—Pérot etalon with a
finesse of (5.5 £ 0.1) x 10° and a FSR of (4.8 & 0.1) GHz
as a frequency discriminator. We tuned the single side-
band to the side of a transmission mode and extracted
the combined frequency noise power spectral density
(PSD) of laser and etalon shown in Fig. 5 from the trans-
mission signal. The measurement exhibits a dominant
contribution from low-frequency seismic perturbations.
The frequency modulation sideband due to diode current
modulation at about 5.9 kHz is clearly visible, and a sharp
mechanical resonance of the setup around 1.1 kHz is also
observable. However, these two contributions to the
locked laser linewidth are negligible at present. In gen-
eral, the laser frequency noise is certainly lower than
the measured curve (Fig. 5), as the latter contains the fre-
quency noise contribution of the etalon, which is most
probably non-negligible. In any event, the observed
frequency noise PSD implies an upper bound of Av <
530 Hz for final laser full width at half-maximum
(FWHM) by the graphical -separation line technique [12]
(Fig. 5). This constitutes a narrowing by almost 4 orders
of magnitude starting from a free-running DFB laser with
a linewidth of 2 MHz and nearly ideal white frequency
noise [13].

In conclusion, we have stabilized a DFB diode laser to
anovel highly stable V-shaped reference cavity by optical
feedback. Single-sideband modulation with a MZM pro-
vides us with a source that is continuously tunable over
more than 1 THz with frequency drifts below 20 Hz/s. Its
linewidth below 530 Hz corresponds to a narrowing by
almost 4 orders of magnitude. It is expected to be further
reduced to the theoretically predicted ultrastable regime
of 300 mHz by active vibration isolation and operation at
the zero- coefficient-of-thermal-expansion temperature.
Already, at present, the stable, tunable and narrow
source presented here has the potential for an optical
measurement of the Boltzmann constant at a 10-5 uncer-
tainty level and could become a widespread tool for other

~T—ideal free-running DFB laser
seismic noise

B-separation line

10° A 1
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~‘w-\w ,

current—=|
modulation

100 N \ \\\ N

requency noise PSD (Hz*/Hz)
o
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Fig. 5. Frequency noise PSD of the single-sideband light mea-
sured by means of the Super Invar etalon. The shaded area A
corresponds to a laser linewidth Av = /8 In(2)A [12].

demanding spectroscopic and metrological applications
necessitating a highly linear frequency axis.
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3.2 Frequency noise and long-term drift

Beyond the mere realization of the highly stable VCOF setup, evidence was provided
in [58] for its exceptional coherence properties and long-term stability. However, a fully
quantitative characterization proved to be challenging, as this new laser was by far the
narrowest and stablest light source available at LIPhy. In this Section, the different steps
undertaken to fully characterize the properties of the VCOF laser source are reported.
First, further details on experimental and evaluation aspects of the frequency noise mea-
surement reported in Article 1 above are given. Then, new data is presented on a measure-
ment revealing long-term VCOF drifts with kHz-level resolution through spectroscopy of
ultra-narrow saturated absorption signatures. Finally, a brief account on absolute VCOF
frequency measurements and drift characterization with a self-referenced optical frequency
comb is rendered. These latter measurements were carried out in the framework of a
collaboration project with the group of Professor Marco Marangoni from Politecnico di
Milano.

3.2.1 Frequency noise measurement using a high-finesse etalon

The sharp TEMgg resonances of a high-finesse Fabry-Pérot cavity convert optical frequency
variations into transmission changes according to the Airy formula Eq. (2.34). With its
kHz-level mode width, such a linear etalon with highly reflective dielectric mirrors is a
very sensitive interferometric frequency-to-amplitude converter and a powerful tool for
frequency noise characterization. It constitutes a pragmatic and practical experimental
solution, as it does not require a spectrally narrower reference laser as in heterodyne
beat-note-based approaches or a complex experimental setup as in sub-Doppler saturated
absorption discriminator schemes [146].

Therefore, we chose to construct the monolithic, compact and massive Super Invar
[147] etalon shown in Fig. 3.1. Two quarter-inch dielectric mirrors with peak reflectivity
at 1580 nm were inserted into the etalon and tightly contacted to the metal surface by
tightening viton O-rings to their rear sides using stainless steel disks and M3 screws. With
a bulk length of (45.0 £ 0.1) mm, the etalon features a mirror spacing of (31 £ 0.1) mm.
According to Eq. (2.32), the FSR between two of its TEMgy modes therefore equals
frsr = (4.84 £ 0.02) GHz. We mode-matched the VCOF laser to the TEMgyy mode of
the etalon by means of an aspheric lens and two metallic steering mirrors. To reach
a resonance of the etalon, we took advantage of the broad and ultra-fine tunability of
the single-sideband-modulated VCOF laser and used a home-made automated LabVIEW
tracking program. The measurement principle for this frequency discriminator based on
single-sideband-tuning and a high-finesse resonator is sketched in Fig. 3.2.

With the laser centered on the etalon TEMgg resonance, we rapidly scanned the single-
sideband (SSB) frequency by an amount Av by means of a synthesizer-generated RF sweep.
This led to the etalon transmission curve T'(Av) reported in Fig. 3.3. The intensity of any
one of the two peaks in the transmission curve in Fig. 3.3 can be maximized by appropri-
ately bending the single-mode fiber, thereby changing the polarization of the light incident
on the etalon. When the transmission through one mode has been optimized in this man-
ner, the signal from the other peak vanishes. We therefore interpret the transmission
curve in Fig. 3.3 as a direct observation of the splitting of the etalon TEMq resonance
into a doublet of two eigenmodes with nearly orthogonal polarization. This splitting
cannot be accounted for by the commonly used scalar, polarization-independent TEM,,,,,
Gauss-Hermite resonator modes, which are solutions to Maxwell’s equations in the parax-
ial approximation. The paraxial treatment predicts a frequency splitting of higher-order
TEM,,,,, modes due to mirror astigmatism, that is a slight ellipticity of the mirror surface.
However, it results in degenerate polarization eigenmodes and, consequently, cannot ac-
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Figure 3.1 Super Invar etalon acting as an optical frequency discriminator for measuring
the frequency noise of the optical feedback frequency-stabilized, single-sideband-tuned
laser.
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Figure 3.2 Principle and schematic sketch of the single-sideband-tuned VCOF frequency
noise measurement with a Super Invar etalon. Blue curved lines: Optical fibers, red
straight lines: free-space laser beam, PD: photodiode.

count for the observed transmission doublet shown in Fig. 3.3. A theoretical treatment
of Fabry-Pérot resonators beyond the paraxial approximation, in spheroidal coordinates,
shows that the degeneracy of higher-order TEM,,, modes with m + n > 0 is lifted by
a mechanism which can be interpreted as a form of spin-orbit coupling for the resonant
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Figure 3.3 Polarization splitting of the Super Invar etalon TEMy mode observed through
single-sideband transmission during a frequency sweep over 100 kHz in 20 ms recorded at
a sampling rate of 500 kHz.

intracavity field [114]. However, this theory predicts a degeneracy of the two polarization
TEMgp modes in the case of spherical mirrors. By considering the polarization-dependent
phase shift due to the reflection of light from an elliptic paraboloidal surface beyond the
paraxial approximation, Uphoff et al. have shown that the degeneracy of the two polar-
ization TEMgp modes is lifted by mirror astigmatism [115]. They demonstrated that this
geometric polarization splitting mechanism is dominant for mirror curvature radii com-
parable to the wavelength of the intracavity field. In the present case of a macroscopic
etalon, however, we have checked that this effect must be smaller than 20 Hz and thus
cannot account for the 31-kHz-splitting of the TEMgg mode observed here.

Consequently, we attribute the TEMgg polarization doublet of the Super Invar etalon to
residual and stress-induced birefringence of the highly reflective dielectric mirror coating
[148]. Indeed, significant stress-induced birefringence is expected in our screw-fastened
setup due to the strong forces applied to both mirrors. This birefringence should be
accompanied by a slight polarization dependence of mirror losses [148]. This dichroism
is small and one may assume equal losses for both polarization modes in a very good
approximation, implying equal ring-down times and mode widths for both TEMgyg modes.
Therefore, we fitted 90 measured transmission curves T'(Av) like the one shown in Fig.
3.3 with two Lorentzians of equal full width I" and an offset B:

A1F AZF

TAY) = R = A T T2/ T (A=) T4 T

B (3.1)

As expected, fluctuations of the experimental data around the fit curve are the strongest
on the slopes of both TEMgy modes, corresponding to the frequency-to-amplitude noise
conversion by the etalon. The fit yielded a Lorentzian full mode width I' = (8991 £+ 1) Hz
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and a polarization splitting of A = (31.04 + 0.03) kHz, that is A/T" = 3.453 + 0.004 in
units of the cavity mode width. Together with the FSR value determined above, this
measurement yields a precise value for the etalon finesse at 1590 nm, which amounts to
F = fpsr/T" = 538000 &+ 2000. The mode splitting A corresponds to a birefringence-
induced round-trip phase shift of Ay = 27A/frgr = 12 prad in the etalon. A detailed
discussion of the impact of birefringence, dichroism and the polarization mode splitting
on cavity ring-down-spectroscopy will be given in Section 7.7.

Here, for measuring the combined frequency noise of the VCOF laser and the Super
Invar etalon, we simply bent the single-mode fiber to achieve a reasonably good match
between the fiber output polarization and one of the polarization modes of the etalon,
resulting in a single-Lorentzian transmission function as in Eq. (2.35). Inverting this
equation, the offset-cleaned transmission time series 7'(t) with peak amplitude A yields
a direct measurement of the instantaneous relative frequency A(t) of the single-sideband

VCOF source:
A(t) = ; /T‘(‘t) —1 (3.2)

The optimal working point of this etalon frequency discriminator is the steepest point
of the transmission slope where the conversion is nearly linear. Consequently, the neighbor-
hood of this point was chosen for the experimental frequency noise measurement. Keeping
the VCOF single-sideband near this point as long as possible is important for maximizing
the measuring time interval. Therefore, the etalon was installed in a thermally isolating
polystyrene box limiting its resonance frequency drift. The measured etalon transmission
trace T'(t) shown in Fig. 3.4 corresponds to the combined VCOF-etalon frequency noise
power spectral density shown in Fig. 5 of Article 1. By Eq. (3.2), T'(¢) yields a measure-
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Figure 3.4 Super Invar etalon TEMgy mode transmission for a VCOF single-sideband at
fixed radio frequency, recorded at a sampling rate of 500 kHz.

ment of the relative frequency A(t) between VCOF single sideband and etalon resonance.
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As the Super Invar etalon was not temperature stabilized, a linear 2.6 kHz/s drift had to
be substracted in A(t) prior to obtaining the frequency noise PSD as the Fourier transform
of A(t). After the linear drift correction, A(t) exhibits a root-mean-square noise of 450
Hz, in good agreement with the upper bound of 530 Hz obtained from the PSD in Fig. 5
of Article 1 using the (3-separation line technique.

3.2.2 Drift monitoring by saturated molecular absorption

In this section we present results on a VCOF frequency drift measurement by optical
feedback frequency-stabilized cavity ring-down spectroscopy (OFFS-CRDS) of saturated
molecular absorption. Here, we will focus on the basic principle of the measurement and
an analyis and discussion of the results. The theoretical and methodological background
for the spectroscopic technique will be discussed later in this thesis, especially in Chapters
6 and 9.

The measurement principle here is conceptually similar to the way an optical atomic
clock works. It consists in tuning a narrow laser into resonance with a molecular tran-
sition. Setting aside bias sources discussed below, the molecular transition frequency is
a physical property of nature, and constant over time to the best of current knowledge.
Here, the aforementioned resonance is a very narrow absorption feature, commonly called
Lamb dip, which is examined with an intense light field at low pressures. Under typical
experimental conditions, its width is of a few hundred kHz, making it three orders of
magnitude narrower than a conventional low-pressure absorption line at room tempera-
ture. Consequently, for a spectroscopic scan across the Lamb dip lasting a few minutes, a
frequency measurement with a precision ranging from 1 to 15 kHz is obtained.

The measurement was carried out on three absorption lines of CO5 near 1.6 pm, at a
partial pressure of 0.28 Pa. They are identified in Table 3.1 and shall be called A, B, and
C hereafter for the sake of simplicity. Their absolute transition frequencies are known with
an accuracy at the few kHz level from a frequency-comb assisted saturation spectroscopy
study carried out in the framework of this thesis. A detailed discussion of these results
can be found in Section 9.4 and in Article 6 therein. The lines A, B and C were auto-
matically measured over and over again by sequentially cycling them in a loop, recording
the saturated absorption spectra on a span of 6 MHz around the center of each line in
frequency steps of 50 kHz. After an appropriate fit, as in Section 9.4.2, each measurement
yields a dip center frequency with kHz precision. Over one day, 305 such Lamb dip mea-
surements were carried out. The observed line center frequencies relative to their initial
value are shown in Fig. 3.5. The spectrometer frequency axis is taken as static, as if the
VCOF laser were perfectly stable. Consequently, any VCOF drift translates into a change
in the observed center position. Nevertheless, a necessary condition for interpreting an
apparent line center change as a VCOF frequency drift is that the observed changes must
be identical for all measured absorption lines, as their cause then lies outside the realm of

Table 3.1 CO2 absorption lines from the 30013<—00001 band (cf. Section 8.1.1) used for
measuring VCOF frequency drifts by saturation spectroscopy. See Section 9.4 and Table
9.1 therein for details on the transition frequencies and their uncertainties (in parantheses).

Symbol Transition Frequency (kHz) Wavenumber (cm™)

A P20 186200304287.5 (6.4) 6210.97360253
B P18 186254902896.0 (4.1) 6212.79481607
C P16 186308650583.8 (3.6) 6214.58764596
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Figure 3.5 Change in apparent line center frequency over time for three COs lines mea-
sured by OFFS-CRDS, revealing the drift of the V-shaped reference cavity. The insets
show experimental Lamb-dip spectra from beginning and end of the measurement period,
respectively, with absorption (y axis) as a function of optical frequency (x axis).

spectroscopy. Fig. 3.5 clearly confirms that this important consistency-check condition is
met, showing a perfect alignment of the black, blue and red curves, corresponding to the
lines A, B, and C, respectively.

The observed dip frequencies exhibit a global long-term trend towards higher Lamb
dip frequencies, corresponding to a linear —7 Hz/s drift rate of VCOF frequencies on
average. The most probable origin of this drift follows from the consideration on the V-
cavity free spectral range below. The highest instantaneous drift rate evidenced by the
data in Fig. 3.5 is 22 Hz/s. This result is consistent with the findings of Article 1, where
the temperature stabilization and thermal isolation was significantly better than during
the present experiment. Under those temperature stabilization conditions, a maximum
drift of 20 Hz/s was predicted based on the experimental results.

Now let us turn to the inherent frequency noise level of this spectroscopic laser fre-
quency drift monitoring technique. The frequency measurement noise level at the begin-
ning of the recording period is on the order of 1 kHz per dip. This degree of precision and
accuracy is way better than what could be achieved with state-of-the-art optical waveme-
ters, which feature a short-term stability of a few hundred kHz at best. This performance
is due to the high signal-to-noise ratio of the first measurements. It amounts to up to
140, as shown in the upper left inset of Fig. 3.5. Over time, the Lamb dip signal-to-noise
ratio decreases as saturation fades out due to a rise in intracavity pressure over time.
This pressure increase originates from outgassing of molecules previously adsorbed on the
cavity walls and will be discussed in detail in Section 6.2.4. At the end of the scan, the
dip is broad and shallow, as shown in the inset on the right of Fig. 3.5, and the frequency
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measurement noise approaches 15 kHz, still very competitive with Doppler-broadened
techniques. Not only does the increase in intracavity pressure impair saturation, but it
also shifts the transitions linearly to lower frequencies due to the inter-molecular colli-
sions perturbing the molecular energy levels. Taking coeflicient values from the literature
[149] to convert the intracavity pressure reading to an expected pressure shift curve, we
obtained the dashed line in Fig. 3.5. Compared to the observed dip-frequency drift, the
pressure shift has opposite sign and negligible magnitude.

In Fig. 3.5, the traces were superposed using three offsets A4, Ap and A¢ added
to the respective data set, so that the mean difference between the three curves equals
zero. The noise around this zero determines the uncertainty of the relative frequency
measurement. In this way, the frequency spacings Apa = Ag— Ay and Aga = Ag— Ay
were determined to be

Apa = (54598724.7 + 1.7) kHz (3.3)
Aca = (108346535.4 + 1.4) kHz (3.4)

These values are to be compared to the literature values from Table 3.1, which are

Apa,, = (54598608.5+ 7.6)kHz (3.5)
Aca,, = (108346296.3 + 7.3)kHz (3.6)

The uncertainties of the literature values are worst-case estimates based on the results in
Chapter 9. Comparing the experimental and literature spacings, one finds the offsets

fBA = ABA - ABAW - (1162 + 78) kHz (37)
€ca = Aca—Aca,, = (239.1 +7.4)kHz (3.8)

We shall see in the following that these discrepancies are due to the fact that the V-shaped
cavity free spectral range value vpgr = 491395463 Hz from Article 5 on page 160, which
was implicitly used for determining Ap4 and Aga does not reflect the real FSR vpgpr of
the V-cavity at the time of this measurement. In accordance with Equation (2) of Article
5, £oa is proportional to the FSR error {épsr = UVpsr — Vrsgr:

§oa = —(kc —ka)érsr (3.9)

Naturally, the same equation holds for g4 with kp. The V-shaped cavity mode numbers
ka, kp and ko with respect to an arbitrary mode zero, which were used for stabilizing
the VCOF laser, were counted with an optical wavemeter whose precision allows their
unambiguous identification. Here, the number of VCOF modes separating the three mea-
surements were kg — k4 = 111 and ko — k4 = 225. Inserting this result in Eq. (3.9)
together with (3.8) yields a precise value for the current V-cavity FSR:

Ersr = —(1063 £ 33) Hz (3.10)
= Upsr = Upsk+E&rsr = (491394400 + 33) Hz, (3.11)

The current FSR thus significantly disagrees with the previously used value Upgp, which
had been determined with outstanding Hz-level precision in Fig. 2 of Article 5 on page
160.

This FSR change is attributed to a continuous pressure increase in the V-shaped cavity
enclosure during the one year period between the two measurements. As a matter of fact,
the vacuum chamber was evacuated to well below the 10~ mbar-level during the previous
precise FSR measurement. Then, it needed to be isolated from a defective turbomolecular
pump using a high-vacuum gate valve and has not been repumped since. Consequently, a
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substantial quantity of molecules, essentially water, is expected to have desorbed from the
walls of the vacuum cell, which had never been baked out. The residual gas at pressure P
resulting from this outgassing leads to an increased refractive index n inside the V-shaped
cavity shifting its modes to lower frequencies.

Quantitatively, the inverse proportionality of the V-cavity FSR to n is given in Eq.
(2.33). It implies that a small refractive index change dn leads to an FSR change

on
AVFsR = = ~VFSR ~ —0n VFsR (3.12)

For a dilute gas, n = 1 was inserted in the last step in very good approximation. dn is
related to the pressure increase P in a closed volume at constant temperature by

dn = moP (3.13)

with a proportionality constant m depending on the polarizability of the gas molecules,
as discussed in [58], for instance. For water vapor, an approximate value mygpor =
2.2 - 10~"mbar~! can be calculated from the findings in [150]. It is not very different
from the value mg;, = 2.7 - 1077 mbar—! for dry air from the same reference, indicating
that the exact intracavity gas composition is not a critical parameter here. Inserting
Svrsr = £psgr in Eq. (3.12), one obtains dn = 2.16 - 1076, Using Eq. (3.13), this corre-
sponds to a partial pressure of water vapor inside the vacuum cell of P = 10mbar. As no
pressure gauge was installed on the vacuum line before the gate valve isolating the vac-
uum cell from the defective turbo pump, this result cannot be independently confirmed.
However, it appears perfectly realistic in view of the long outgassing period and the vapor
pressure of water, which amounts to 29 mbar at 23.5 deg, the temperature of the V-shaped
cavity and its enclosure. Translating the total refractive index change dn over one year
into a frequency drift, one realizes that the modes of the V-shaped cavity must have drifted
by dnv, equalling about 400 MHz at v ~ 186 THz. Per unit of time, this corresponds to
a 12.7 Hz/s drift on average. This is in good agreement with the 7 Hz/s trend observed
during the one-day scan presented here, noting that the outgassing rate is expected to
reduce over time when approaching the vapor pressure.

With the new FSR value vpgg, let us determine the predicted line position of B relative
to A expected from Egs. (3.9) and (3.10):

§BAezpected = —(kp — ka)épsr = (118.0 = 3.7) kHz (3.14)

Therefore, the difference in the spacing between lines B and A from the present study and
from Chapter 9 amounts to

§BA — EBAspectea = —(1.8+8.6) kHz (3.15)

This result is completely consistent with zero, thereby indicating a perfect agreement be-
tween the two independent Lamb-dip frequency measurements on the same lines, providing
further evidence for the validity of both studies.

In conclusion, monitoring three saturated absorption Lamb-dips by OFFS-CRDS over
one day has served a threefold purpose: First, it confirmed the outstanding linearity of the
spectrometer frequency axis due to the stability of the VCOF laser and related findings in
Article 1. Second, it yielded a very precise updated value for the V-cavity FSR, evidencing
that it had slightly changed over one year, most probably due to water outgassing from
the V-cavity vacuum cell walls. Finally, it provided a successful verification of a frequency
spacing between COs lines which had been measured with kHz-level accuracy during the
frequency-comb-assisted OFFS-CRDS experiments reported in Article 6 and Section 9.4.
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To make a closing remark let us point out that the measurement principle described
here can be modified to yield a laser frequency stabilization approach somewhat com-
plementary to the stable-reference-cavity approach chosen in this thesis. By adding a
frequency dithering of the laser around the center of the dip, a first-derivative lock-in
detection approach can be used for detecting the dip center. Using the corresponding
error signal, the laser frequency can thus be locked to the saturated absorption resonance,
guaranteeing its long-term stabilization to the molecular reference. Such approaches have
already been implemented and used for setting up molecular spectroscopy experiments
targeting metrological applications [151].

3.2.3 Absolute frequency measurement with an optical frequency comb

At present, the most accurate technique for measuring the optical frequency of a laser
consists in superposing its light with that of a self-referenced optical frequency comb
(OFC) on a photodetector. As discussed in 2.5, this gives rise to a beat note signal as in
Eq. (2.21). It can be measured in order to determine the absolute optical frequency of the
laser according to Eq. (2.46), provided that its approximate frequency is already known
to better than half the OFC repetition rate fr.p.

We had the opportunity to carry out such an OFC-VCOF beat note measurement
in the framework of a collaboration project with the group of Prof. Marco Marangoni
from Politecnico di Milano. Using their self-referenced Toptica FFS model frequency
comb with a repetition rate locked at f,¢, = 100 MHz, a carrier-envelope-offset frequency
stabilized to fopo = 20 MHz and an intrinsic linewidth on the order of 200 kHz, we could
measure the absolute frequencies of several V-cavity modes the VCOF laser was locked
to. The measurement procedure and the results obtained are discussed in greater detail in
Article 5 on page 160 and in Article 6 on page 192. Beyond the enormous benefits these
measurements have for frequency-calibrated molecular spectroscopy (cf. Section 9.4), they
were also exploited to determine the V-cavity FSR with Hz-level precision, as reported in
Article 5.

Finally, monitoring the absolute frequency of the VCOF laser locked to one mode over
a longer period of time also reveals the slow drifts of the V-shaped reference cavity. The
results obtained in this respect are reported in terms of the Allan deviation plot in Fig. 2
of Article 6. They are in very good agreement with the findings of the previous Section and
shall be rapidly reviewed here for the sake of completeness. From a single-shot precision of
200 kHz, the Allan deviation averages down as white noise until it reaches a minimum at
1.4 kHz after 30 s averaging time. Beyond this point, it increases again due to a 28 Hz/s
drift. The precision of this OFC-VCOF beat note frequency measurement is ultimately
limited by two mechanisms: At short averaging times, the OFC short-term noise does
not allow resolving the narrow VCOF laser linewidth, and at long averaging times the
V-shaped reference cavity drift dominates.

3.3 Development of a new generation of V-shaped
ultrastable cavities

Based on the highly stable V-shaped cavity prototype from [58], we have realized a second
cavity with several design improvements. Trying to reduce the first cavity’s abnormally
high coefficient of thermal expansion of —6-10~7 K~! discussed in Article 1 and in [58], the
second cavity uses an ULE spacer with ultra-polished end facets and threaded M3 x 0.5
rods and nuts as well as Belleville washers instead of stainless steel springs for providing a
more uniform and rigid contact between the mirror holders and the spacer. In order to pre-
vent vibrations from impairing locked-laser linewidth, the vacuum system was redesigned
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to operate as a closed system with a small ion pump (GammaVacuum 3S-CV-1V-5K). To
further reduce the passive thermal isolation of the cavity, the aluminium foil heat shield
of the first setup was replaced by a massive copper cylinder between cavity and vacuum
cell. This improved composite V-cavity is shown on the left of Fig. 3.6.

Figure 3.6 Improved first-generation composite ULE-glass and SuperInvar V-cavity with
half-inch mirrors (left) and second-generation quasi-monolithic Zerodur cavity with opti-
cally contacted one-inch mirrors (right), mounted on the bottom flanges of their respective
vacuum cells. Note the difference in scaling between the two photos, which show a CF100
flange with an outer diameter of 152 mm on the left, and a CF160 flange with an outer
diameter of 199 mm on the right.

On the right of this same figure, an entirely new, second-generation V-shaped ultrastable
cavity is shown which was developed in parallel. In terms of cost, a huge difference be-
tween roughly 1 k€ for the composite cavity and 20 k€ for the second-generation cavity is
to be acknowledged. However, the high price is outweighed by the expected reduction in
vibration sensitivity and two-orders-of-magnitude improvement in locked-laser long-term
stability.

This second-generation V-cavity design is based on a 18-cm-long rectangular Zerodur
spacer with a slightly beveled, roof-shaped top and ultrapolished end facets. Optical con-
tacting of a one-inch mirrors to each facet then yields a quasi-monolithic, intrinsically
aligned V-shaped cavity. Zerodur is a near-zero thermal expansion glass ceramics with a
specified coefficient of thermal expansion below £7-107 K~! in the highest quality grade,
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which was used here. Carried by three long, thermally isolating Macor rods, the cavity
is installed in a full-coverage, massive copper heat shield isolated from the vacuum cell
by three Macor spacers. The only five small openings of this heat shield are inevitably
necessary for laser beam transmission and pumping. Fig. 3.7 shows a section view of this
setup.

Figure 3.7 Section view of the computer-aided-design assembly of the second-generation
ultrastable cavity setup. F: CF160 ultra-vacuum flanges. M: Three one-inch dielectric
mirrors (blue) optically contacted to the Zerodur spacer S, which has a lateral venting
hole V. L: Three leg-type Macor rods carrying the spacer S. H: Massive copper heat
shield with three circular openings for laser beam transmission and two lateral openings
for pumping. B: Three Macor sockets carrying the heat-shield-cavity assembly. I: CF16
flange for connecting the ion pump. T: KF25 flange for connecting a turbomolecular pump
for initial pumping. C: copper tube which can be irreversibly sealed by deformation. W:
three wedged, anti-reflection-coated windows for laser beam transmission (magenta). A
length scale is given by the CF160 flanges, whose diameter is 199 mm.

As in all previous V-cavity setups, virtual leaks due to air trapped in inaccessible small vol-
umes inside the vacuum system were systematically avoided. Using the same ion pump as
above (GammaVacuum 3S-CV-1V-5K), the vacuum system was definitively isolated from
the turbo-molecular pump (Pfeiffer Vacuum HiPace 80) used for the initial pump-down
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by means of a copper tube, which was irreversibly deformed until it was completely leak-
tight. First tests for both cavities showed that their respective vacuum systems operate
well below the 1076 mbar-level under exclusive ion pumping. To resist extreme tempera-
ture gradients in rough field-campaign environments, the second-generation vacuum cell
is housed in a copper enclosure inside a passively isolating wood box. The six sides of the
copper box are actively stabilized to equal temperature individually, by means of inter-
calibrated temperature probes, resistive rubber heating pads tailored to the size of the
copper faces and a home-made dedicated ARDUINO micro-computer-based temperature
stabilization scheme.

The realization of the experimental setups described here, which are close to opera-
tional, was carried out by two fellow PhD students, Mathieu Casado and Tim Stoltmann,
in the framework of their joint PhD projects between LIPhy and Laboratoire des Sciences
du Climat et de ’Environnement (LSCE) in Gif-sur-Yvette, France, as discussed in more
detail in Chapter 10.






Chapter 4

Feed-forward coherence transfer
between lasers by optical
single-sideband modulation

Transferring the stability and narrow linewidth of the VCOF laser source discussed in
the last chapter to lasers in other spectral regions is an extremely attractive vision for
phase-coherent and metrological applications in general, and for broadband high-resolution
molecular spectroscopy in particular. At Laboratoire Interdisciplinaire de Physique, for
example, in the near-infrared only, we have almost 90 butterfly distributed feedback (DFB)
laser diodes with MHz-level linewidth at our disposal, covering the spectral interval be-
tween 1265 and 1705 nm without any spectral gap. Conveying the stability characteristics
of the VCOF laser to any of these commercial lasers would provide a significant added
value to all spectroscopic studies, with the benefits of a stable and linear spectrometer
frequency axis and an efficient injection of high-finesse cavities discussed in detail in Part
II.

The main experimental challenge to this endeavor is the high phase noise of typical
DFB lasers with a linewidth of several MHz, due to white frequency noise extending up
to very high Fourier frequencies [152]. While this could be accomplished using ultra-fast
optical phase-locked loops with tedious high-bandwidth electronics (cf. Section 2.2), feed-
forward locking is a powerful and conceptually strikingly simple alternative. In simple
terms, this technique consists in measuring the frequency and phase error of the noisy
slave laser with respect to the stable reference laser for subsequently applying it as an
a posteriori correction to the noisy light field using a fast phase and frequency actua-
tor. As we will demonstrate in the following, this feed-forward approach can provide
phase-locking at an arbitrary frequency offset without the loss of lock typically occuring
in feedback schemes under very big and abrupt phase and frequency perturbations of the
slave laser.

Here, we will first consider the basic principles of feed-forward coherence transfer by
revisiting some crucial previous works from the literature. Then, we present results from
a collaboration project with the group of Prof. Marco Marangoni from Politecnico di
Milano, who have made pioneering contributions to the field [93, 153]. The guiding idea
was to unite our know-how on feed-forward frequency stabilization and on Mach-Zehnder-
modulator-based optical single-sideband modulation (cf. Section 2.3) in order to realize
feed-forward frequency and phase locking schemes with unprecedented correction band-
width and spectral coverage. Our first study demonstrates what we call optical phase
cloning, that is a coherence transfer at a 100-mrad phase error level, using an integrated
electro-optic Mach-Zehnder modulator as a feed-forward frequency shifter. Subsequently,

49



50 CHAPTER 4. SSB-MODULATION FEED-FORWARD COHERENCE TRANSFER

we provide a detailed theoretical analysis of this coherence transfer technique, charac-
terizing its limitations and exploring the different pathways for frequency-offset-locking.
Finally, in another proof-of-principle study, we demonstrate that the MZM-based feed-
forward scheme can be generalized using an optical frequency comb as a transfer oscillator,
by transferring the coherence of our sub-kHz source to a DFB laser over 10 THz away,
independently of the common-mode noise of the teeth of the comb.

4.1 Principles of feed-forward frequency stabilization

Before turning to a rigorous theoretical analysis of feed-forward phase and frequency lock-
ing with a Mach-Zehnder single-sideband modulator in Section 4.3, let us first discuss the
basic principles of feed-forward stabilization schemes in terms of frequency offsets and cor-
rections. Later, it will become evident that the same relationships hold for optical phase
correction, provided that the correction bandwidth of the feed-forward system is sufficient.

The general setting of feed-forward schemes comprises a master laser at frequency vy,
which is typically, but not necessarily, highly coherent, as well as a noisy slave laser at a
detuned frequency voy. The feed-forward correction of slave laser frequency consists in
a two-step process.

First, the frequency error of the slave laser is measured in terms of a heterodyne
beat note between the two lasers (cf. Eq. (2.21), which has a frequency fpy = vew — 1p.
Second, an a posteriori frequency correction corresponding to the measured error is applied
to the slave laser field using a frequency actuator such as an acousto-optic modulator
(AOM) or an optical single-sideband modulator. This yields a feed-forward-corrected
optical output frequency vrr = vow — fBN = vew — (Vow — W) = 1y, thus restoring the
reference of the master laser on the slave laser. This is coincidence locking.

The beat note fpn can also be mixed with a radio frequency (RF) local oscillator
(LO) at frequency fro before carrying out the correction. Assuming fro > fpny with-
out loss of generality, this provides a frequency-shifted beat note fzy = fro — fn =
fro— (Yew — o). Then, the feed-forward correction is obtained by the frequency actuator
adding fj; 5 to slave laser frequency. This yields an output frequency vip = vew + fpy =
vow + fro — vow + vo = vy + fro, that is the master frequency with an arbitrary RF
shift. This is the offset-locking configuration illustrated in Fig. 4.1.

V“+f|;¢m(7) Vie= Vn+«fu:)

fAOFS([) =fLo_fbeat(t)
fLO

Vn V11+l ViHz]
Figure 4.1 Schematic sketch of the frequencies involved in the feed-forward offset-locking
of a slave laser at frequency v, (t) to a tooth v, of an optical frequency comb. fpeq:(t) is
the beat note frequency providing the physical error signal and fro is a radio-frequency
local oscillator frequency for offset locking. faors(t) is the feed-forward correction applied
to the slave laser light by the acousto-optic frequency shifter, yielding an output stabilized
at an offset fro from the comb mode v,. Adapted from [93] (Figure 1).



4.2. ARTICLE 2 - OPTICAL PHASE CLONING BY A DUAL-PARALLEL MZM 51

The term v, in the figure refers to a tooth of the frequency comb which was used by Sala
and co-workers for feed-forward offset-locking of an external cavity diode laser (ECDL)
[93]. The authors demonstrated a narrowing of the ECDL linewidth from the MHz-level
to the comb linewidth of 10 kHz and a relative linewidth of comb and ECDL of 3.1 kHz,
limited by the response bandwidth of the AOM used as the feed-forward frequency actu-
ator.

The bandwidth of the correction is a main limitation of feed-forward frequency and
phase control in practice. In the discussion here, an immediate feed-forward response
was implicitly assumed, corresponding to an infinite correction bandwidth, which is an
obvious idealization. Finite lags and response times in the feed-forward correction lead
to an imcomplete or erroneous compensation of phase errors of the slave laser field. The
impact of a correction delay 7 was studied theoretically and experimentally by Gatti and
co-workers [153]. In particular, they showed that the correction bandwidth fpy of the
feed-forward control system depends on 7 according to

T
By reducing their AOM frequency shifter delay time to a 200-ns level by an optimized
beam alignment, the authors achieved a correction bandwidth on the order of 1 MHz
yielding a sub-radian phase lock of a DFB laser to a frequency comb. The impact of
a finite delay in the feed-forward correction on residual phase noise will also be treated

theoretically in Section 4.3.

In prior literature, a feed-forward scheme was used for a shot-noise-limited stabiliza-
tion of the carrier-envelope offset of an optical frequency comb [154], which is a signal
with a low intrinsic noise level. Griffin and Kitayama have realized a single-sideband-
modulation approach [155] similar to the scheme discussed in the next section, however
targeting the domain of optical millimeter-wave generation. As broadband spectral purity
of the feed-forward controlled light field is of no concern in that field, the optical output
in their study consisted of several spectral components, including noisy and broadened
ones. Consequently, this technique is not suited to applications such as high-resolution
spectroscopy and coherent manipulation of atoms or molecules.

4.2 Article 2 - Optical phase cloning by an integrated
dual-parallel Mach-Zehnder modulator

In the following article [156], feed-forward phase coherence transfer from the sub-kHz-
linewidth VCOF laser to a DFB laser with 2.6-MHz linewidth at 1 ms observation time
and white frequency noise is demonstrated. Using an electro-optic MZM single-sideband
modulator as a fast phase and frequency actuator, both offset and coincidence locking
regimes were explored and characterized.

First, the experimental principle and general aspects of the feed-forward approach to
phase locking are discussed. A detailed description of the electronic and optical setup for
error signal detection, phase and frequency correction and coherence transfer characteriza-
tion is provided. Then, experimental power spectra of beat notes of the VCOF reference
laser with the free-running DFB laser and the feed-forward-corrected MZM output are
examined, both at coincidence with the VCOF laser and under offset-frequency tuning,
indicating phase coherence well below the radian level in both cases. This was confirmed
by a measurement of the VCOF-MZM-output beat note phase noise power spectral den-
sity in both regimes. The direct homodyne interference signal between reference laser and
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MZM output on a balanced photodetector was used for measuring a time series of their
relative optical phase, again indicating a root-mean-square phase error at the 100-mrad
level. Finally, the narrow and stable feed-forward-corrected slave laser light was injected
into a ring-down cavity in order to illustrate the robustness of the scheme under slave laser
frequency variations and its applicability to high-finesse cavity-enhanced spectroscopy.
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The use of a dual-parallel Mach-Zehnder modulator in a feed-forward configuration is shown to serve the purpose of
cloning the optical phase of a master oscillator on a distributed-feed-back (DFB) slave laser exhibiting a multi-
MHz-wide frequency noise spectrum. A residual phase error of 113 mrad is obtained together with an extremely
high control bandwidth of hundreds of megahertz and a gigahertz-level capture and tuning range. Besides
offering a dramatic improvement over feedback loops, this approach is susceptible of hybrid integration in a

cost-effective compact device benefiting from the wide tunability of DFB lasers.
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Recent progress in various fields, such as frequency
metrology [1], high-resolution spectroscopy [2], optical
atomic clock developments [3,4], gravitational wave de-
tection [b], frequency transfer and timing synchroniza-
tion across fiber networks [6,7], is relying more and
more on ultra-stable narrow-linewidth laser oscillators.
These are typically obtained by locking diode or fiber la-
sers to the resonances of high-finesse ultra-stable optical
cavities, with linewidths ranging from a quite typical Hz-
level down to 40 mHz [8]. Cloning the optical phase of
such an oscillator on a second noisier and less-
expensive laser is highly desirable: it may allow matching
the absorption features of predetermined spectroscopic
targets, reaching the telecom range needed for frequency
transfer or remote clock delivery across long-haul fiber
links, or simply adding frequency tunability to an inher-
ently rigid laser system. Optical frequency combs have
been shown to serve the purpose of phase-coherent
transfer across octave-spanning frequency gaps [9], but
the extent to which phase coherence is transferred re-
mains mainly limited by the control bandwidth of feed-
back systems typically used for optical phase correction.

Physical factors such as the frequency modulation
response of the slave laser and the propagation delay
within the servo loop typically provide an upper limit
to the control bandwidth of a few MHz. This is not
enough to compensate for the high-frequency pedestal
in the noise spectrum of most common lasers, such as
fiber or semiconductor distributed feedback lasers.
Similar bandwidth limitations come into play with
feed-forward control schemes relying on the acousto-
optic control of the slave laser frequency [10]. With this
approach, root-mean-square (rms) phase errors of few
tens of milliradians have been demonstrated, but starting
with relatively quiet signals, such as those for carrier-
envelope-phase control of mode-locked lasers [11].
Ultra-fast optical phase-locked loops with bandwidths
as high as 300 MHz have been demonstrated so far exclu-
sively in the telecom field [12], searching for solutions to
coherent optical detection in long-haul transmission

0146-9592/15/050816-04$15.00/0
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systems, but require a monolithic integration of laser
source and control electronics that limits the domain
of application [13,14]. In the telecommunication field,
extremely fast feed-forward schemes based on electro-
optic Mach-Zehnder modulators (MZMs) have been also
demonstrated, yet restricted to the target of optical
millimeter-wave generation [15]. In such case, usage of
a simple MZM did not allow generation of a clean
single-frequency optical output, accurately cloning the
master laser field, whereas, as we show in the following,
a dual-parallel MZM configuration may efficiently serve
the purpose.

In this Letter, we present a powerful approach for clon-
ing the optical phase of a laser oscillator with
minimal residual phase error. It relies on a dual-parallel
MZM operated as a single-side-band generator [16] in a
feed-forward control scheme. We show that such a
device, primarily developed for quadrature phase-shift
keying transmission [17], can provide plug-and-play
phase corrections with an electro-optic bandwidth as
large as 20 GHz. It also enables precise and straightfor-
ward multi-GHz frequency tunability of the slave laser
with respect to the master, thus mimicking the behavior
of offset-frequency locking servos without any fast phase
detector or lock-relock procedure.

Figure 1(a) illustrates the operation principle of the
optical phase cloner. A fast optical detector records
the beat note of a slave laser with noisy frequency output
v, mixed with a much narrower master laser with fre-
quency v,. The beat signal between the two lasers,
Sbeat = Vs — Uy, drives an MZM whose interferometric
working points allow for the generation of a single-
sideband suppressed-carrier output with frequency
Vout = Vs —Jbeat = Vs — Vs + Uy = Upy, thus in an ideal
frequency coincidence with the master laser. If the beat
signal is additionally mixed with a tunable radio-
frequency (RF) local oscillator (LO), the MZM output
can be arbitrarily offset with respect to the master, up
to its 20 GHz bandwidth limit. The experimental setup
used for optical phase cloning and the characterization

© 2015 Optical Society of America
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Fig. 1.

Experimental layout. (a) Schematic of the optical phase cloner. (b) Overview of the experimental setup. Blue: optical fiber

link; red: free-space laser beam; dashed: electrical signal. OOL, out-of-loop phase noise characterization. PD, photodiodes; MZM,
dual-parallel Mach-Zehnder modulator. FC, 2 x 2 fiber couplers; LO, RF local oscillator driving a double-balanced mixer. AOM,
acousto-optic modulator (optional); PC, computer; ESA, electrical spectrum analyzer; DAQ, data acquisition card; PZT, piezoelectric

actuator.

of the device is schematically illustrated in Fig. 1(b). The
highly stable master laser was a V-cavity optical-
feedback (VCOF) source based on optical self-locking
of a DFB diode laser to a high-finesse ultra-stable
V-shaped cavity housed in a temperature-stabilized vac-
uum chamber [18]. It features a linewidth below 500 Hz
over 1 s and linear drift rates below 20 Hz/s. The slave
laser was a butterfly-packaged DFB laser coarsely tuned
by temperature control and pumped at constant current.
Both lasers were fiber coupled and operated around
1614 nm. Using fibers in all propagation parts, master
and slave laser were made to beat on a 10-GHz-
bandwidth InGaAs photodiode (Nortel PPX-10GC28).
The broad frequency noise spectrum of the slave laser
is evidenced by the electrical spectrum of the free-
running beat note in Fig. 2(a), which is as large as
2.6 MHz over 1 ms when fitted with a Voigt profile.

To achieve phase cloning in the coincidence locking
regime, [, Was kept between 220 and 470 MHz to com-
ply with the limited working range of the 2-way 90°
hybrid coupler (Minicircuits ZX10Q-2-5+) driving the
two fast electro-optic inputs of the MZM (Covega Mach
10-060). In the offset frequency locking scheme, f},c.; Was
kept at around 1 GHz to comply with the RF amplifier
bandwidth (Minicircuits ZHL-2-8-S; 35 dB, 29 dBm, from
10 MHz to 1 GHz) and shifted down by mixing it with an
LO between 500 and 800 MHz, in order to drive the MZM
with a signal (fiea: —f1Lo) in the working range of the 90°
coupler. The out-ofloop (OOL) frequency and phase
noise measurement setup for characterizing phase
cloning performance under both coincidence and offset
locking conditions will be discussed alongside the exper-
imental results hereafter.

For measuring the phase noise in the coincidence lock-
ing regime, the master laser was frequency offset from
the MZM output by 30 MHz using an acousto-optic modu-
lator, and their beat note was acquired by a balanced

detector (Thorlabs PDB 150 C, DC-150 MHz) to reject
amplitude noise [Fig. 1(b)]. This was not possible in
the offset locking scheme due to the higher beat-note fre-
quency, so that a simple, yet noisier, homemade 1-GHz
detector was used. The spectral analysis of the beat-note
signal (Figs. 2 and 3) was performed by a low-noise
spectrum analyzer (Rohde & Schwarz FSW-8) equipped
with a phase noise measurement option.
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Fig. 2. Electrical spectrum of the beat notes between master
and slave laser. (a) Free-running conditions. (b) Coincidence
locking conditions. The beat-note linewidth collapses to an
instrument-limited value of 1 Hz. (c) Offset locking conditions
with (red) and without (blue) delay compensation in the slave
propagation path. (d) Offset locking conditions with delay com-
pensation. (e) Offset locking conditions: electrical spectra at
different LO frequencies. RBW: spectrum analyzer resolution
bandwidth.



818 OPTICS LETTERS / Vol. 40, No. 5 / March 1, 2015

-20 T T T

T T T T
3
30 | £200 .
i g
= -40 I ‘2150 i
= I @
) | © 100
@ -50 s .
e A T so
2 60 e |(b) i
o g 05 3 0 G s
q, F £ 10 10 10 10 10° -
g -70 Lower cut-off Fourier frequency (Hz)
c L
& -80 i
g 1 VAN ks I
[ Y :
-90 [ [ n g M‘M“WWWMN —-
-100 |- it
[ (@)  yf M
1/ 1f
_110 Ll 2l L1l 2o cunl T | FEETETTIT RS w T | PRI
10° 10" 10° 10° 10° 10° 10° 10’ 10°

Fourier frequency (Hz)

[ L _l113mradrms
0.4 St =

L

-0.6 : (c)

Relative optical phase (rad)
LS o
o

0.0 02 04 06 08 10
Time (s)
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Figure 2(b) refers to the first case and shows the
electrical spectrum of the beat signal between the MZM
output and the 30-MHz acousto-optically-shifted replica
of the master laser. With a resolution bandwidth (RBW)
of 100 Hz, the carrier-to-background contrast attains a
remarkable value of 80 dB, with no trace of servo bumps
or bandwidth limitations over a span of 50 MHz. We de-
duce that 98.7% of the power was in the coherent carrier,
which is consistent with a residual rms phase error as
low as 114 mrad. At a 1-Hz RBW [inset of Fig. 2(b)],
the carrier exhibits an instrument-limited linewidth with
very weak low-frequency shoulders.

The blue trace in Fig. 2(c) shows over a wider fre-
quency span of 200 MHz the beat-note spectrum acquired
in offset-frequency locking conditions, with a free-
running beating signal at around 1 GHz and an RF LO
set at 550 MHz. Here, the spectrum is affected by an evi-
dent phase noise pedestal, and by the typical modulation
that emerges in linewidth measurements when a short
time delay is added between the branches of a self-
homodyne Mach-Zehnder interferometer [19]. This lag
originates from the phase delay introduced by the RF
components and particularly from the pair of low-pass
filters that have been introduced in the offset-frequency
locking case to filter out the mirror frequency after the
mixer. To first order, this delay can be compensated
for by increasing the slave propagation path upstream
the MZM. By adding a 5-m-long fiber patch, equivalent
to about 25 ns, the electrical spectrum turns into the
red trace reported in Fig. 2(c), which shows an efficient

suppression of the noise pedestal around the carrier and
to barely appreciable modulation signatures over a span
of 200 MHz. Effective control bandwidths beyond this
limit would be within reach by tighter control of time lags
and the choice of dedicated RF components. Figure 2(d)
shows that the carrier-to-background contrast inversely
scales with RBW, as expected for a RBW-limited
measurement.

To highlight the frequency tuning capability in the off-
set locking regime, Fig. 2(e) reports a wide view of the
electrical spectrum of the beat note for different LO
frequencies generated by an RF synthesizer. The LO fre-
quency is the offset between MZM output and master
source. This offset is independent of slave laser fre-
quency within a capture range as large as 20 GHz, i.e.,
twice the bandwidth limit of our MZM device. Efficient
line narrowing for the clone sideband is demonstrated,
while carrier linewidth remains unaltered, and out-of-
phase sideband linewidth doubles. These unwanted
signals are suppressed by more than 30 and 35 dB,
respectively.

Residual phase fluctuations were characterized in a
bandwidth from 1 Hz to 100 MHz by processing the beat-
ing signal with the phase-noise analyzer. Figure 3 reports
the single-sideband phase noise spectrum for both the
coincidence locking (blue) and the offset locking (red)
regimes. The two curves exhibit a similar behavior, with
high noise suppression at frequencies higher than 10 Hz.
Below this limit, they scale as 1/f2 random walk phase
noise, partly due to out-of-loop fiber paths that were just
thermally and mechanically isolated. The total integrated
phase noise, from 1 Hz to 100 MHz (panel b), remains
remarkably low, amounting to 139 mrad for coincidence
locking.

This value was independently confirmed by the homo-
dyne time-domain measurement of the relative optical
phase without any acousto-optic frequency shift, which
is reported in Fig. 3(c). This measurement indicates an
rms phase noise of 113 mrad over 1 s and was obtained
by superposing the unshifted MZM output with the
master laser on the balanced detector [Fig. 1(b)]. The re-
sulting homodyne interferometer signal was recorded at
200 Msample/s using a fast analog acquisition card
(GAGE model CS1622). Voltage-to-phase conversion of
the time series was then accomplished by converting
the full-scale voltage swings to £x/2 phase excursions.

In the case of offset locking, a higher phase error of
235 mrad rms was found. This is related to the use of
two low-pass filters and an additional amplifier with
relatively poor noise figure, all of which exhibit nonflat
amplitude and phase responses.

In order to test the viability of the approach for
molecular spectroscopy at high spectral resolution and
sensitivity, the MZM output was mode-matched to a
high-finesse cavity [20] used as an optical scanning etalon
[Fig. 1(b)]. The spectral width of cavity modes was about
950 Hz at 1610 nm, corresponding to a cavity finesse in
excess of 4.5 x 10°. A butterfly-packaged, polarization-
maintaining booster optical amplifier (Covega BOA-
1004) with 24-dB gain was inserted at the MZM output
for achieving high scanned-cavity transmission signals
on an InGaAs photodiode with 90 kQ transimpedance
gain. The cavity length was slowly modulated over the
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tions in the upper left inset).

435-MHz cavity free spectral range by applying a triangu-
lar voltage to a piezoelectric actuator at rates ranging
from 1 to 20 Hz. Periodic transmission transients at
the cavity output were acquired, as those reported
in Fig. 4.

For the noise-compensated sideband, strongly peaked,
narrow, and stable transients are observed. Their posi-
tion and height remains unaffected by slave laser fre-
quency jumps within the capture range. They exhibit a
typical chirped modulation structure that arises from
the interference between the nearly monochromatic
source and the intra-cavity radiation, which is Doppler-
shifted by the moving cavity mirror [21]. In contrast,
noisy transients are observed for the moving carrier
and the complementary sideband, the latter moving twice
as fast and being twice as broad because of the inverted-
phase correction. The real-time tuning dynamics are
illustrated by a short video provided as supplementary
material.

To summarize, we have proposed and realized optical
phase locking by MZM-based single-sideband modulation
in a feed-forward configuration, and demonstrated coher-
ence transfer from a highly stable sub-kHz reference laser
toanoisy fiber-coupled DFBlaser. Animportantadvantage
of the new method is that it can be generalized using an
optical frequency comb, thereby allowing feed-forward
phase cloning to slave lasers several hundreds of nano-
meters away [22]. Furthermore it requires only a few elec-
tronic and optic components that could be integrated on a
chip, or at least packaged on a single device. This would
reduce dimensions and bandwidth-limiting time lags to a
minimal level, thereby increasing the overall performance
while cutting costs and facilitating its use for the experi-
mentalist. On the other hand, to extend the approach
beyond the telecom range, a technological effort would
be required for the design of dedicated modulators.
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4.3. THEORY OF SSB PHASE CLONING AND OFFSET LOCKING o7

4.3 Theoretical analysis of single-sideband-based phase
cloning and offset locking

Supplementing the experimental demonstration in Article 2, a theoretical analysis of feed-
forward phase coherence transfer and offset locking is provided in the following. It has
been published as supplementary material to Article 2 [156].

To begin with, the beat note error signal for feed-forward single-sideband phase cloning
of the reference laser field on the slave laser is formulated explicitly. Then, analytic
expressions are provided for the electric fields inside the Mach-Zehnder modulator when
this feed-forward correction is applied, demonstrating how single-sideband modulation
arises with a full compensation of slave laser frequency offset and phase noise.

Subsequently, the extension of this scheme to frequency offset locking by mixing the
correction signal beat note with a radio-frequency local oscillator (LO) is discussed. An
overview of the necessary filtering of the mixer output, the appropriate sideband for noise
suppression, as well as the direction of offset-tuning is provided as a function of sign and
magnitude of the frequency offset between master and slave laser as well as LO frequency.
A particular emphasis is given to the fact that this scheme provides direct control of both
frequency and phase offset of the slave with respect to the master. This may be a crucial
feature for light-matter interaction applications with several coherent light fields.

Finally, going beyond the idealization of immediate electric and optical signal propaga-
tion, an analyis of the impact of correction delays on phase noise suppression is made. In
particular, the residual phase noise PSD of the feed-forward corrected slave laser is derived
as a function of Fourier frequency and the correction delay, providing a simple expression
for the correction bandwidth of the system. The study is closed by a discussion on the
impact of phase noise contributions from unstabilized fiber paths in the optical setup and
perspectives for monolithic integration of the phase cloner setup.
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1. THEORETICAL ANALYSIS

The coherence of a reference laser field
Erer (t) = Eor cos (wpt) 1)

with amplitude Ey, and angular frequency wy, idealized here
as perfectly monochromatic for the sake of simplicity, is to be
transferred to a slave laser field

Ein(t) = Eo 08 [(wo + Aw)t + ¢(1)] )

exhibiting phase noise ¢(t) and an angular frequency offset Aw,
which is assumed to be positive without loss of generality. To
clone the reference laser coherence on the slave laser, this phase
noise has to be suppressed and the frequency offset corrected.
In feed-forward schemes [1, 2], this is accomplished by compen-
sating the slave laser phase and frequency errors a posteriori, by
first measuring and then correcting them. As the first step, the
error may be measured as the beat note signal Sac (t) of the two
laser fields on a photodiode

Sac(t) = so (|Ein+ Erer[2) = soEoEor cos[Awt + p(1)] (3)
So = 1CeoRAg¢ 4)

where # is the photodiode responsivity, ¢ the speed of light,
€p the electric constant, R the transimpedance gain, and A.¢¢

the effective detection surface. The angle brackets in (3) denote
a time average over the photodiode response time. The time-
independent photodiode signal component Sp is discarded ei-
ther by a high-pass filter or by an AC-coupled radio frequency
(RF) amplifier.

In the second step, this amplifier with gain G supplies a suffi-
ciently strong signal Vg (t) to drive the device actively correct-
ing slave laser frequency and phase.

VRe(t) = VG - Sac(t) ®)

Here, we propose using a dual-parallel electro-optic Mach-
Zehnder modulator (MZM) as a single-sideband generator to
achieve this correction with unprecedented bandwidth. The
nested interferometer lithium niobate (LiNbO3) waveguide
structure of the MZM is depicted in Fig. S1.

Three DC voltages are applied to set the working point of the
Mach-Zehnder interferometers (MZIs) for single-sideband op-
eration. The voltages V; and V, applied to the two child MZIs
correspond to a static phase shift of 7t between their interferom-
eter arms. This leads to optical carrier suppression by destruc-
tive interference. The third voltage V3 corresponds to a static
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Fig. S1. Schematic sketch of feed-forward phase cloning using an MZM with nested Mach-Zehnder interferometer waveguide
(black), RF electrodes (red) and DC electrodes (blue). The coherence of the master laser is transferred to the feed-forward-corrected
single sideband (red), whereas the suppressed sideband is broadened (pale red) due to inverted-phase correction. The slave laser

carrier (pale gray) is suppressed in the two child interferometers.

7t/2 phase shift between the arms of the parent interferometer,
which is the working point for interferometric single-sideband
generation.

The amplified beat note signal Vrg(t) is fed to a two-way 90°
hybrid power splitter. Its two quadrature RF output signals are
used for driving the travelling wave RF electrodes in the two
child MZls, leading to phase modulations ¢1(t) and ¢,(t) by
the electro-optic Pockels effect:

P1(t) ¢ cos [Awt + ¢(t)] (6)

p2(t) = @cos [Athr o(t) + g] 7
J
Eo
Ex(t) = = (cos {(wo +Bw)t+ (1) +

+c0s § (wo + Aw)t+ ¢(t) —

{

Using addition theorems, two terms of opposite sign cancel
out, leaving

Ei (1) Eo cos [(wg + Aw)t + ¢(t)]

x sin{¢cos [Aw(t— 1) + o(t —7)]}

(10)

V. is the electro-optic half-wave voltage corresponding to a
Pockels phase shift of 7.

The timing of this active a posteriori phase noise compensation
is an important issue. After beat note detection, the slave laser
field takes a propagation time 7, to arrive at the MZM. The
RF correction, in turn, is delayed by 7; due to propagation,
amplification and the MZM response time. Consequently, the
transformations E(t) — E(t — ) and ¢1/5(t) = ¢1/2(t — 11)
must be made. At the MZM input, the combination of both
effects leads to an effective correction delay of T = 71 — 1.

Then, taking into account the static MZI phase
shift of 7 typically realized in a push-pull config-
uration (r = % — (—%)), the superposition of

waves at the output of child interferometer 1 vyields

T
- T ¢cos

5 [Aw(t—1) +g(t—1)]}

g—q“)cos [Aw(t—r)—l—q)(t—r)]}) 9)

(

Expressing the nested trigonometric function in terms of its ex-
pansion in first-type Bessel functions Ji

sin (zcos ) = 2 i (—1)¥Jp1(2) cos[(2k + 1)6)]
k=0

(1)



one may drop O(§®) terms, which can be made arbitrarily
small for small modulation depths ¢, in a trade-off between out-
put power and spectral purity. This yields

E1(t) = — 231(9)Eo cos [(wo + Aw)t+ ¢(1)]
x cos[Aw(t—1) + ¢(t—1)] (12)

=~ 21(§)Eo{cos [wot + p(t) — p(t — T) + Awr]
+cos [(wo + 2Aw)t+ ¢(t) + @(t—T) — Awr]} (13)

Let us note that even-order sidebands are suppressed by de-
structive interference in the two child MZlIs, just as the carrier.
Analogously, one finds for the output of child interferometer 2

Ex(t) = 31(9) Eo{ sin [(wp + 2Aw)t + @(t) + (t — T) — AwT]
= sinfwot + (1) — p(t— ) + Awr]} (14)

The MZM output is found by adding E;(t) and E;(t), tak-
ing into account the static parent MZI phase shift of +71/2 =
+ /4 — (—n/4)]:
Eout+ = J1(9)Eox

{ — cos [on— p(t) —p(t—17)+AwT £ %]

— Cos [(wo +2Aw)t+¢(t) + ¢(t— 1) — AwT £ %]
+sin [(wo +20w)t+ (1) + @(t— T) — AwT T %]
—sin [wot+go(t) —q)(t—T)—&-AquE%]} (15)

Consequently applying addition theorems, the single-sideband
suppressed-carrier MZM output is retrieved for left (-) and right
(+) sideband:

Eout+ =2J1(9)Eo %
3
AwT — —
wT 7] }

(16)

Ccos

—

(wo +2Aw)t+ () + @(t— 1) —

~ 3
Eout— =2J1(p)Eg cos {wot +o(t) — @(t—1) + AwT + TN}

17

The twofold amplitude as compared to plain phase modulation
at equal modulation depth ¢ is due to constructive interference.
In the idealized case T = 0 of zero correction delay, the left
sideband

Eout— = 2J1(9)Eq cos (wot + STH) (18)

completely compensates for slave laser frequency offset and
phase noise and thus accomplishes reference phase coherence
cloning on the slave laser field. Conversely, the out-of-phase
correction on the right sideband Eg¢+ in equation (16) leads
to doubled frequency offset and phase noise. If Aw is negative,
the roles of left and right sidebands are inversed. Spurious
signals from the imperfectly suppressed carrier and unwanted
first-order sideband, as well as from resonant higher order
sidebands are typically on the order of —30dB [3].

This phase cloning can be generalized to coherent frequency-
and phase-offset locking by mixing the original beat note sig-
nal (3) with a monochromatic RF signal and subsequent low-
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or high-pass filtering. With the RF local oscillator (LO) signal
proportional to cos (w ot+ ¢L0), the feed-forward corrected
output field acquires an angular frequency offset +w, o and a
phase offset £¢| o, while remaining phase locked to the refer-
ence. When Aw < 0or w o > |Aw|, the phase correction term
¢(t—7) (as in equations (6) and (7), for instance) changes sign.
This inverts the direction of frequency and phase tuning, and
switches the feed-forward-corrected sideband from left to right
or vice-versa, depending on whether low- or high-pass filter-
ing is used. An overview of the tuning behavior under offset-
locking conditions, obtained from derivations analogous to the
one detailed above, is given in Table S1.

Table S1. Tuning behavior for feed-forward offset locking
when either low- or high-pass filtering is applied to the beat-
note-and-LO-mixing signal. Letters: increasing LO frequency
yields increasing ('Positive’) or decreasing ('Negative’) optical
frequency. Signs: left () or right ("+’) sideband accomplish
feed-forward coherence transfer.

Low-pass filtering High-pass filtering

Aw <0 Aw>0 Aw <0 Aw>0
wLo < |Aw] N + P- P+ N -
wLo > |Aw] N - P+ P+ N -

To give one concrete example, for Aw < 0, w o > |Aw|, and
high-pass filtering, the equivalent of equation (17) reads

Eout + = 2J1Eq cos {(wo +wLo)t+¢Lo
3
+o(t) — p(t—1) + Awt — Tn} (19)

Thus enabling complete and automatable frequency and phase
offset control, the method is well suited to a multitude of light-
matter-interaction applications necessitating highly coherent
laser fields.

In the following, let us consider the impact of non-negligible
correction delay t. For feed-forward frequency locking using
an acousto-optic modulator, a similar analysis has been un-
dertaken in [4]. The residual phase noise A¢(t) on the feed-
forward-corrected sideband (17) is

Ap(t) = o(t) — @(t— 1) (20)

To determine its power spectral density (PSD) Su,, one may
use the Wiener-Khinchin theorem linking it to the phase noise
autocorrelation function R

Sag(f) = [ Rag(t)e 2 @

where f denotes the Fourier frequency of spectral components.
Assuming that Ag(t) is an ergodic noise process, its autocorre-
lation may be written as

Rag(t) = (Ap()Ap(t+1)); (22)
= (p(Oe(t+1)); — (p(g(t+1 — 1)),

—(p(t+t)e(t—1)) + (et — 1)t — T +t)),
(23)
Ry(t + 1) (24)

=2Ry(t') —Ry(t' —7) —
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The angle brackets with subscript t denote an average over time.
Its translational symmetry has been exploited in the last step.
Inserting the autocorrelation function (24) in (21) yields the
phase noise PSD of the feed-forward-corrected signal at MZM
output:

Sap(f) 2S,(f) — e 27ITS (1) — e?71TS (f) (25)
= 2S4(f)[1—cos(2mfT)] (26)
- (271fr)284,(f)+(9<(fr)4) @7

The Fourier frequency fgy for which the noise prefactor
reaches unity is a useful measure for the correction bandwidth
of the feed-forward system [4]:

fow = 5 — (28)

This inverse proportionality to the delay time unbalance T il-
lustrates the need for a well-balanced, low-delay system archi-
tecture for achieving efficient noise suppression at high Fourier
frequencies. With electro-optic bandwidths well in excess of
10GHz, MZMs are thus well suited for feed-forward phase
cloning.

So far, phase noise due to the unstabilized fiber paths in the
setup has been neglected in the analysis by assuming a constant
delay time 7 for the sake of simplicity. To take thermomechani-
cal fiber noise into account, different delay times 7; and  need
to be considered in the signal and correction branch, respec-
tively. To a very good approximation, this can be described
by an additional term @gjper(t) in the argument of equation
(2). Then, the phase noise power spectral density of the feed-
forward-corrected output reads:

Sap(f) =284(f) [1 —cos (271fT)] + Spi () (29)

For optimal phase cloning, as for any fibered frequency metrol-
ogy application, it is therefore vital to keep all fiber paths as
short and free from external perturbations as possible.

In a bench-top setup, this may be reached by actively stabiliz-
ing fiber paths using low-frequency servo loops. Another very
promising way to accomplish this is monolithically implement-
ing the whole MZM-based feed-forward phase cloning appara-
tus. All components — the optical splitters, the fibered photodi-
ode, the MZM waveguide, the RF amplifier, as well as an RF
mixer with an appropriate filter — could be integrated in a sin-
gle package with cm dimensions, necessitating only an external
power supply and RF source, as well as passive or active cool-

ing.

2. VIDEO: SCANNING CAVITY TRANSMISSION

The video first gives a brief overview of the method and the
experimental setup. Then, it shows experimental data on the
transmission of a scanning high-finesse cavity in real time.
This transmission signal allows monitoring the MZM output in
the frequency domain, as the length-scan driving voltage may
be converted into optical frequency modulo one FSR by inter-
polating between two successive cavity modes. This provides
a highly aliased, but nearly linear frequency scale (x axis) for
optical spectral analysis. Cavity transmission (y axis) is propor-
tional to optical power when laser linewidth is smaller than cav-
ity modewidth. When linewidth increases beyond modewidth,
transmission drops off rapidly as jitter inhibits coherent inten-
sity buildup inside the cavity.

For this experimental demonstration, the MZM output was

injected into a high-finesse cavity whose length was linearly
modulated over more than one free spectral range at a rate of
5Hz. To reveal the carrier and the inverted-phase sideband, the
optimal MZM working points for single-sideband generation
were intentionally left. Subsequently, frequency jumps of the
carrier were abruptly triggered by manually changing the set-
point of the slave laser temperature stabilization.
Analogous to Fig. 4 and the corresponding discussion, the
video illustrates how the phase-cloned sideband remains com-
pletely unperturbed while the broadened inverted-phase side-
band moves at twice the pace of the noisy carrier.
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4.4 Article 3 - Feed-forward comb-assisted laser coherence
transfer

The following manuscript reports proof-of-principle experiments on MZM-based feed-
forward coherence transfer between lasers over vast spectral intervals, using an optical
frequency comb as a transfer oscillator. This approach leads to the reproduction of the
master laser comb offset on the slave laser, yet with respect to another tooth of the comb,
which can be spaced tens or hundreds of nanometers afar. Importantly, the coherence
transfer is not affected by common-mode noise of the frequency comb and does not neces-
sitate f — 2f self-referencing. A preliminary version of the manuscript is available online
[157].

The article starts by introducing the generalization of the feed-forward stabilization
scheme using two teeth of a frequency comb, as well as detailed aspects of its experi-
mental implementation. Then, an experimental test of this scheme with a MHz-linewidth
distributed feedback (DFB) slave laser spaced only a few comb modes apart from the sub-
kHz master laser is reported, allowing a rigorous characterization of the coherence transfer
through the comb. An RF power spectrum analysis of the beat note between master and
feed-forward-corrected slave indicates sub-radian coherence transfer, limited by subopti-
mal characteristics of the components and the frequency comb used in the experiment.
The locked slave laser light was subsequently injected into a high-finesse cavity acting as
an optical spectrum analyser. The presence of coherent ringing signals in cavity transmis-
sion [130] independently confirmed the sub-kHz linewidth of the feed-forward corrected
MZM output signal. Finally, the same experiment was repeated with a slave DFB laser
almost 100 nm away from the master. The cavity transmission of the feed-forward-locked
slave laser showed no appreciable degradation of the ringing transients, thus indicating
an unspoiled coherence transfer, illustrating the enormous potential of the technique for
applications in broadband, sub-kHz-resolution cavity-enhanced spectroscopy.
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Abstract Transferring the coherence of a highly sta-
ble narrow—linewidth master laser to a widely tunable
slave laser whose emission frequency may lie several THz
away is an attracting perspective for precision and high—
sensitivity spectroscopy. Here this transfer is accomplished
through a particularly simple feed—forward locking scheme
that makes use of a frequency comb as a transfer os-
cillator and of a dual-parallel Mach—Zehnder modula-
tor as an extremely fast phase/frequency actuator. As a
proof of principle, cavity ring—down transient decays ob-
tained at 1617 nm out of an optical cavity with a finesse
of 450000 reveal no appreciable coherence loss with re-
spect to those obtained directly from the master laser at
1521 nm, i.e. 12 THz away.

Highly coherent lasers with linewidth ranging from 1
kHz down to 1 Hz are exploited in several laboratories
for high precision spectroscopy[1-3] and are now com-
mercially available. Their stable and narrowband emis-
sion not only favors high spectral resolution and accu-
racy[4,5], but also leads to enhanced detection sensi-
tivity in combination with optical cavities[3] down to
5 x 10713 /em/v/Hz for finesses in excess of 10°[6]. How-
ever, the extensive application of such laser sources in
gas phase spectroscopy is hampered by their limited fre-
quency tunability.

In order to cover spectral gaps as large as several
THz away from a high—coherence reference laser one
may introduce a second broadly tunable source, such
as a distributed feed-back (DFB) diode laser, and lock
its phase to the highly coherent master laser through
the interposition of a frequency comb[7]. This coherence
transfer scheme, which relies on the possibility to gen-
erate a highly—coherent broadly—tunable source from a
mode-locked laser[8,9], requires the development of sev-
eral high-bandwidth feedback loops, typically one for
the phase lock of the comb repetition frequency to the
master laser[10,11], a second for locking the comb car-
rier envelope offset frequency to a stable radio-frequency

(RF) synthesizer[12,13], a third to lock the probe slave
laser to the comb. Each of these may actually involve two
loops, one for slower and wider frequency corrections,
the other for the faster corrections[14]. Less efforts are
required with referencing schemes as that proposed by
Telle and co-workers[15,16], where the carrier-envelope
offset frequency fluctuations are electronically removed
from the beat notes of the comb with the two lasers and
these notes are subtracted from each other after proper
frequency scaling. This reduces the amount of electronic
circuitry, yet requires the availability of a direct digital
synthesizer for the frequency scaling of the two notes.
This scaling is necessary to get rid of the comb noise
that is not common mode at the two frequencies (i.e. the
differential phase noise between the two comb modes).

An even simpler coherence transfer scheme would be
of broad interest in several precision spectroscopy exper-
iments that do not require extremely low residual phase
error but rather a widely tunable yet stable and nar-
row (kHz) source with a sufficient power fraction in the
coherent carrier. After an initial investigation on a feed—
forward transfer scheme based on an acousto—optic fre-
quency actuator[17,18], we have recently demonstrated
a powerful approach based on a dual-parallel Mach—
Zehnder modulator (MZM) operated as a single side-
band generator: thanks to its extremely fast response
time, equivalent control bandwidths in the hundreds of
MHz range are easily achieved, together with a GHz-
level capture and tuning range[19].

We explore here the extension of that scheme to a
multi-THz spectral gap between master and slave laser
through interposition of a free-running frequency comb.
Similarly to the Telle approach, but without frequency
scaling and removal of the carrier—envelope offset fre-
quency, the beat notes of slave and master lasers are sim-
ply electronically subtracted and applied to the MZM af-
ter amplification, which makes the slave laser frequency
to reproduce that of the master field. This occurs with
a phase error that remains ultimately limited by the
comb noise that is not of common mode at the two fre-
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Fig. 1 Experimental scheme. VCOF is the sub-kHz

linewidth master laser, DFB the slave distributed—feedback
diode laser, OFC the self-referenced optical frequency comb,
MZM the Mach-Zehnder electro—optic single-sideband mod-
ulator, PD1 and PD2 are photodiodes collecting the beat
notes of both lasers with the OFC, filtered by diffraction
gratings (DG). FC are single mode fiber combiners/splitters,
VA are RF voltage amplifiers, BPF is a bandpass RF filter.

quencies. We applied this scheme to a slave laser wave-
length (1521 nm) 12 THz away from that of the master
(1617 nm), successfully reproducing the ring-down tran-
sients as clean as those observed with a slave close to
the master wavelength, using of an optical cavity with a
finesse as high as 450 000. This proof of principle demon-
strates that cavity ring—down spectroscopy can be read-
ily performed using the proposed scheme with no penalty
for spectral resolution which is limited by the kHz width
of the cavity modes.

The operation principle starts with the acquisition
of the beat notes of slave and master laser with the fre-
quency comb. Let us assume selecting with suitable RF
band—pass filters the beat notes with the closest lower—
frequency comb modes: Av,,, = vy, — (fo+ N frep) for the
master laser and Av, = [V — (fo+ N’ frep)] for the noisy
slave laser, where fy and f¢, are the comb offset and rep-
etition frequencies, respectively. An RF mixer provides
their difference, Av,, — Avy = vy, — Vs + (N = N) frep,
which is amplified and applied to the MZM, injected
by a fraction of the slave laser radiation. In this way,
after adjusting the MZM control bias voltages to pro-
duce only the upper sideband, the RF signal driving
this sideband will subtract the slave laser frequency fluc-
tuations relative to the comb modes and, at the same
time, the common-mode comb frequency fluctuations
on fp. In equations, the MZM output is at frequency
Ve = Vs+[Vm_Vs+(N,_N)frep] = AVm""fO"‘lerep,
thus being at the same comb offset as the master laser
but relative to the comb mode N’. As the separation
of slave from master is increased, the comb frequency
fluctuations that are not common—mode at the two laser
frequencies are expected to increase and to become a lim-
iting factor for the coherence transfer. This effect is small
and goes undetected in our proof-of-principle demonstra-

tion involving injection of a (very) high finesse CRDS
cavity over a comb—wide frequency range. Also, as with
active servo loops, the bandwidth of this feed—forward
(FF) control is inversely proportional to time delays ac-
cumulated by both electrical and optical signals. How-
ever, the latter may be used to compensate the former
provided a fiber patch of suitable length is added to the
slave propagation path upstream the MZM correction
unit[19]: To the first order this may lead to a zero net
delay. The bandpass is then limited by photodetectors
and RF components used to drive the MZM, and by the
comb mode spacing.

Fig.1 illustrates our experimental implementation.
Besides the V-cavity optical-feedback (VCOF) master
source detailed elsewhere[20] and a standard fibered tele-
com DFB diode laser, a 100 MHz free-running Erbium
fiber comb (Toptica FFS model) is used, with mode
linewidth of about 10kHz over 1ms. A S/N of better
than 25dB could be obtained for the beat signals of
both CW lasers, still modest relative to that obtained
in [19] and likely a limiting factor here. The Av, beat
is kept below the 30 MHz cut-off frequency of a lowpass
filter during several minutes thanks to the good stabil-
ity of current and temperature controllers of the slave
laser, whereas Av,, could remain for even longer times
at around 70 MHz, at the center of a narrow bandpass fil-
ter, without servos on the master and on the comb. The
sign of the beat notes is chosen in order to use the dif-
ference of these signals as the driving signal of the MZM
(consistently with the equations above). RF amplifica-
tion (~25 dB for the slave and ~40 dB for the master)
brings up both Av,, and Av, signals to the range where
the mixer operates with negligible noise contribution. A
bandpass filter selects the difference of the beat notes af-
ter the mixer. A 1W RF amplifier boosts this signal up
to a level adequate for the MZM to deliver ~2% of the
incident optical power in the first sideband. We should
note that together with the carrier, destructive interfer-
ence in the dual-MZM eliminates all even order side-
bands as well[19]. The amplified signal is applied to the
MZM via a 90° RF splitter operating in the range from
55 to 90 MHz.

As a first test we used a DFB diode tunable in the
proximity of the master laser (1617 nm) allowing for a di-
rect beating of the MZM output against the master. The
result in the upper panel of Fig.2, shows an instrument—
limited 300 kHz peak width for the upper sideband and
a 4 MHz-wide peak for the lower sideband, i.e. twice as
large as the carrier peak. To make this last signal visible,
the MZM bias was intentionally unbalanced, inducing a
change of the peak intensities of the carrier and of the
uncorrected sideband while preserving their widths.

To quantify the width of the coherent peak with
better resolution we downshifted the beat note via a
frequency mixer in order to sample the signal using a
200 Msamples/s acquisition card (GAGE model CS1622,
equipped with a 100 MHz low pass filter). By Fourier



Feed—forward comb-assisted laser coherence transfer

Unbalanced MZM

-40 Balanced MZM Carrier

Upper Sideband i

Lower Sideband
-60

@
o

’
, 4 RBW 300 kHz

T T T T T T T T T T T T T T
480 500 520 540 560 ’ /580 600 620
Frequency [MHz] 7/
,/ (b)

RBW 24 Hz

RF Power [dBm]

Upper Sideband
Coherence transfer

T T T T T T T T T
-40 -20 0 20 40
Relative Frequency [kHz]

Fig. 2 Beat note of the MZM output with the VCOF mas-
ter laser. Upper panel: Broad band view showing the carrier
and the other sideband which are strongly suppressed after
optimization of the MZM control DC bias levels. Lower panel:
High resolution spectrum of the downshifted beat note, still
limited by the instrumental resolution (24 Hz). 58% of the
power is calculated to be in the carrier, corresponding to a
phase noise of 0.75rad rms.

transform this produces the higher resolution spectrum
in the bottom panel of Fig.2, a beat note with Fourier—
transform-limited 24 Hz width, lying 57 dB above a flat
pedestal. By numerical integration over a span of 60 MHz,
we estimate that about 58% of the power is in the car-
rier, corresponding to phase noise of 0.75 rad rms, much
larger than the ~0.1rad rms reported in Ref.[19], where
no comb was introduced in between slave and master
lasers. This result cannot be attributed to non—common-—
mode noise of the comb which is negligible at such close—
by frequencies, but it may result from the signal-to-noise
ratio of the beat notes with the comb. The comb mode
spacing of 100 MHz is another limitation of this proof-
of-principle setup: it forces us to single out the comb—
DFB beat note from the replicas due to the adjacent
comb modes by means of a tight bandpass filter, thus
slicing off a portion of the DFB noise spectrum rather
than passing it over to the FF correction system. Using a
comb with wider mode spacing (commercially available)
effective control bandwidths exceeding 100 MHz would
be available.

In order to test the coherence transfer over a broader
spectral range an ideal solution would be the analysis
of the beat signal between the slave laser and a sec-
ond comb independently phase locked to the master by
means of some fast feedback servo. Without the avail-
ability of such comb, and at the same time with the aim
of verifying the viability of the proposed scheme for pre-
cision spectroscopy, we tested the coherence transfer over
a multi-THz range using as an optical spectrum analyzer
a high finesse optical cavity whose length was linearly

scanned by a piezoelectric actuator. With a cavity length
of 34.5cm long (Free Spectral Range FSR=435MHz)
and a finesse of 450000 around 1610nm, the analyzer
relies on 1 kHz wide resonances. We added a fibered op-
tical amplifier at the MZM output to increase the cavity
injection signal, followed by an optical isolator before
mode-matched cavity injection. The cavity length was
modulated at 1Hz over one FSR delivering transmis-
sion transients as those reported in Fig.3. The upper
panel refers to the slave laser discussed before, emitting
at 1617 nm with a negligible gap from the master. The
strong narrow peak corresponds to the upper sideband,
while the weaker broad peak corresponds to the other
sideband.

Smaller peaks in Fig.3 are due to transverse modes
appearing due to imperfect mode matching (narrow or
broad, depending on the sideband they correspond to).
By zooming on the narrow sideband transient, a well—
known chirped ringing pattern is visible, which can oc-
cur only if the incident field is spectrally narrower than
the cavity mode[21] over the ~ 0.5ms duration of the
passage through resonance. This is produced by the in-
tracavity field buildup at the passage through resonance,
which then exponentially decays and beats with the in-
cident field that continues to weakly feed the cavity off-
resonance. The chirp is due to the frequency scan of the
cavity resonance. The other sideband does not show any
ringing, as observed when injecting the uncorrected DFB
laser directly into the cavity. The presence of a ringing
pattern over a noisy pedestal demonstrates that a siz-
able fraction of the MZM output radiation fits inside
a sub—kHz bandwidth, consistently with the above re-
sult from direct lasers beating (Fig.2). This pedestal is
then filtered by the cavity and has no effect on the fre-
quency resolution of ring—down measurements which are
obtained by rapid switch off of the laser beam at reso-
nance.

When replacing the slave DFB laser, the same cavity
output patterns are observed up to the low wavelength
edge of our comb. In particular, the bottom panel of
Fig.3 shows signals from a 1521 nm DFB laser, which
clearly appear equivalent to those from the 1617 nm laser.
Therefore, at the kHz level of the scanning cavity mode
width, the coherence transfer is as good for a laser at the
VCOF frequency (186 THz) as for a laser at the comb
edge (198 THz). Over this range the reflectivity of the
cavity mirrors is almost constant, as is deduced from
the exponential envelope of the coherent peaks in Fig.3
which display a decay constant of about 150 us at both
frequencies. In other words, if a degradation of the co-
herence transfer is present, it results into a slave laser
narrowing to below 1kHz (over 0.5 ms) across the whole
12 THz range allowed by our comb spectral span.

This result is consistent with the frequency noise
analysis of Erbium combs previously reported[22]. In
fact, comb noise is dominated around the optical carrier
by environmentally—induced laser cavity length fluctua-
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Fig. 3 A 450000 finesse cavity used as an optical spec-
trum analyzer. 1s on the horizontal scale is one cavity FSR
(435 MHz). Top: coherence transfer applied to a DFB laser
emitting close to the master VCOF laser. In the insets are
detailed views of the narrow coherent peak from the upper
sideband and the broad peak from the lower sideband. Bot-
tom: Same observations when using a DFB laser lying at the
far edge of the comb.

tions, which force the comb mode linewidth to increase
by roughly a factor of 0.05kHz per THz (at 1 ms obser-
vation time, longer than the photon decay time of our
high—finesse cavity). Within the 12 THz frequency gap
explored here, the non—common—mode frequency noise
contribution can thus be assumed to influence the slave
laser linewidth by about 0.6 kHz, thus barely apprecia-
ble with our swept—cavity linewidth analyzer. It is worth
noting that this limitation from the comb noise, which
is not appreciable with our setup, could be anyway over-
come with a more refined referencing scheme, using a fast
MZM-based frequency correction in combination with
the transfer oscillator configuration by Telle and cowork-
ers[15]. Alternatively one could resort to a simpler one—
stage FF frequency correction as that demonstrated in
Ref.[19] starting from a (more complex but less noisy)
frequency comb with f.., phase locked to the master
and fy to an RF synthesizer[14].

In conclusion, we demonstrated a simple and robust
FF approach for phase locking two CW single mode
lasers beating with the same OFC, using a fast sideband
modulator as the only optical control element. This ap-
proach was shown to lead to high quality and intense
injection signals for a very high finesse cavity over the
12 THz spectral range of an Erbium fiber comb, which
will allow cavity ring-down spectroscopy with high fre-
quency precision (sub kHz). A set of cost—effective widely
tunable telecom lasers can thus be used to interrogate
molecular absorption in a high finesse cavity without
any trade-off in terms of precision, sensitivity and spec-
tral resolution, these being inherited from a single high

coherence master. The power loss associated with phase—
modulated sideband generation can in principle be com-
pensated by an optical amplifier without penalty for the
coherence transfer if the amplifier is inserted before the
splitter feeding the modulator and the comb beating line.
In contrast to existing high—end phase—frequency control
loops, this technique is straightforward to implement in
the telecom range, where fibered MZM modulators are
readily available. We expect it to become eventually ex-
ploitable in the visible or mid—infrared regions thanks to
progress with guided optics devices based on lithium—
niobate or silicon technologies, respectively.
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Taking advantage of the highly stable sub-kHz linewidth laser source described in
Part I, we will now turn to its application in ultra-sensitive, high-resolution molecular
absorption spectroscopy. In particular, we present the novel Optical Feedback Frequency-
Stabilized Cavity Ring-Down Spectroscopy (OFFS-CRDS) technique, which was devel-
oped in the framework of this thesis.

As a preface, let us first develop an elementary framework for absorption spectroscopy
as the study of frequency-dependent light-matter interaction. Atoms and molecules inter-
act with light by the coupling of the charges of their constituents to the electromagnetic
field. Consequently, light with an appropriate frequency can trigger transitions between
atomic or molecular quantum states, which correspond to different excitations of their
respective internal motion. For molecules, the electronic motion needs to be distinguished
from the motion of the atomic nuclei, which subdivides into vibration and rotation. A
brief introduction on basic aspects of rotational-vibrational transitions of molecules will
be given in Section 8.1.

For the moment, let us simply consider the fact that the excitation of an atomic or
molecular transition by a light field converts at least one of its photons to internal energy of
the excited entity. In a uniform sample, this leads to a continuous decrease in the intensity
of the light field, which was first studied experimentally by Bouguer [158]. To first order,
the decay of light intensity I(z) along the propagation coordinate z is exponential:

I(2) = Ipe %, (4.2)

where the decay rate of the exponential is the absorption coefficient « of the sample under
study. With reference to the follow-up studies by Lambert [159] and Beer [160], this
relation is commonly called Beer-Lambert or Bouguer-Beer-Lambert law.

However, in a certain analogy to Ohm’s “law”, one should rather consider Eq. (4.2)
as a local definition of the absorption coefficient «, which might be a function of spatial
coordinates in an inhomogeneous medium, and of light intensity as soon as nonlinear
effect come into play (cf. Chapter 9). Then, in a one-dimensional setting, the absorption
coefficient is defined as the relative intensity decay rate by the following equation:

dr
o= —al (4.3)
In the general case, where « is a function a(z,I) as discussed above, the shape of the
intensity decrease I(z) is found as the solution to the differential equation (4.3). Note
that @ < 0 can also be physical, in a gain medium with population inversion. For
a(z,I) = const. > 0, the exponential decay Eq. (4.2) solves the differential equation
(4.3), and the simple Bouguer-Beer-Lambert relation is retrieved.

On this basis, let us turn to the dependence of the absorption coefficient on light
frequency v, as a(v), which lies at the very heart of absorption spectroscopy. As all ab-
sorbers contribute, the absorption coefficient is proportional to absorber concentration, as
first pointed out explicitly by Beer [160]. The degree of absorption is further determined by
the transition probability of each individual molecule contributing to it. In the framework
of quantum mechanics, this means that the absorption coefficient is also proportional to
the transition matrix element squared [161]. Finally, various physical mechanisms, such as
the Heisenberg uncertainty principle and others discussed later, spread out the absorption
due to a transition over a finite range of frequencies.

The essence of this is that the frequency-dependent absorption coefficient a(v) in a
molecular sample with volume density N/V and a transition at frequency 1 can be written
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as

alv)=k- % p(v — 1) (4.4)

Therein, k is the so-called line strength of the molecular transition, which is a temperature-
dependent property depending on molecular structure according to first principles. The
absorption line profile p(v — 1) describes the shape of the absorption feature. Concerning
units, the most common practice in molecular spectroscopy is to express frequencies in
terms of wavenumbers in cm~! (cf. Chapter 2) and to give % in molecules/cm?®. Conse-
quently, k is expressed in cm/molecule and p in cm. By convention, the line shape function

p(v) is normalized:

/ p()dv =1, (4.5)
—00
Different line profile models with an increasing degree of sophistication will be discussed
in Section 8.1.2. Thanks to profile normalization (4.5), Eq. (4.4) implies the following
simple expression for the integrated absorption S, due to a molecular transition:

So = / a(v)dy = k% (4.6)

The fundamental relationships (4.4) and (4.6) clearly illustrate how absorption spec-
troscopy provides a wealth of information about the sample in particular, the molecule
in general, and the environmental conditions. Very generally speaking, k gives access
to molecular structure and fundamental physics, N/V yields the concentration of a sub-
stance, and p carries information on pressure and temperature as well as subtle signatures
of intermolecular interaction processes.



Chapter 5

State of the art in ultra-sensitive
and frequency-stabilized cavity
ring-down spectroscopy

The origins of cavity ring-down spectroscopy (CRDS) can be traced back to the mirror
reflectometer based on optical cavity decay time by Anderson, Frisch and Masser [162].
The authors demonstrated how the transmission intensity decay time of an optical cav-
ity provides a precise and straightforward measurement of the reflectivity of its low-loss,
highly reflective cavity mirrors. To acquire an unperturbed transmission decay signal, they
used an electro-optic Pockels cell between two crossed polarizers as a fast optical switch
for shutting off the continuous-wave laser injecting the optical cavity. The authors pointed
out that their technique had the counter-intuitive advantage of gaining in precision the
closer the mirror reflectivities were to one. In the first experimental realization, a mirror
loss resolution of 5- 1075 was achieved.

This conceptually simple, yet powerful technique was rapidly picked up by absorption
spectroscopists for monitoring the frequency-dependent losses inside a resonator. Impor-
tantly, in addition to the inherent precision offered by time-domain measurements, the
long lifetime of light in a cavity composed of highly reflective mirrors provides the further
benefit of strongly enhancing the interaction between light and an absorbing sample, as
light is trapped travelling back and forth through the sample in the resonator. The decay
time 7 of a cavity with length L then takes the form

11, (5.1)
T T N
where c is the speed of light in vacuum, n the refractive index of the sample, « its absorp-
tion coefficient, and 7y the decay time of the cavity without the sample. This fundamental
relationship of CRDS will be discussed in the next section, in particular with the mirror-
reflectivity-dependent explicit expression for 7y in Eq. 5.4.

The first cavity ring-down spectrometer based on these principles is due to O’Keefe
and Deacon [163], who demonstrated the measurement of a weak electronic Oz absorption
band near 690 nm by probing the total cavity loss rate with a 15-ns-pulsed laser. The
time-domain measurement provided the important advantage of making the absorption
measurement insensitive to pulse-to-pulse intensity fluctuations of several percent.

Initially, it was widely believed that light pulses shorter than cavity round-trip time
would not undergo interference inside the cavity and thus be transmitted through the cav-
ity unperturbed by its discrete interferometric mode structure (cf. Section 2.4.1). How-
ever, contrary to this interpretation, Lehmann and Romanini demonstrated by a rigorous
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theoretical analysis of pulsed CRDS in the frequency domain [164] that non-negligible
light intensities inside the cavity only occur at frequencies corresponding to cavity reso-
nances. This implies that only the overlap of absorption lines with cavity resonances can
be measured in a simple pulsed CRDS scheme. Another issue for quantitative absorp-
tion spectroscopy was excess absorption noise due to the injection of pulse intensity into
higher-order TEM,,,, transverse modes of the cavity, whose losses can significantly differ
from those of the fundamental TEMgy mode. Based on the frequency decomposition of in-
tracavity light into the exclusive contributions from resonant cavity modes, Lehmann and
Romanini pointed out that the instrumental apparatus function of a CRDS measurement
is given by the cavity modewidth as long as only one mode is excited, and this in spite of
a potentially noisy probe laser.

This insight paved the way to the realization of a continuous-wave cavity ring-down
spectrometer (CW-CRDS) by Romanini and co-workers [41]. The basic working principle
of this highly successful technique, illustrated by the simplistic sketch in Fig. 5.1, still is
the foundation for most of today’s state-of-the-art CRD spectrometers.

gas sample Laser OFF
Laser '

AN TS Trans-

m|SS|on

R

Figure 5.1 Schematic illustration of continuous-wave cavity ring-down spectroscopy (CW-
CRDS). A CW laser is injected into a high-finesse cavity of mirror reflectivity R containing
a gas sample. As soon as a certain cavity transmission threshold is reached, the injec-
tion is shut off by a fast optical switch, leading to an exponential decay of transmitted
light intensity. The time constant of this decay provides a measure of intracavity losses,
including sample absorption, according to Eq. (5.1).

In CW-CRDS, a tunable single-frequency CW laser is spatially mode-matched to a TEMgq
mode of a high-finesse optical cavity. Then, the laser is tuned to a TEMgg mode frequency,
or vice-versa, so that a resonant build-up of intracavity intensity is reached. If the laser
linewidth is bigger than the cavity modewidth, this intensity build-up is noisy and less
efficient due to laser frequency jitter [130], as illustrated in Fig. 5.1. When cavity trans-
mission reaches a predetermined threshold, a fast optical switch, typically an acousto-optic
modulator (AOM), is triggered for abruptly interrupting cavity injection by the CW laser.
Consequently, the continuous leakage of intracavity light through the cavity mirrors can
be measured, yielding an exponential decay signal. Its ring-down time 7 can be measured
at successive spectral points by jointly tuning laser and cavity mode, thus allowing high-
resolution absorption spectroscopy according to Eq. (5.1), unlimited by the free spectral
range of the ring-down cavity.

In this chapter, we shall first explore two distinct theoretical approaches to cavity ring-
down, namely the most common simple one-dimensional analyis as well as an alternative
genuinely three-dimensional derivation via the field energy in the cavity TEMyy mode.
This latter strategy will be indispensable for the theoretical treatment in Section 9.2.3.
Next, we will review some of the recent developments in ultra-sensitive and frequency-
stabilized CRDS. These specific, yet broad branches of CRDS are highly relevant to the
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discussion of the OFFS-CRDS technique put forward in this thesis, which is itself both
frequency-stabilized and ultra-sensitive. Finally, some exciting current trends in cavity-
ring-down spectroscopy and closely related techniques will be portrayed.

5.1 Two theoretical approaches to CRDS

Most commonly, the fundamental equation (5.1) for the cavity ring-down time is derived
in a 1-dimensional model by considering the intracavity light intensity I (k) after a discrete
number k of round-trips in a cavity of length L, given by

I(k) = (R -7 . 1 (0) (5.2)

with the mirror reflectivity R. Replacing the discrete variable k by the time t = 2nL/c- k
needed for k cavity round-trips in a medium with refractive index n yields the time-
dependent intracavity intensity I(t) as

(1—R)c

I(t) = 1(0) - e (o +50) ¢ (5.3)

using the approximation In R ~ R — 1 for R = 1. Comparing to Eq. (5.1), one identifies
the baseline ring-down time 7y as

nL

TESTF (5.4)

T0 =

Let us note that this consideration is only valid for losses exclusively due to mirrors and
absorption. As soon as elastic and inelastic scattering or diffraction effects come into
play, Eq. (5.4) only holds approximately, and 79 becomes a global baseline encompassing
all broad-band intracavity loss processes. In that case, it may be difficult to distinguish
broad-band absorption features from the baseline, and great care is needed for establishing
correct values for both 7y and .

In the following, we will explore a different approach for deriving Eq. (5.1) for CW-
CRDS, based on the time-dependent total energy W(t) of the intracavity electromagnetic
field. While the first approach is intuitive and captures the essential physical mechanisms,
this second one has the virtue of being more rigorous and genuinely 3-dimensional, by
correctly representing the spatial light intensity distribution inside the ring-down cavity.
In Chapter 9, we will see that this feature is indispensable for deriving the cavity ring-
down behavior in a saturated-absorption regime with an intensity-dependent absorption
coefficient. In that case, a becomes a function of at least two spatial coordinates and time,
and the aforementioned simple 1-dimensional approach breaks down.

Let us begin by considering the total energy W of the EM field E(z,y, 2) inside the
cavity:

W = nzeo/E2(x,y, z)dV (5.5)
v

For an optical coupling of the laser beam into the cavity, CW-CRDS typically uses the
fundamental TEMg spatial mode of the cavity. The standing wave constituting the res-
onant TEMgy mode can be decomposed into two waves travelling into opposite directions
along the z axis, each carrying half of the total field energy. As we are considering a
symmetric cavity with two identical mirrors here, we may limit our treatment to the
rightward-travelling wave without loss of generality. Its electric field amplitude E(z,y, 2)
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is given by Eq. (2.26), as discussed in Section 2.4:
) ~2(aP+?) 9 9
F*(z,y,2) = Efoe w0 (1422/23) g2 (k:z — wt — arctan (Z> + k™ + ) )
1+ 22/252 2R 22 (14 zg?/2?)

(5.6)

Inserting this squared electric field into the volume integral (5.5) expressed in cylindrical

coordinates with r? = 22 4 y2, the rapidly varying cos?(kz — wt + ...)-term averages to %

in very good approximation. Using the identity

/e*“xzxdx = —%e*“ﬁ (5.7)
one finds
oo 21 L/2
W = 71260// / E2(r,2)rdrdedz = inzeoEo%ronL (5.8)
00 -L/2

This is the total energy content of the rightward-travelling EM field in the TEMgyg mode
of the cavity. The cavity ring-down event consists in a diminution of this energy over time
due to the various intracavity loss processes.

First, we shall quantify the energy loss (dW),, due to the cavity mirrors. It is equal to
the non-reflected fraction 1 — R of the power P, incident on the mirror surface, integrated
over the infinitesimally short time interval d¢:

(dW), = —(1 — R)P,dt (5.9)

P,, is given by the surface integral of the light intensity I(x,y, L/2) = egenE?(x,y, L/2)
[165] directed at the mirror surface. P, can be written in polar coordinates using Eq.
(5.6), again taking advantage of the rotational symmetry of the TEMgy mode and time-
averaging over the rapidly varying cos?(kz — wt + ...)-term:

21

1
P, = /I(r, L/2)rdrde = Zeoangﬂwoz (5.10)
0

Inserting this result in Eq. (5.9) yields the energy loss rate (M> due to mirror reflections
m

dt
as

dt 4 nlL

where the last equality is obtained by comparison with Eq. (5.8). The time constant of
this first-order ordinary differential equation (ODE) is the baseline ring-down time 7y from
Eq. (5.4).

Now, let us turn to the energy loss (dW), due to absorption. In Section 9.2, the more
general case of a space- and time-dependent absorption coefficient will be discussed. Here,
we shall limit the discussion to the simple case of a sample with uniform «. We consider
the absorption of light travelling over the infinitesimally short distance dl = ¢/ndt, for
each volume element dV inside the cavity:

1 1-
<dW> = ——(1 — R)rwp’cnegEy® = —ﬂ -W (5.11)

(dw), = — /nQEOEQ(x, y,z)a - (¢/ndt)dV (5.12)
\%4

The coordinate-independent « in this simple case can be drawn out of the integral together
with the other constants. Comparison of Egs. (5.12) and (5.5) shows that the energy loss

rate (%/)a due to absorption can be written as
d
(W) — % w (5.13)
dt /, n
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Summing up (%) and (%) , the total energy loss rate is
dw dw dw (1-R)e «ac
— | = — — ) ==—4+— ] .14
(&)= () (@), - () v (519

In complete analogy to Eq. (5.3), the solution of this first-order ODE is an exponential
decay

(1—R)c

W(t) = W(0) e (Far+50)t (5.15)

with the ring-down time

__ <(1—R)C+O<C)_1' (5.16)

nL n

5.2 Ultra-sensitive continuous-wave CRDS

To begin our literature review on state-of-the-art techniques, let us first focus on ultra-
sensitive CW-CRDS techniques which do not contain dispositions for tight laser or cavity
frequency stabilization. We will turn to the latter in the following section. This somewhat
artificial separation is not intended to imply that frequency-stabilized techniques cannot
reach outstanding sensitivity levels, but an attempt to structure the discussion in an in-
telligible manner.

To clarify the terms used in the following, let us define some figures of merit which
are commonly used for characterizing the performance of absorption spectrometers. An
absorption signature smaller than the root-mean-square noise on the spectrometer baseline
cannot be reliably detected. Consequently, that noise is taken to be the detection limit
Qmin Of the spectrometer. With Eq. (5.1) in the limit o — 0, it can be written as

N F g: 1 1 Ly’ (5.17)
Gmin = —~\N-1\cr, ¢ ’ ’

1

estimated in practice by a sufficient number N of baseline ring-down time measurements
7o, With arithmetic mean 75.

Another important concept is the so-called detectivity of an absorption spectrometer,
which measures how fast a certain detection limit can be reached. This explicitly takes the
important issue of averaging time into consideration. For N measurements of an absorption
coefficient a with normally distributed white noise, the variance a% of its arithmetic mean
@ is the variance o2 of an individual measurement divided by N:

2

02 = O—]\‘;, (5.18)

according to elementary Gaussian error propagation. Then, if measurements are made at

a frequency f the total averaging time is T'= N/ f. Consequently, the standard deviation
of the mean @ can be written as

o oy 1 D

7= JIT = VIV VT

thus defining the spectrometer detectivity D, which is typically specified in cm~!/v/Hz.
Taking the measurement repetition rate into account, it provides a quantitative measure
for how precise an absorption measurement made with a given spectrometer can be in a

(5.19)
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given interval of time, typically one second. The inverse scaling of oz with the square
root of averaging time is the well-known 7~/2-slope of the Allan deviation discussed in
Section 2.1. The utility of an Allan-deviation approach for characterizing the stability
and averaging behavior of an absorption spectrometer was pointed out by Werle and co-
workers [80, 81]. Consequently, this powerful and widely used tool is also commonly known
as Allan-Werle deviation in this context. Figure 3 in Article 4 on page 90 and Fig. 4 in
Article 5 on page 160 are typical examples for such an analysis.

Let us underscore that a common pitfall in the interpretation of detectivity values is
the implicit assumption that the division of a single-shot noise value by the square root
of repetition rate yields a faithful picture of the averaging behavior of an absorption spec-
trometer. By contrast, the assumption of white noise in Eq. (5.18) is not always fulfilled.
Especially at longer timescales, drifts, sinusoidal modulations, flicker or random walk noise
contributions may affect the absorption measurement and hamper averaging performance.
Consequently, the detectivity should not be used lightly to extrapolate spectrometer noise
levels according to Eq. (5.19). Instead, a full stability and averaging analysis based on an
Allan-Werle deviation approach should be carried out.

Now turning to specific experimental realizations of CW-CRDS with exceptionally high
detectivities and low detection limits, let us take a closer look at an experimental setup at
LIPhy which has been used for a wide range of investigations into very weak absorption
features in the near-infrared spectral region between 1.25 and 1.7 pm in the last years.
This range is seamlessly covered by over 80 telecom-type butterfly-packaged fibered dis-
tributed feedback (DFB) laser diodes, which can be easily swapped, thus conferring a high
degree of versatility on the experimental setup, which is shown in Fig. 5.2. Each laser can
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Figure 5.2 Experimental setup for ultra-sensitive CW-CRDS using fibered distributed-
feedback (DFB) lasers at LIPhy by Kassi and co-workers [44, 166]. Adapted from [44]
(Figure 1).

be frequency-tuned over roughly 30 cm~! by changing its temperature at constant current
using home-made low-noise laser temperature control and current driver electronics. As in
most CW-CRDS setups, an acousto-optic modulator is used as a fast and high-extinction
optical switch for triggering ring-down events. Transmission through the cavity is accom-
plished by means of triangular cavity length scans, usually over slightly more than one free
spectral range of the cavity, by means of the cavity end mirror mounted on a piezo-electric
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actuator, yielding at least one coincidence of laser frequency and a TEMgy resonance of
the cavity per slope. The cavity itself is 140 cm long and equipped with highly reflective
dielectric mirrors providing a finesse up to 500,000 and record-holding ring-down times
in excess of 700 ps. The frequency axis of the spectrometer is established by diverting
ten percent of laser power to a Fizeau-type wavemeter with a short-term resolution at the
MHz-level and a long-term stability better than 20 MHz over several days.

The typical absorption detectivity of this spectrometer was found to be a photodetector-
noise-limited 1.3 - 10" em™! /v/Hz, and an Allan-Werle analysis showed that thermo-
mechanical drifts of the absorption measurement limited the optimal averaging time to
roughly 10 s [44]. Consequently, for decreasing absorption noise levels in spite of this
limitation, an approach based on the averaging of successive individual spectra originally
demonstrated by Kassi and co-workers [166] was chosen. If the measurement of individual
spectra is sufficiently fast, the drift-related limitations to averaging discussed by Werle
[81] no longer apply, as a vertical offset of the spectrometer baseline does not affect the
absorption measurement by CRDS.

Averaging spectra for almost five days, no fundamental limitation of this approach
could be evidenced and a 5 - 10712 cm™! baseline absorption noise level was reached [44].
This unique performance allowed the detection of the electric quadrupole 3-0 S4 overtone
transition of Ny shown in Fig. 5.3. With a line strength of about 1.5 - 103! cm/molecule,
this is the weakest line ever measured by absorption spectroscopy to the best of our knowl-
edge.
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Figure 5.3 First detection of the 3-0 S4 line in Ny in absorption by Kassi and Campargue
[44], at a record-breaking root-mean-square noise level of 5 - 1073 ecm™!. Adapted from
[44] (Figure 8).

In conclusion, the near-infrared CW-CRDS setup at LIPhy can stand as an example for
illustrating the key ingredients for achieving ultra-high sensitivity. Firstly, efforts must be
directed at lowering detector noise and parasite fringe amplitudes by a careful electronic
and optical setup. Secondly, long ring-downs herald precise decay time measurements and,
at the same time, limit the systematic impact of parasite fringes. On this latter aspect,
the reader is referred to the discussion in Section 7.8. Finally, averaging of successive
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spectra is a powerful tool for achieving a substantial reduction of detection limits in spite
of long-term baseline drifts of the spectrometer.

As another important fundamental spectroscopic application, this setup was used by
Kassi and co-workers for detecting very weak first-overtone electric quadrupole transition
of Hy [12] and D9 [167]. These simplest neutral molecules are a fascinating and highly
significant testbed for ab initio quantum-electrodynamics, and the experimental line po-
sitions and intensities were in very good agreement with the calculated values.

With a CW-CRDS setup similar to the one discussed above, yet using an active tem-
perature stabilization of the ring-down cavity and an Invar baseplate for mounting the
optical setup to limit thermo-mechanical drifts (cf. Chapter 7), Huang and Lehmann have
demonstrated the detection of methane traces in nitrogen at a sub-parts-per-billion level
near 1650 nm, based on a careful analysis of residual cavity-loss drifts and an optimal
choice of averaging times [168].

5.3 Frequency-stabilized CRDS

As discussed in the last section, absorption measurements by CW-CRDS can be stagger-
ingly precise. Furthermore, as the fundamental relation (5.1) of CRDS gives direct access
to the absorption coeflicient, this precision can be turned into accuracy without external
calibration, provided that systematic bias sources are carefully avoided (see Chapter 7).

However, a priori, this high precision and accuracy only concerns one of the two
dimensions of absorption spectroscopy, while the stability and linearity of the spectrometer
frequency axis is just as crucial for retrieving accurate absorption line shapes and line
strength measurements. This issue has first been addressed by Hodges and co-workers in
their pioneering contribution [140] by referencing the ring-down cavity mode frequencies
to a stable external reference, introducing what they called a frequency-stabilized cavity
ring down spectrometer (FS-CRDS).

The crucial innovative feature of this setup was a ring-down cavity with dichroic mir-
rors, providing a high-finesse window with 1 —R < 1.5-10° around 935 nm for CRDS mea-
surements with an external cavity diode laser (ECDL) [140, 169], and a low-finesse region
at 633 nm with R = 0.95 for locking a TEMgq cavity resonance to a frequency-stabilized
Helium-Neon (HeNe) laser by means of a first-derivative approach using phase-sensitive
detection in cavity transmission (see [170], for instance). This HeNe-laser-based frequency
stabilization scheme is depicted on the left of Fig. 5.4. An acousto-optic modulator in
the HeNe laser beam path before injecting the cavity was used for generating the laser
frequency modulation needed for phase-sensitive detection. In addition, the AOM adds
frequency-tunability to the spectrometer by inducing cavity-length changes by the servo
loop, thus conferring an essentially arbitrary frequency tunability to the setup within the
precision of the HeNe reference laser. In practice, its stability was found to be better than
1 MHz over 24 h by means of a comparison to an iodine-stabilized HeNe laser.

An early application of FS-CRDS consisted in precision measurements of HoO lines
near 925 nm [171], harnessing the stability and linearity of its frequency axis for detecting
subtle line-shape effects beyond the Voigt profile and for retrieving accurate pressure
broadening and shifting coefficients (cf. Section 8.1.2). An example spectrum from this
study is shown on the right of Fig. 5.4. Its inset b) shows that a saturated-absorption
Lamb dip could be discerned at the center of a water line at Pa-level pressures by using
sub-MHz laser frequency stepping. Related studies will be discussed in more detail in
Section 9.1.
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Figure 5.4 Left: Schematic sketch of the ring-down cavity length stabilization scheme
in the first realization of FS-CRDS by Hodges and co-workers [140]. Adapted from [140]
(Figure 1). Right: FS-CRDS spectrum of the water absorption line at 10687.3621 cm~!
measured by Lisak and co-workers [171]. The insets show a saturated-absorption Lamb-
dip at the line center and a weak neighboring transition, respectively. Adapted from [171]
(Figure 1).

The technique being used for a broad range of fundamental and sensing applications
[172], FS-CRDS performance was further improved in the course of time, yielding notably
a detectivity of 2.5 - 10710 cm™!/y/Hz, as characterized by an Allan-Werle analysis [173].
In this study, weak oxygen quadrupole transitions near 765 nm were measured and a
detection limit down to 1.8 - 10~ ecm™! was demonstrated by averaging 100 successive
spectra.

In these recent FS-CRDS experiments, ring-down events were obtained by a loose lock-
ing of probe laser frequency to cavity TEMg resonances [169]. The scheme was based on
maximizing the incidence of transmission events due to the noisy high-finesse cavity in-
jection [130] by the MHz-level linewidth ECDL laser. For obtaining a transmission-event
histogram, triangular ECDL frequency sweeps were employed, covering first broad, then
narrow frequency intervals around the cavity mode. In this fashion, robust frequency tun-
ing and ring-down event generation were achieved, essentially equivalent to conventional
CW-CRDS setups. The absorption sensitivity of the spectrometer, however, remained
impaired by the adverse effects of laser frequency jitter. With respect to this limitation,
the full potential of a tight lock between laser and cavity for high repetition rates, low de-
tection noise and high intracavity intensities for saturated absorption was already pointed
out as a perspective in the original contributions on FS-CRDS [140, 169].

The first CRD spectrometer with a servo loop locking laser and ring-down cavity
into resonance was realized years before by Paldus and co-workers [174]. They used the
Pound-Drever-Hall (PDH) locking technique (see Section 2.4.3) to stabilize the length of
a low-finesse ring-down cavity to the frequency of a continuous-wave ECDL. In particular,
they used two orthogonal beam polarizations, one for maintaining a continuous PDH lock
in spite of laser frequency tuning, and the other one for generating ring-down events for
CRDS. In this fashion, the authors achieved ring-down repetition rates of 50 kHz at ring-
down times on the order of 1 ps. A modified and optimized system using a narrowband
CW Nd:YAG laser now locked to the cavity was realized by the same group [175]. To
handle ring-down repetition rates of tens of kHz, a scheme based on logarithmic and
differentiating amplifiers was used for a direct analog determination of ring-down times.
At frequency scanning rates up to 500 MHz/s, the setup reached a long-standing record
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detectivity of 1072 ecm~'/v/Hz, and was used for measuring a COs line in the narrow
accessible spectral interval around 1064 nm.

Another CRD spectrometer with the probe laser tightly Pound-Drever-Hall-locked to
ring-down cavity TEMgo resonance was realized by Martinez and co-workers [176]. Using a
widely tunable CW Ti:Sa ring laser, they achieved typical ring-down repetition rates of 10
kHz and a detectivity of 1.4- 10~ cm_l/\/m. However, as for all the PDH-locked CRDS
techniques discussed so far, no particular effort was made by Martinez et al. for stabilizing
the length of the ring-down cavity itself, which defines the spectrometer frequency axis.
By monitoring the integrator output of the PDH-servo loop on laser frequency, the authors
estimated that their cavity resonance frequencies were subject to drifts on the order of
50kHz/s.

Uniting the benefits of tight laser-cavity locking and cavity length stabilization, Cy-
gan and co-workers have realized the initial vision of a Pound-Drever-Hall-locked FS-CRD
spectrometer [177]. They used a 73-cm long cavity with dichroic mirrors for the HeNe ref-
erence laser at 633 nm and ring-down measurements around 687 nm with 1— R = 2.5-1074.
The probe laser, a continuous-wave ECDL with a free-running linewidth on the order of
200 kHz, was modulated at 20 MHz by a free-space electro-optic modulator generating
the phase modulation sidebands for PDH-locking. The resulting PDH error signal was fed
to a fast commercial servo controller with 10 MHz bandwidth for narrowing the linewidth
of the ECDL by tightly locking it to successive TEMy cavity resonances. The authors
demonstrated essentially flat cavity transmission traces with a noise level of a few percent,
indicating a near-optimal transmission of light through the cavity. Figure 5.5 shows a
comparison of ring-down event time series in the PDH-locked regime and for conventional
FS-CRDS, respectively. The histogram-based loose lock of the probe laser to the cavity
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Figure 5.5 Comparison of ring-down acquisition in Pound-Drever-Hall-locked (panels a)
and b)) and conventional (panels c¢) and d)) FS-CRDS experiments by Cygan and co-
workers [177]. Note that a three times higher photodetection gain was used for the con-
ventional FS-CRDS measurements. Adapted from [177] (Figure 6).

in classical FS-CRDS (panels c¢) and d)) leads to noisy cavity injection and, consequently,
erratic ring-down triggering at random peak cavity transmission events. By contrast, the
ring-down time series of the PDH-locked spectrometer (panels a) and b)) shows regular
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ring-up and ring-down events at drastically improved repetition rates of up to 14 kHz.
Together with the beneficial effect of higher cavity transmission on ring-down detection
noise, this led to an enhancement of absorption detectivity to 7.5 - 10~ em~'v/Hz. As a
demonstration in the original study [177], Oy lineshape measurements with a single-scan
signal-to-noise ratio on the order of 5000 were reported, three times better than in con-
ventional FS-CRDS.

Employing this PDH-locked FS-CRDS setup in conjunction with the spectrum-averaging
approach discussed in the preceding section, an unprecedented signal-to-noise ratio of
220,000 was demonstrated on absorption lineshape measurements in the Oy band near
689 nm [178]. To this end, 1040 individual spectra were averaged over 33 h and two par-
asite fringes were fitted to the measured spectra. The minimum detectable absorption in
this experiment was evaluated as 2.4 - 107''cm™!. A review of several PDH-locked FS-
CRDS experiments is given in [179]. Recently, a comprehensive analysis of PDH-locked
FS-CRDS lineshape measurements in the R-branch of the same Os band by means of a
multi-spectrum fit procedure was carried out by Domystawska and co-workers [180]. Be-
sides line parameters for several sophisticated line-shape models, the study also yielded
11 O4 transitions with sub-MHz accuracy by referencing the PDH-locked FS-CRD spec-
trometer to an optical frequency comb. The emerging and rapidly developing fields of
comb-assisted and comb-locked CRDS will be discussed briefly in the following section.

5.4 Recent trends in CRDS

Certainly falling short of completeness, the objective of this Section is to provide a suc-
cinct overview on some ongoing trends in CRDS with promising perspectives. For the
sake of conciseness, the physical principles of these techniques will be presented without
an in-depth discussion of their technical details, which would be beyond the scope of this
thesis.

A first direction of development concerns the scanning speed of CW-CRDS, which
is often considered slow with respect to other techniques, such as Fourier-transform in-
frared (FTIR) spectroscopy [181]. For CRDS, effective scanning speeds for low-noise,
high-resolution spectra typically range from 1 [182] to 30 cm™! [44] in one hour.

A drastically accelerated scanning scheme based on sideband-tuning with an electro-
optic modulator (EOM) was introduced by Truong and co-workers [183]. For the original
setup, which they called frequency-agile rapid-scanning (FARS) spectroscopy, the carrier
frequency of a narrow-linewidth fiber laser was fixed at a stable offset to the cavity TEMgg
mode by referencing it to a self-referenced optical frequency comb, while the cavity was
stabilized against an iodine-referenced HeNe laser. Phase-modulation sidebands from the
EOM are then resonantly injected into successive cavity TEMgy modes by changing the
driving radio frequency from an ultrafast synthesizer with a bandwidth of 20 GHz and a
switching time of 0.1 ms. This frequency-agile rapid-scanning scheme is illustrated on the
left of Fig. 5.6. At a detectivity of 2- 10~ cm~'v/Hz, the original setup was used for a
proof-of-principle study of COg in ambient air, with a 2-s scan over a spectral interval of
2cm L.

In a follow-up study [184] using an external cavity diode laser (ECDL), the complex
double-referencing to frequency comb and HeNe laser was simplified by directly PDH-
locking the ECDL to the ring-down cavity. For obtaining a robust and tight lock in spite
of rapid frequency scanning, an approach analogous to the one by Paldus et al. [174],
discussed in the preceding section, was chosen. One linear polarization of the probe laser
was always on for steady PDH-locking, reaching a relative linewidth between cavity and
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Figure 5.6 Left: Illustration of the working principle of frequency-agile rapid scanning
cavity ring-down spectroscopy (FARS-CRDS) by Truong and co-workers [183]. Adapted
from [183] (Figure 1). Right: COs line spectrum at 6336.24 cm™! (upper panel) measured
by FARS-CRDS with an ECDL in 2 ms by Long et al. [184], by recording subsequent
ring-down events (lower panel) at a frequency spacing of one cavity FSR[184]. Adapted
from [184] (Figure 4).

ECDL of 130 Hz. The orthogonal polarization was used for rapid sideband frequency tun-
ing and the generation of ring-down events. The potential of this approach is illustrated
by the CO» spectrum on the right of Fig. 5.6, where the probe laser sideband was stepped
from one TEMg cavity mode to the next at each single ring-down event, thereby leading
to a spectrum acquisition in only 2 ms. The detectivity of this ECDL-based FARS-CRDS
scheme attained 2 - 1072 cm~!v/Hz.

While FARS-CRDS provides ultra-fast scanning on a narrow zone at a limited spectral
resolution for time-critical applications such as trace gas monitoring at atmospheric condi-
tions, broadband spectroscopy for fundamental molecular spectroscopy studies remain of
prime interest. To extend the coverage of our ultra-sensitive CW-CRDS spectrometer at
LIPhy (cf. Section 5.2) based on fibered DFB lasers between 1.25 and 1.7 pm with ever-
increasing precision, a very similar spectrometer was developed with a fiber-coupled ECDL
by Kassi and co-workers, covering a gap-free wavelength interval from 1.2 to 1.26 pm with
a single diode [185]. Using an automated diffraction grating and pump current control,
mode-hop free tuning over 0.8 cm™"! is achieved, and broadband spectra can be readily
obtained by concatenating the individual mode-hop free scans. With ring-down times on
the order of 200 ps, the spectrometer was used for measuring weak electric quadrupole
transitions in the first rovibrational overtone band of Hs at different pressures, in order
to retrieve line positions and intensities, as well as pressure shift and collision-induced-
absorption [186] coefficients.

The new setup was equally applied to a systematic broadband study of line positions
and intensities in the 4-0 rovibrational band of CO from 8094 to 8317 cm™! [187]. Com-
pared to conventional CW-CRDS with DFB lasers at a linewidth of about 2 MHz, the
new setup evidently benefits from the improved light injection of the 100-kHz linewidth
ECDL into the cavity with a finesse well over 100000. The resulting lower photodetection
noise allowed a spectrometer baseline detection limit of 5- 1072 cm™! to be reached on
a regular basis at a typical frequency stepping resolution of 25 MHz, which corresponded
to a tuning speed on the order of 16cm™!/h. In the future, the spectral coverage of this
scheme is expected to be further expanded by exchanging the 1.2-pm laser diode currently
installed in the commercial ECDL module.
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Let us now turn to conceptually intriguing techniques which replace or complement
ring-down time measurements by a spectroscopic characterization of the TEMyy mode
structure of the ring-down cavity itself. While these approaches cannot qualify as CRDS
techniques strictly speaking, they are nevertheless highly related by the fundamental prin-
ciples of Fourier transformation and the Kramers-Kronig relations, which link absorption
and dispersion and follow from electromagnetism and causality [188-190].

The first of these approaches is based on the fact that the width I' of a cavity mode is
related to the ring-down time 7 of a light field in that mode by

1
T_2WF

This relation can be deduced from Egs. (2.36), (2.32) and (5.4) and corresponds to the
fundamental equivalence of a description of ring-down signals in the time-domain or by
the cavity mode structure in the frequency domain, linked by Fourier transformation.
The mode width I' can be determined experimentally by measuring and fitting the Airy-
shaped cavity transmission spectrum (2.34), which reduces to a Lorentzian (2.35) in the
high-finesse limit. Then, the ring-down time 7 of this mode can be retrieved according
to Eq. (5.20) and the circle to CRDS closes. This is the principle of cavity mode-width
spectroscopy (CMWS). Following an initial proposal and proof-of-principle demonstration
by Long and co-workers in their contribution on ECDL-based FARS-CRDS discussed
above [184], the technique was explicitly introduced and studied by Cygan and co-workers
[191]. Its principle and the experimental setup are illustrated in Fig. 5.7.

(5.20)

e
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Figure 5.7 Schematic sketch of an experimental setup by Cygan et al. [192], which can
be used for cavity ring-down (CRDS), cavity-modewidth (CMWS) and one-dimensional
cavity-mode dispersion spectroscopy (CMDS). Adapted from [192] (Figure 3).

The cavity length was stabilized to a HeNe laser as in the FS-CRDS experiments discussed
in the preceding section. An external cavity probe laser is tightly PDH-locked to a TEMgg
mode of the cavity using one linear polarization. The cavity mode spectrum is then
measured using the orthogonal polarization and an acousto-optic modulator as a frequency
shifter for tuning through adjacent TEMgyy cavity modes while recording the resulting
transmission signal.

The same measured cavity transmission signal can be equally used for one-dimensional
cavity-mode dispersion spectroscopy (1D-CMDS). This second technique, which was first
realized by Cygan and co-workers [192], is also illustrated in Fig. 5.7. The approach here is
even more radical in that it reduces the full information of an absorption spectrum to the
measurement of only one physical quantity, namely the frequency of cavity TEMgy modes.
An absorption of the intracavity sample is accompanied by a dispersion of its refractive
index which is governed by the Kramers-Kronig relations [58, 188-190]. They state that
absorption and dispersion are fully equivalent quantities, so that knowledge of one implies
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knowledge of the other. The local cavity free spectral range, that is the spacing between
successive TEMyy modes of the cavity can also be determined from the measured cavity
transmission spectrum discussed above. As the dispersion of cavity mode frequencies has
a characteristic first-derivative shape with respect to the absorption signal, the difference
between mode locations follows a second-derivative behavior. Plotting these frequencies
differences against the absolute optical mode frequencies thus yields a spectrum with two
frequency axes. Let us underscore again that this dispersive frequency-frequency spectrum
is fundamentally equivalent to the absorption spectrum as measured by CRDS.

The performance of the different techniques was compared on a CO absorption line
at 6201 cm™!, achieving a ratio of peak absorption to root-mean square fit residuals of
roughly 10200 for CRDS, 7200 for CWMS and 1600 for CMDS. Line intensities and col-
lisional broadening from fitting the CMW spectrum were in good sub-percent agreement
with CRDS-based values. After resolving PDH-lock-point-related issues, CMDS-based
fit parameters showed percent-level agreement with CRDS. Due to the stronger profile-
dependency of fit parameters in dispersive spectra, this already constituted a remarkable
agreement between dispersive and absorptive spectra in practice. Holding the promise of
further performance improvements, the main challenge to CMWS and CMDS is the time-
consuming measurement procedure which requires the measurement of one narrowband
cavity transmission spectrum for each single point of the absorption spectrum. Neverthe-
less, beyond their unarguable conceptual appeal, the techniques have intrinsic advantages,
such as a reduced sensitivity to detection nonlinearities (cf. Section 7.3) in CMDS, for
instance. CMWS is complementary to CRDS in that it avoids the need for measuring
very short decays at high absorptions, which lead to dramatically increased noise levels
according to Eq. (6.35) and raise bandwidth issues (cf. Section 7.4). In CMWS, broad-
ening of cavity modewidths at high absorption help precision and partially balance the
loss of cavity transmission intensity. Consequently, it could be an interesting perspective
to use a CMWS approach at very high absorption levels to increase the dynamic range of
the OFFS-CRD spectrometer presented in the following chapter to well beyond the 10°
mark.

The revolution of frequency metrology brought about by the emergence of self-referenced
optical frequency combs, as discussed in Section 2.5, has also fostered a broad range of
experimental developments in molecular spectroscopy in general, and in CRDS in partic-
ular.

A first important group of CRDS techniques with an optical frequency comb can
be qualified as comb-assisted in that they combine a conventional spectroscopy scheme
with an absolute referencing of the spectrometer axis to the optical frequency comb. In
this manner, such techniques can provide spectral line data of unprecedented frequency
accuracy, for databases and semi-empirical effective Hamiltonian models and for validating
state-of-the-art computational physics studies based on first principles, for instance.

Comb-assisted, PDH-locked FS-CRDS was first reported by Domystawska and co-
workers, with the experimental setup shown in Fig. 5.8. The spectroscopic part corre-
sponds to the one discussed in the previous section. The absolute frequency measurement
is accomplished according to the procedure laid out in Section 2.5, using the beat note
of frequency comb and probe laser as well as a wavemeter-based approximate frequency
reading for the latter. A very similar experimental scheme was used by Truong and co-
workers for an absolute CO4 transition frequency measurement at 1.57 pm with a combined
uncertainty of 9 kHz [193]. The comb-assisted PDH-locked FS-CRDS CO, frequency mea-
surements near 1.6 pm by Long et al. [194] will be discussed in detail in Article 6 on page
192.

In parallel to the realization of the comb-assisted OFFS-CRD spectrometer devel-
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Figure 5.8  Schematic of comb-assisted, Pound-Drever-Hall-locked FS-CRDS by
Domystawska et al. [180]. Blue light paths on the right: HeNe-laser-based cavity length
stabilization and tuning using an acousto-optic modulator (AOM2). Red light paths:
External-cavity diode probe laser (ECDL), PDH-locked to ring-down cavity and frequency-
monitored by means of a wavemeter (WM) and the optical frequency-comb beat note (BN).
Adapted from [180] (Figure 1).

oped in the framework of this thesis (see Chapter 9), the classical DFB-based CW-CRDS
experiments at LIPhy were adapted for a comb-assisted absolute frequency calibration
by Mondelain and co-workers [195]. To this end, a portion of probe laser light was
superposed with an automatedly grating-selected portion of a self-referenced frequency
comb. The resulting beat notes combined with a wavemeter reading provided measure-
ments of the instantaneous absolute frequency of the noisy DFB laser at a refresh-rate
of 3 kHz. Compared to high-bandwidth locking approaches, this conceptually simple
on-the-fly frequency-calibrated ring-down acquisition scheme provides a straightforward
upgrade for existing CW-CRDS spectrometers, while preserving easy broadband tunabil-
ity on an absolute frequency axis. The technique was used for an extensive survey study
of the absorption spectrum of CO between 6173 and 6418 cm~'. With a detectivity of
1-10~" em™! /v/Hz, absolute line center frequencies could be measured at line strengths
below 10728 cm/molecule, including lines from hot bands and minor isotopologues. The
transition frequencies in the main 3-0 overtone band of 2C'Q were retrieved with an
average line center accuracy of 300 kHz up to rotational quantum numbers over 30.
Comb-locked CRDS, which is a distinctly different approach to CRDS with absolute
frequency calibration, was recently introduced by Gatti and co-workers [196]. In CL-
CRDS, an ECDL probe laser is stabilized to a tooth of a self-referenced frequency comb
by means of a feed-forward coincidence locking scheme using an acousto-optic modulator
(see Chapter 4). Consequently, the absolute frequency comb itself becomes the clock for
the whole spectroscopic setup. Frequency tuning is accomplished by slightly varying the
comb repetition rate using an RF synthesizer while keeping the probe laser feed-forward-
locked. Finally, an FPGA-controlled PZT-tracking scheme is used for loosely locking the
ring-down cavity length to resonance with the probe laser. In this manner, an absolute
CRDS frequeny axis is accomplished without a HeNe laser for cavity length stabilization,
as in FS-CRDS, or a real-time frequency monitoring of laser jitter, as in the on-the-fly
calibration scheme discussed above. The single-scan absorption detection limit of the first
CL-CRDS setup was found to be 5.7 - 10" em™!. A full Allan-Werle analysis showed
that an intrinsic detectivity of 3.9 - 1072 cm~1/ vHz was impaired by short-term drift
mechanisms of unknown origin. As a spectroscopic application testing instrument perfor-
mance, a COq line at 1.57 pm was measured with a combined uncertainty of 3 kHz, thus
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independently confirming the value measured by Truong et al. [193].

Without going into any detail, let us still mention the interesting developments in
CRDS schemes based on fiber-optic resonators made from optical fibers and directional
couplers. Proof-of-principle experiments on bend-induced fiber loss and absorption in so-
lutions [197, 198] as well as magnetic field sensing [199] were carried out both in more
conventional time-domain measurement configurations [197] and in spatial-domain ring-
down schemes based on frequency-shifted interferometry [198, 199]. Typically, the evanes-
cent wave around a narrow fiber taper inside the fiber resonator is used for probing the
absorption of a sample outside the taper. While the detectivity of fiber-resonator CRDS
schemes generally falls short of free-space CRDS performance by many orders of magni-
tude due to high intrinsic losses, these techniques have application perspectives based on
their compactness, low cost and the possibility for extreme resonator lengths well beyond
the km-level with multiple sensors at different locations for spatially resolved distributed
sensing.

For a discussion on ultra-high resolution CRDS techniques based on saturated absorp-
tion, the reader is referred to Section 9.1 in Part III dedicated to this topic.



Chapter 6

OFFS-CRDS - method, setup and
automation

Designed for ultra-sensitive absorption spectroscopy with extreme frequency resolution
and stability, OFFS-CRDS builds on the development of highly coherent single-sideband-
tuned Optical Feedback Frequency Stabilized laser sources in particular, and on a broad
fundament of powerful state-of-the-art Cavity Ring-Down Spectroscopy techniques (cf.
Chapter 5) in general.

To briefly summarize the objectives and principles of OFFS-CRDS, let us quote from
Article 5 on page 160, which captures the essence of the new spectroscopic technique:

In particular, OFFS-CRDS was designed to meet the following five inti-
mately related requirements: (1) a sensitivity on a par with state-of-the-art
CW-CRDS setups, (2) a highly stable and linear frequency axis, (3) the ab-
sence of excess absorption noise due to frequency jitter conversion on slopes,
(4) an arbitrary frequency stepping resolution for resolving delicate features
of advanced Doppler-broadened line shapes or even sub-Doppler features, and,
in turn, (5) very high intracavity power for saturating even weak transitions
in the near infrared. (1) and (5) call for the resonant excitation of a very
high-finesse cavity which guarantees long, well-defined RD events and strong
passive intracavity power amplification. (2) and (3) necessitate a highly stable
optical length of the RD cavity, while (4) combined with (2) suggests working
in the radio frequency (RF) domain, where sub-Hz frequency accuracy and
resolution are readily achievable.

Fulfilling all five conditions, our approach consists in tightly locking a high
finesse RD cavity to a sub-kHz linewidth stable laser finely tunable by means
of electrooptic single-sideband modulation. Among the key elements of this
setup are the optical feedback frequency-stabilized laser using a highly sta-
ble V-shaped reference cavity and single-sideband modulation with a dual-
parallel Mach-Zehnder modulator (MZM), as well as a modified fibered Pound-
Drever-Hall-locking scheme for tight locking of a high-finesse RD cavity. These
methodological advances provide high cavity transmission for low-noise pho-
todetection and guarantee an unbroken stability transfer chain from the V-
shaped reference cavity to the absorption spectrum frequency axis.

Before moving on to specific technical and experimental details on the ring-down cavity
design for OFFS-CRDS, its temperature stabilization and vacuum system, MZM-tuning
as well as data processing and experimental automation, let us begin with the article
OFFS-CRDS was first reported in.
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6.1 Article 4 - Optical feedback frequency-stabilized cavity
ring-down spectroscopy

After a general introduction, the following article [200] begins with a description of the
experimental setup for OFFS-CRDS, with a particular focus on Mach-Zehnder-modulator-
based single-sideband frequency tuning. Then, Pound-Drever-Hall locking of the ring-
down cavity and the automation of the experimental setup are discussed. Characterizing
the quality of ring-down acquisition, experimental ring-down fit residuals are presented
subsequently. The precision of ring-down measurements is characterized in terms of an
Allan plot, and a broadband spectrum of CO near 1.6 pm is reported as a first application
in molecular spectroscopy. Characterizing the detection limit of the technique, a detailed
analysis of the spectrometer baseline structure is conducted in view of parasite fringes.
The article concludes on two further proof-of-principle applications, namely the study of
an absorption line profile with high signal-to-noise ratio and the observation of a saturated
absorption Lamb dip.

In complement to Fig. 1 of the following article, a more comprehensive schematic of
the experimental setup for OFFS-CRDS is provided in Fig. 1 of Article 5 on page 160.
Some readers may prefer reading Articles 4 and 5 consecutively before moving on to the
technical and experimental details in the following sections of this chapter.
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We introduce optical feedback frequency stabilized cavity ring-down spectroscopy (OFFS-CRDS), a near-shot-noise-
limited technique that combines kilohertz resolution with an absorption detection sensitivity of
5x 10713 em™ Hz Y/2, Tts distributed feedback laser source is stabilized to a highly stable V-shaped reference cavity
by optical feedback and fine-tuned by means of single-sideband modulation. The stability of this narrow laser is
transferred to a ring-down (RD) cavity using a new fibered Pound-Drever—Hall (PDH) locking scheme without a
dedicated electro-optic phase modulator, yielding several hundred RD events per second. We demonstrate continu-
ous coverage of more than 7 nm with a baseline noise of 5 x 102 cm™! and a dynamic range spanning six decades.
With its resonant intracavity light intensity on the order of 1 kW/cm?, the spectrometer was used for observing a
Lamb dip in a transition of carbon dioxide involving four vibrational quanta. Saturating such a weak transition at
160 pW input power, OFFS-CRDS paves the way to Doppler-free molecular overtone spectroscopy for precision
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measurements of hyperfine structures and pressure shifts.
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Continuous-wave cavity ring-down spectroscopy (CW-
CRDS) [1] is a widely used, powerful tool for ultrasensi-
tive laser absorption spectroscopy. It yields the absorp-
tion coefficient a of a sample in an optical cavity in terms
of the cavity exponential decay time 7 as ac = v - 71,
where c is the speed of light and z is a baseline incor-
porating mirror transmission and losses as well as scat-
tering and diffraction losses. By combining the benefits
of cavity enhanced light-matter interaction with the pre-
cision of time-domain based measurements, CW-CRDS is
capable of achieving detection limits down to a few
107 em™! [2]. In recent years, frequency stabilized
CRDS techniques [3,4] have responded to a growing need
for unbiased high-precision measurements of both shape
and integrated area of molecular absorption lines. Appli-
cations of absorption line metrology include comparison
with ab initio line shapes [5,6] and intensities [7] and
measurement of isotopic ratios highly relevant to envi-
ronmental sciences [8,9], as well as fundamental mea-
surements, for instance, a redetermination of the
Boltzmann constant [10,11] in view of the imminent
redefinition of the Kelvin. Recent advances [12,13]
achieving cavity-mode-width-limited apparatus functions
on the order of 10 kHz underline the significant interest in
the development of ultrasensitive ring-down (RD) spec-
troscopy techniques with high frequency stability. In this
Letter, we introduce a conceptually different experimen-
tal approach: optical feedback frequency stabilized
CRDS (OFFS-CRDS). It features a unique combination
of kilohertz frequency resolution and stepping, shot-to-
shot RD time fluctuations as low as 1.5x 107, and
kW /cm? level intracavity light intensity.

In OFFS-CRDS, the RD cavity length is stabilized to
resonance with the laser source using a modified fibered
Pound-Drever-Hall (PDH) locking scheme. The laser de-
rives its frequency stability from a highly stable V-shaped
reference cavity, to which it self-locks by optical

0146-9592/14/164695-04$15.00/0

feedback. Arbitrarily fine, adaptive tunability is accom-
plished using optical single-sideband modulation [14].
Thanks to this direct stability transfer chain, the RD
cavity length is referenced to the highly stable V-shaped
cavity. Consequently, the frequency axis linearity of
OFFS-CRDS is not affected by optical path length
changes induced by absorption features according to
the Kramers—Kronig relations.

The experimental setup for OFFS-CRDS is depicted in
Fig. 1. A distributed feedback diode laser emitting
between 1608 and 1616 nm is optical feedback locked
to an evacuated, temperature stabilized, ultralow-
expansion glass and Super Invar composite V-shaped
cavity with a free spectral range of 491.38 MHz and a
finesse in excess of 2 x 10°. This laser source with sub-
kilohertz linewidth and drift rates below 20 Hz/s is dis-
cussed in detail in [14]. The laser locks to successive
modes v,, of the V-shaped cavity when its current or tem-
perature is changed. This coarse frequency tuning is com-
plemented by frequency shifting over more than 1 GHz
with millihertz accuracy by means of a fibered Mach—
Zehnder modulator (MZM) working as an optical single-
sideband frequency shifter [14].

In addition to arbitrarily fine-tuning, using a MZM has
two further important benefits for CRDS. First, RD
events can be triggered using a fast switch cutting the
MZM driving radio frequency (RF) vgr to —80 dB within
20 ns. This is a significant improvement on convention-
ally used acousto-optic modulators, whose inferior ex-
tinction ratio and switching bandwidth may degrade the
quality of RD measurements [15]. Second, phase modu-
lation (PM) sidebands on the frequency shifted MZM out-
put can be generated by supplying a phase modulated RF
carrier at the MZM input. Therefore, the modified PDH
scheme we propose (Fig. 1) goes without an additional
electro-optic modulator. The beam reflected by the RD
cavity is detected with a fibered photodiode using a

© 2014 Optical Society of America
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fiber-optic circulator. Its return loss around -50 dB gen-
erates an optical fringe. This parasite etalon can be aver-
aged out by rapidly varying circulator-cavity distance
with a piezoelectric transducer (PZT)-mounted steering
mirror. A PDH local oscillator frequency vppy around
400 kHz was chosen in order to minimize electronic noise
and RF parasite radiation. The resulting error signal is
used to control the RD cavity length by moving the out-
put mirror mounted on a PZT. The latter is glued on a
massive 33 cm long aluminum hollow cylinder of 50 mm
outer and 8 mm inner diameter. For tuning this cavity
into resonance with the laser, a relative stability on the
PZT high voltage (HV) supply on the order of the inverse
RD cavity finesse F' <450, 000 is needed. This criterion
has been met by means of the split voltage driving
scheme shown in Fig. 1. Two signals with a common
ground are connected to the PZT: a DC offset from a
homemade low-noise HV source controlled by an opto-
coupled digital signal, and a component from a commer-
cial analog servo controller with a bandwidth of 7 kHz.

The OFFS-CRDS spectrometer is fully automated using
a LabVIEW program. For instance, PDH lock of the RD
cavity onto the laser is automatically acquired within a
fraction of a second and maintained by updating the ap-
propriate DC voltage offset on the PZT. This robust lock
is not perturbed by switching off the laser at kilohertz
rates for generating RD events. Laser current and temper-
ature changes are synchronized with MZM driving RF
steps for frequency tuning, while reference cavity mode
jumps are counted using a 60 MHz resolution Michelson-
type wavemeter. RD events are triggered, acquired, and
fitted in real time with adaptive acquisition parameters.
The spectrometer can thus operate completely autono-
mously and is able to realize broadband scans with adap-
tive resolution, as well as long-term averaging of spectra
over several days.

RD events are recorded at 6560 kHz sampling rate using
an 18-bit analog-to-digital converter (ADC). Its 13 pV RMS
noise level is evidenced by the tail of the exponential fit
residuals shown in Fig. 2.

Long-term averaging of successive fit residuals reveals
an underlying static pattern, which does not change with
increasing averaging time. It is therefore attributed to
ADC nonlinearity and its amplitude is well within the ac-
quisition card specification. The front part of single event
fit residuals exhibits an exponential noise envelope

decaying at twice the RD time. It is due to photon shot
noise and constitutes the quantum limit for the definition
of a RD signal. The two RD noise components together
determine the measurement precision, which can be char-
acterized in terms of an Allan plot [16]. The result is shown
in Fig. 3, derived from the RD time series depicted in the
inset. At 260 RD events per second, the absorption Allan
deviation without any etalon scrambling reaches 1.9 x
10713 ecm™! after 1 s by averaging down as white noise,
within a factor of 1.5 from the fundamental shot-noise
limit as given by analytical error propagation in an ideal
exponential fit. The remaining difference is due to ADC
noise (Fig. 2). During fringe scrambling, 518 RD events
per second are reached, as a shorter RD acquisition time
can be chosen without increasing shot-to-shot fluctua-
tions. This is the realistic case for spectroscopic scans,
as varying frequency reveals the circulator-cavity etalon.
The result shows that this fringe is averaged out efficiently
by varying the corresponding distance. The averaging
behavior is well understood by means of a Monte-
Carlo-type simulation, which gives the Allan deviation
for virtual RD events (red curve), taking into account
the relevant experimental values, such as RD repetition
rate, scrambling frequency, and fringe amplitude, for in-
stance. The resulting detection sensitivities with and with-
out etalon scrambling are 5x 10713 ecm'Hz /2 and
1.9 x 10713 cm~1 Hz /2, respectively.

As a first spectroscopic application and performance
test, the broadband spectrum of 10 Pa of COy shown
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in Fig. 4 was recorded during a 17 h scan with 2.5 s
averaging time per point. It features a spectral coverage
of 285 cm™! with a baseline RMS absorption noise
around 5 x 10712 ecm!. The strongest measured absorp-
tion of 3.4 x 108 cm™! therefore accounts for a dynamic
range of 7 x 10°. A rigorous baseline structure analysis
revealing residual etalon effect contributions is vital
for retrieving unbiased line parameters and uncertainties
[17]. Therefore, the cavity was evacuated to record the
line-free baseline section shown in the upper panel of
Fig. 5. The Fourier transform of the linearly corrected
baseline reveals a parasite etalon between photodiode
and RD cavity and a residual contribution from the
scrambled circulator-cavity fringe. Integrating over the
corresponding sections of this absorption noise power
spectral density (PSD) (lower panel of Fig. 5) shows that
the two fringes represent one-half and one-quarter, re-
spectively, of the total 2 x 10-2® cm~2 absorption baseline
variance. Their amplitude scales with the inverse cavity
finesse. This is an important advantage of high-finesse-
cavity-based methods compared to sensitive but low
finesse techniques such as [18].

OFFS-CRDS was used for studying the isolated line at
6214.5877 cm™! in 2 Pa of CO,. Figure 6 shows the profile
recorded in a single 4 min scan with adaptive resolution,
gradually increasing from 435 MHz on the baseline to
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10 MHz on top of the line. Even at this low pressure,
the residuals from fitting with a Doppler profile reveal
a clear w-shaped signature due to collisional broadening.
This is correctly accounted for by a standard Voigt pro-
file, which yields flat residuals corresponding to a single-
scan signal-to-noise ratio (SNR) of 3 x 104, dominated by
the excess noise from the shorter RDs at high absorption
on the line center. Fitting with the Voigt profile yields a
Doppler temperature of (295.96 4+ 0.06) K, in good agree-
ment with the RD cavity temperature stabilized
at (296.1 £ 0.1) K.

Finally, at even lower pressure, the Lamb dip shown in
Fig. 7 has been observed at the center of the same CO,
line. The saturated absorption regime is attained with
160 pW input power yielding approximately 10 W reso-
nant intracavity power (1 kW/cm?). With an Einstein
A coefficient of 7.3 x 103 Hz, the transition probed here
is 2-4 orders of magnitude weaker than the ones mea-
sured in previous saturated CRDS studies [19,20]. The
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recorded with adaptive resolution. Upper panel: experi-
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fit residuals from fits with a Gaussian (top) and a Voigt profile
(bottom).
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Lamb dip SNR of 50 allows a line center retrieval at 2 kHz
precision for a measurement time below 1 min. The Lamb
dip width is dominated by transit time broadening. The
baseline tilt is due to an increase in CO, concentration
by outgassing. To determine correct absorption coeffi-
cients from the nonexponential RDs in the saturated re-
gime, a retrieval algorithm similar to the one in [20] must
be adopted for future quantitative studies.

Summing up, OFFS-CRDS is a novel absorption spec-
troscopy technique approaching the fundamental shot-
noise limit. It features a RD cavity that is tightly locked
to a single-sideband-tuned laser stabilized to a highly sta-
ble V-shaped reference cavity. Reaching a detection sen-
sitivity of 5 x 10713 em~1 Hz1/2, it opens up a multitude of
direct application opportunities in various fields. To cite
a few examples, broadband scans can be carried out to
measure accurate line positions and intensities for com-
parison to ab initio calculations. Isolated absorption
lines can be measured with adaptive resolution for test-
ing state-of-the-art line-shape models and retrieving pre-
cision line parameters. Combining kilohertz resolution
with high resonant intracavity power, OFFS-CRDS is
ideally suited for studying sub-Doppler absorption
features by saturating even weak molecular transitions.
This should allow resolving hyperfine structures, retriev-
ing pressure shifts with increased precision and, in a
comb-assisted setup, making many new absolute optical
frequency references available. Finally, with its small
sample volume on the order of 10 ml and its footprint
inherently below 1 m? and 50 kg, OFFS-CRDS holds a
considerable potential for building highly sensitive, mo-
bile instruments for field measurements of isotopic ratios
for atmospheric and climate science.

This work was performed in the framework of Labex-
0OSUG@2020 (ANR10 LABX56) and was supported by
Po6le SMINGUE (Université Joseph Fourier).
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6.2 Technical and experimental details

6.2.1 Ring-down cavity design

Striving for a tight Pound-Drever-Hall (PDH) lock of ring-down cavity length and an op-
timal noise level of the OFFS-CRD spectrometer, several cavity designs were planned,
realized and tested in the framework of this thesis. First PDH-locking tests in [58]
clearly indicated that the mechanical stability of a conventional ring-down cavity with
breadboard-mounted mirrors was insufficient for achieving a robust and tight lock.

For illustrating the difficulty of the endeavor, let us recall that locking the CRDS
cavity length onto the VCOF laser implies a resonance frequency stability on the order of
the cavity modewidth dv. Rewriting dv using the free spectral range definition (2.32), it
can be translated into the associated cavity length stability 0L according to Eq. (2.38),

yielding the intuitive result
1 A

§L=-——-2 6.1
73 (6.1)
At A = 1.6 um and with a cavity finesse F' = 450000, this corresponds to

|0L] = 1.8 pm (6.2)

A substantial technical effort was required to meet this challenging criterion. The elec-
tronic part considering the piezo-electric actuator, on which the cavity end mirror was
mounted, will be discussed in the following section.

Here, we shall focus on the considerations concerning the mechanical stability of the
main body of the ring-down cavity. In view of the good experiences made with the V-
shaped cavity mirror holders intrinsically aligned by precision machining (see Article 1
on page 32 and [58] for a detailed account), a massive monolithic cavity design with two
mirrors tightly contacted to polished metal surfaces was chosen as the fundamental de-
sign principle. The most recent ring-down cavity we have designed and developed on this
basis is shown in Fig. 6.1. The corresponding technical drawing is reported in Fig. 6.3.
Aluminium was chosen as the cavity material for its ease of machining, rigidity and high
thermal conductivity. The latter makes it compatible with stabilizing the ring-down cavity
at a well-defined, uniform and stable temperature. This is crucial for many metrological
applications of CRDS and will be discussed in more detail in Section 6.2.3. Consequently,
the classical choice of stainless steel as a material was ruled out from the start on account
of its poor thermal conductivity.

To first order, the cavity is a hollow cylinder with 76 mm outer diameter and 8 mm inner
diameter. This massive body was chosen for enhancing the cavity’s mechanical stability,
and to provide it with a considerable thermal inertia enabling an efficient thermalization
of the intracavity sample. The rather spacious central bore ensures that diffraction losses
are completely negligible for light in the TEMgg cavity mode. On one side of the cavity, a
half-inch mirror support is machined into the cavity bulk. The highly reflective front facet
of the mirror is tightly contacted to a precision-machined polished aluminium surface.
The mirror is held in this position by a Viton fluoroelastomer o-ring and a stainless
steel disk tightened using four M3 x 0.5 screws. On the other side of the cavity, another
Viton o-ring and a stainless steel disk tightened with four M2 x 0.4 screws provides the
vacuum seal. Using the ultra-low-vapor-pressure epoxy resin TorrSeal, a stack-type piezo-
electric actuator (PZT, Physik-Instrumente P-016.10H) is glued onto this disk. A two-part
stainless steel mirror mount, in turn, is glued onto the other side of the stack PZT. The
second mirror is contacted to the mount using another Viton o-ring tightened by a stainless
steel ring. The completely mounted mirror-PZT assembly is shown in Fig. 6.2.
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Figure 6.1 Most recent ring-down cavity machined in a monolithic aluminium cylinder.
Mirrors, O-rings, adjustment screws and PZT-assembly are not yet mounted on this pho-
tography.

Figure 6.2 Fully mounted mirror-PZT assembly installed at cavity output. Eight mirror
orientation adjustment screws are also visible.

One of the crucial features of this monolithic cavity is that it allows fine adjustments
of mirror orientation. This is realized by cutting two 6-mm-deep trenches into the cavity
bulk on a lathe, leaving a wall thickness of only 0.6 mm at the thinnest point. This creates
two soft spots close to the mirror supports, which can be deformed using strong torques
from 8 M3 x 0.5 adjustment screws on each side of the cavity, thereby enabling a slight
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controllable mirror tilt with respect to the symmetry axis of the cavity. The adjustment
screws on each side are organized in four pairs along two orthogonal axes, each pair
containing one screw pushing outwards and one screw pulling inwards. The redundant
degrees of freedom in this screw-based cavity deformation approach are useful in two
ways. Firstly, they allow distributing the considerable forces occuring under deformation
to several threads. Secondly, one can use them to apply forces acting in opposite directions,
thereby efficiently freezing the deformation in its current state.

Since the first 15-cm-long cavity prototype, the cavity length has been progressively
increased up to the current 34.5 cm over the subsequent design versions. At each step, the
PDH-locking behavior of the cavity was tested. The result was always positive, indicating
that moving towards a cavity length of 50 cm should be possible in the near future, while
being able to maintain a sturdy lock.

In order to facilitate the measurement of intracavity pressure and to open the possibility
of working with samples in a continuous flow, the cavity features two vacuum connection
ports. After repeated leakage problems with national-pipe-thread (NPT) or Swagelok
tube fitting connections, two female Swagelok VCR-type threads were machined into the
cavity bulk for ensuring leak-tight operation. Finally, six 3-mm bores were drilled 2-cm-
deep into the cavity bulk to host temperature probes allowing a reliable and spatially
resolved characterization of cavity temperature. The probe sites are located at angles of
120° around the cylindrical symmetry axis of the cavity and divide its length into three
equal parts.
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6.2.2 Low-noise, high-voltage cavity length servo loop

Tightly locking the ring-down cavity TEMgy mode onto the stable, but tunable VCOF
laser is a key feature of OFFS-CRDS. It guarantees an unbroken stability transfer chain
from the V-shaped reference cavity to the CRD spectrometer frequency axis. Physically,
this lock is realized in terms of a servo loop on the ring-down cavity length controlled by
a moving cavity end mirror mounted on a piezo-electric actuator (PZT). To begin with,
let us examine the voltage stability needed on the PZT for this purpose. To first order,
the PZT displacement § L is proportional to its driving voltage change dV and reaches one
free-spectral range of the cavity at model-dependent characteristic voltage Vrgg:

oV oA
0L = - = 6.3
Visr 2 (6:3)

Inserting this PZT property into the cavity length condition (6.1) one obtains the voltage
stability criterion

_ 6.4
Vrsrl F (6.4)

Again, this is a very intuitive result, stating that the voltage stability normalized to the
FSR voltage must be better than the inverse cavity finesse. For the present case of a
high-finesse CRDS cavity with I’ =~ 450000 this applies a voltage stability on the order of
2 -107% for voltages well over 100 V.

‘5‘/ 1

To meet this challenging voltage stability criterion, we developed the dedicated elec-
tric setup depicted in the schematic in Fig. 6.4. The heart of this innovative approach
to PDH-locking of a high-finesse cavity lies in that the PZT is driven by the potential
difference between the outputs of a computer-controlled low-noise high voltage source and
a commercial analog servo controller (Toptica PID 110) operated in low-voltage mode.
The effective voltage range typically used on both sources was 10V to 150V and +1V,
respectively.

First, let us discuss the high voltage offset applied to the PZT plus pole. It is supplied
by a home-made high-voltage (HV) amplifier with a constant voltage gain of 45. It uses
a standard LM741 operational amplifier and has a very low intrinsic noise level, as will
be shown further below. The HV setpoint, divided by the factor of 45, is provided as an
analog voltage signal from a digital-to analog converter. The device serving this purpose
in the present setup is a Texas Instruments DAC-1220-EVM, which provides an output
voltage between 0 and 5 Volts with 20-bit resolution and a root-mean-square (rms) noise
level on the order of 7 uV according to the datasheet. This high performance comes at the
expense of a low effective bandwidth on the order of 300 Hz, limiting the rate at which
the high voltage level can be effectively updated. Finally, to send a new voltage setpoint
from the computer controlling the experiment to the DAC-1220, a National Instruments
USB-8540 USB (universal serial bus) to SPI (serial-peripheral-interface) communication
interface is used. To achieve the necessary ultra-low noise level at DAC-1220 output, the
USB-8540 and DAC-1220 grounds needed to be galvanically separated by transmitting
the SPI communication through digital optocouplers (Fairchild FODMS8061). These inte-
grated components contain a light-emitting diode (LED) and a receiving photodiode for
transmitting a pulsed signal without galvanic contact between the emitting and receiving
circuits.

The noise level eventually obtained with this custom-made high-voltage supply scheme
was on the order of 0.3 mV rms at 20-kHz bandwidth for a 180V output signal, thus satis-
fying the strict voltage stability criterion (6.4). Taking the voltage gain of 45 into account,
this noise level is in good agreement with the 74V DAC-1220 rms noise, indicating that
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Figure 6.4 Schematic of the electronic setup for Pound-Drever-Hall(PDH)-locked OFFS-
CRDS. Analog components are depicted in blue, digital ones in orange. PZT: Piezo-electric
actuator controlling ring-down cavity length, PD: photodiode, BP: band-pass filter, RF:
radio frequency, amp: amplifier, synth: synthesizer, PC: personal computer, USB: uni-
versal serial bus, SPI: serial-peripheral-interface, DAC: digital-to-analog converter, TTL:
transistor-transistor logic, HV: high voltage, PID: proportional-integral-derivative con-
troller, IF: RF mixer intermediate frequency output, LO: local oscillator.

Low-noise
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the home-made HV source only negligibly contributes to the total noise level. It is impor-
tant to note that the performances reported here could only be attained by meticulously
eliminating ground loops between the different parts of the setup, which would lead to
oscillatory parasite signals. Furthermore, a pair of 12 V-accumulators was used as a power
supply for the OFFS-CRDS instrument, thus avoiding any parasite common-mode signals
related to the three-phase laboratory power grid.

Now, let us turn to the fast signal applied to the PZT minus pole by the analog servo
controller. It is based on the error signal obtained by means of a Pound-Drever-Hall
(PDH) scheme using the MZM and a fiber-optic circulator. This modified PDH-locking
scheme was proposed and treated in detail in [58]. Its working principle is also discussed
in Articles 4 and 5. To implement it, we chose high-end commercial components wherever
possible. Before and after 24 dB amplification by a low-noise amplifier (Minicircuits ZFL-
500LN+), the signal from the PDH photodiode is filtered by a 350-450 kHz band-pass filter
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(MiniCircuits ZFBP-400K+), keeping only the frequency band carrying the PDH error
signal. The latter is obtained using a 17-dBm level RF mixer (MiniCircuits ZP-3H+) by
demodulating the PDH photodiode signal using a local oscillator sine wave supplied by the
RF synthesizer. The resulting PDH signal was wired directly to the error signal input of
the analog servo controller. The maximum servo bandwidth of this Toptica 110 controller
is on the order of 7 kHz here, well-matched with the in-phase response bandwidth of
the PZT, which was evaluated experimentally to be superior to 6 kHz. In practice, best
locking results were obtained when using the maximum 7-kHz servo bandwidth on the
Toptica 110. In a standard PDH setup, a low-pass filter needs to be inserted between
RF mixer and servo controller in order to filter out the PDH signal component at twice
the modulation frequency. In the present setup, the intrinsic bandwidth of the Toptica
110 was seen to serve this purpose perfectly, and any addition of supplementary low-pass
filters negatively affected lock quality.

Summing up, the PZT plus pole is kept at a constant high potential by the home-
made low-noise HV source. The potential at the minus pole, in turn, is given by the fast
correction signal from the analog servo controller referenced to the same ground potential.
In this manner, the analog PID controls the voltage applied to the PZT by shifting the
reference potential of the HV offset. In this differential voltage-driving scheme, the servo
controller can thus lock the cavity length with an output voltage close to zero.

A last important point concerns the method by which the HV offset value needed
for finding the TEMgg cavity mode is determined. It is evident that this task is not
trivial when comparing the analog servo locking range of +1V to the PZT FSR voltage
Vrsr =~ 90V. To find the approximate PZT voltage corresponding to the TEMyq cavity
mode automatically and reliably, a fast computer-based routine was developed. It first sets
the analog servo output to 0V using its built-in reset functionality controlled by a +5V
TTL signal, as indicated in Fig. 6.4. Then, it carries out a 50-ms long voltage sweep by
stepping the DAC-1220 through discrete voltage values covering more than one FSR of the
cavity. The peak in the CRDS transmission signal recorded during this sweep corresponds
to the TEMyy mode. Having localized the mode, a second scan with a narrower span
is carried out centered around the approximate position of the mode. This procedure is
typically repeated 7 times, leading to a determination of the TEMgg voltage much better
than the required £1 V-level. Once this iterative procedure has converged to the adequate
HYV offset, the analog servo is switched back on by the computer. Now within the TEMgq
locking range, it automatically locks the cavity to resonance with the VCOF laser. This
automated cavity relock procedure takes approximately half a second at present and can
be triggered on demand anytime. Finally, in order to always keep the analog servo out-
put centered around its working point of 0V, the HV offset is automatically updated by
communicating a new offset value to DAC. Such a HV update event is triggered as soon
as the analog servo output, monitored by the computer, leaves a narrow voltage interval
around 0V. In this case, the HV offset is changed by a small amount, typically 4 mV. If
necessary, another step is made a few ms later. This automatic computer-controlled HV-
offset tracking allows perpetual servo operation without breaking the cavity lock, thanks
to the small voltage steps and the high correction bandwidth of the analog PID.

To conclude, let us note the astounding fact that triggering hundreds of ring-down
events per second with the corresponding dark laser-off periods does not negatively affect
the robust PDH-lock of the cavity. Ring-down cavity and VCOF laser therefore seem to
be sufficiently stable for passively maintaining their resonance over the few-ms dark period
during each ring-down event.
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6.2.3 Ring-down cavity temperature measurement and stabilization

Keeping the ring-down cavity at a stable temperature during spectroscopic measurements
is vital for two important reasons: First, it minimizes spectrometer baseline fluctua-
tions due to thermo-mechanical drifts of empty-cavity losses. Second, it prevents absorp-
tion line intensities from changing due to molecular population redistribution related to
temperature-dependent Boltzmann statistics (cf. Section 8.1.1). Consequently, a double-
stage temperature stabilization approach was developed for OFFS-CRDS, trying to lock
ring-down cavity temperature to a setpoint value while keeping temperature gradients in-
side the cavity as small as possible.

The ring-down cavity is installed inside the polystyrene enclosure shown in Fig. 6.5,
which provides a stable environment by passively isolating the cavity from perturbations in
the air-conditioned laboratory room. The air temperature inside the enclosure is actively

[
- 4

Figure 6.5 Peltier-stabilized polystyrene enclosure containing the OFFS-CRDS setup.

stabilized by means of a commercial two-fan air-air Peltier cooler SuperCool AA040-1222
with 41 W nominal cooling power, which can be seen at the upper left side of the box
in Fig. 6.5. It stabilizes the reading from a 1002 platinum temperature probe (PT100)
installed in the middle of the box. According to the European IEC751 standard, the
accuracy of this probe can be conservatively estimated to 0.3 K.

As the second temperature stabilization stage, two resistive silicone rubber heating
bands were tightly contacted to the ring-down cavity surface. They feature resistance
values of 552 and 107 2 and dimensions of 30 cm x 5 cm and 30 ¢cm x 2.5 ¢cm, respectively.
The current driver for this heating scheme is a home-made circuit with an OPA548 oper-
ational amplifier and a voltage gain of 2.4. By applying the same voltage to both heating
bands, a roughly equal power density per surface area is delivered by both bands. The
heating current is controlled by the experimental control computer, using a software PID



6.2. TECHNICAL AND EXPERIMENTAL DETAILS 103

servo loop and an analog output between 0 and 10 V from a data acquisition card, as dis-
cussed below in Section 6.3.2. The basis for this second-stage stabilization is an accurate
and spatially resolved measurement of cavity temperature. It is provided by six 1000 €2
platinum temperature probes (PT1000) with a specified accuracy of 0.1K, installed in
three 3-mm-diameter holes 2.5-cm-deep in the cavity bulk, as discussed in Section 6.2.1
above. A photo of the ring-down cavity with all temperature probes and both heating
bands installed is shown in Fig. 6.6. The PT1000 resistance values are read by means of

—
=

—

Figure 6.6 Ring-down cavity with heating bands and temperature probes installed on the
breadboard with the optical setup for OFFS-CRDS.

six home-made Wheatstone-bridge circuits with a precision voltage reference. The result-
ing voltage signals are transferred to the experimental control computer by means of two
analog-to-digital converters and USB communication interfaces. They are subsequently
converted to temperature by the computer and used for the software servo loop mentioned
above. The intrinsic technical noise of this temperature measurement scheme is very low,
on the order of 100 uK, and up to 16 measurements can be made per second. The tem-
perature measurement accuracy, however, is partially lost due to the uncertainties in the
Wheatstone bridge resistances and, to a lesser extent, the voltage reference, leading to
reading differences between uncalibrated probes on the order of a few 0.1 K.

Therefore, we carried out a calibration of the six PT1000 probes by equilibrating the
ring-down cavity temperature using only the Peltier stabilization stage. Thanks to its mas-
sive design and its high thermal diffusivity, the ring-down cavity then acts as an effective
thermal reservoir with minimal temperature gradients. Recording temperature measure-
ments over several hours, the six probes were calibrated to the temperature measured by
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the commercial PT100 probe of the Peltier cooler, thus used as a common temperature
reference. The result of this measurement is shown in Fig. 6.7, with the respective calibra-
tion offset already added to the reading of each PT1000 probe for the sake of readability.
The corresponding offset values for each probe are quoted in the legend. The curve from
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Figure 6.7 Upper panel: Temperature readings from the six PT1000 temperature probes
installed at different sites in the cavity main body actively stabilized by the Peltier cooler.
The temperature values were corrected for the offset shown in the legend for matching the
reference PT100 temperature. Lower panel: Differences between the temperature readings
from different probes. The root-mean-square fluctuations of these differences are reported
in the legend.

probe 5 is shown in dotted gray, as it exhibits excess noise, significant drifts and, from time
to time, measurement artifacts exhibiting sudden temperature jumps and spikes. In the
light of these problems, the probe is considered unreliable, and its reading is not used for
any purpose at present. Consequently, probe 5 and the respective readout circuit should
be replaced in the next revision of the setup. The lower panel of Fig. 6.7 shows the evolu-
tion of the difference in temperature reading by the five operational probes, exhibiting an
essentially flat behavior indicating a temperature uniformity at the sub-mK level inside
the aluminium body of the cavity. Consequently, the arithmetic mean of the temperature
readings from the five operational probes constitutes a very precise measure for cavity
temperature.

Switching on the second-stage heating band stabilization, the average cavity temper-
ature was increased to 26 °C and monitored over almost two days. The temperature
readings by the five operational calibrated probes during this measurement are shown in
Fig. 6.8. The root-mean-square temperature fluctuations of the actively-stabilized average
temperature (blue curve) amount to only 260 K. Three of the probes were within 5 mK
from the setpoint, while the other two were at +18 mK and —22mK, respectively. These
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Figure 6.8 Evolution of ring-down cavity temperature over time during active double-stage
stabilization, as measured by five PT1000 probes at different sites.

temperature differences are attributed to temperature gradients arising in the cavity un-
der the effect of heating, which is not perfectly uniform and isotropic at present. This
interpretation was confirmed by further increasing the cavity temperature, which lead to
a roughly proportional growth of temperature differences, as expected. Let us note that a
contribution from a temperature gradient effect on the Wheatstone bridge resistances can-
not be excluded with certainty in the present setup. To improve this aspect, even longer
wires may be used for the temperature probes in the future, thus completely separating
the bridge circuit from the cavity. Finally, in future versions of the setup, a more complete
and uniform coverage of the cavity surface with customized heating bands should allow
further reducing temperature gradients inside the cavity body.

6.2.4 Vacuum system, pressure measurement and sample inlet

Ultra-sensitive techniques such as OFFS-CRDS are ideally suited for low-pressure and
long-term measurements. To ensure well-defined and stable measurement conditions, the
vacuum and sample inlet system must therefore comply with the highest possible stan-
dards in terms of pumping performance and leak tightness. With this objective in mind,
Swagelok VCR, and Ultra-Torr fittings for high-vacuum applications were chosen for the
critical parts of the vacuum setup.

As discussed in Section 6.2.1, the ring-down cavity features two home-made quarter-
inch Swagelok VCR-type vacuum ports. A VCR-to-6-mm-tube adapter was definitively
installed in both, creating a gasket-free vacuum seal by the deformation of the cavity
aluminium by the stainless steel VCR adapter. On one vacuum port, an MKS Baratron
626C capacitance manometer with a full range of 10 Torr (13.3 mbar) for intracavity pres-
sure measurements is installed using an quarter-inch Swagelok Ultra-Torr elbow and a
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6-mm-to-KF25 vacuum adapter for connecting the gauge. On the second port, a Swagelok
Ultra-Torr elbow and a 6-mm-tube-to-VCR adapter are installed for connecting a manual
Swagelok SS-BNV51 high-purity bellows-sealed valve, which is used for isolating the cavity
from the pumping and gas inlet circuit connected to the valve by a quarter-inch Swagelok
VCR bellow. This flexible bellow leaves the temperature-stabilized enclosure (cf. Section
6.2.3) and, via another Ultra-Torr adapter, links the system to the pumping and gas inlet
circuits by means of a Swagelok 6-mm tube-fitting tee. On the gas inlet side, a manual
Swagelok SS-1RS6MM precision needle valve is placed for manually controlling the sample
inflow and for isolating the vacuum system from atmospheric pressure when the sample
gas bottle is changed. On the pumping side, a full-opening KF25 gate valve is placed to
allow isolating the system from the turbomolecular pump (Pfeiffer Vacuum HiPace 80)
when necessary. This turbo pump operates at 1500 revolutions per second and has an
ultimate pressure below 10~7 mbar. It is backed by a dry scroll pump (Varian SH-110)
with a typical ultimate backing pressure on the order of 2 - 102 mbar.

In order to obtain accurate pressure readings with the Baratron gauge, its zero pressure
signal must be calibrated by evacuating the cavity to well below the minimum pressure
which can be detected with the gauge, that is 1072 Pa for the present model. With
an MKS 925 Micro-Pirani gauge, we independently checked that the ring-down cavity
can be evacuated to below 1073 Pa without problems. While thus evacuated, the zero
pressure calibration shown in Fig. 6.9 was carried out. Based on this measurement,
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Figure 6.9 intracavity pressure reading before gauge zero setting. During this measure-
ment, the cavity was evacuated to less than 1073 Pa.

the zero-pressure value of the gauge was set to 0.62 Pa. The observed apparent pressure
fluctuations are attributed to the impact of temperature variations in the laboratory room.
They indicate that an accuracy better than 0.1 Pa cannot be reliably expected under the
present conditions. With this zero-pressure calibration, the calibrated Baratron gauge has
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an accuracy on the order of 0.1 Pa plus 0.3% of the pressure reading.

For characterizing the vacuum properties of the ring-down cavity, it was isolated from
the pumps using the valve. The resulting intracavity pressure evolution over one day
measured by the Baratron gauge is shown as the blue curve in Fig. 6.10. For comparison,
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Figure 6.10 Comparison of the pressure increase in the isolated ring-down cavity over time
for two ring-down cavities of different vacuum design, but equal volume. The effective
leak rates are indicated for both curves. The circular inset shows a zoom on periodically
occuring discrete leakage events.

the red curve shows the pressure behavior of an OFFS-CRDS ring-down cavity from an
earlier revision, using a vacuum-greased quarter-inch conical NPT (national pipe thread)
vacuum connector and Swagelok tube fittings for the vacuum line. Its pressure increase is
4.5 times faster than in the current setup. Furthermore, it exhibits discrete leakage events
of unknown origin, shown by the circular inset in Fig. 6.10. They periodically occur at
quite regular 17 min intervals and lead to a pressure increase by about 0.3 Pa each. Using
the relations (6.5) and (6.6) below, this single-event pressure increase corresponds to a
gas volume of 0.06 mm? at atmospheric pressure. Accumulating events over one day then
yields a total volume of 5mm?3. No trapped gas volume inside the cavity could explain
this phenomenon, which was observed unaltered over several weeks. Therefore, it must
be considered to originate from a genuine, external leak with some sort of periodic inlet
mechanism. Looking closely at the blue curve for the current setup, one discerns that a
similar phenomenon occured twice, separated by over 14 hours. In this light, the sharp
signal peak in Fig. 6.9 is understood not to be a measurement artifact, but rather another
discrete leakage event, which is rapidly absorbed back to zero pressure by the pumping
system.

As indicated in Fig. 6.10, the blue curve implies an effective pressure increase rate
P =1.5-10"%mbar /s for the new, optimized ring-down cavity vacuum setup. To determine
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the corresponding leak rate, let us consider the ring-down cavity volume
Veaw = m(0.4cm)? - 34.5cm = 17.3ml (6.5)

This value should be rounded up to Vg, &~ 20ml, as a rough estimate for the tubing and
pressure gauge volumes. Then, the observed pressure increase P corresponds to a leak
rate

g mbar -1

R="VuP~3-10" (6.6)

s

Before quantitatively discussing this result, let us note that the composition of gases
contributing to this leak rate was studied spectroscopically by OFFS-CRDS near 6198 cm ™!,
Water, carbon dioxide and methane concentrations were probed in this manner, showing
that approximately 30% of the observed pressure increase was due to water. This result
indicating significant water outgassing from the cavity walls was expected, as the cavity
had never been baked out. Carbon dioxide and methane were present in traces at the
permil level. Importantly, the observed increase in CO9 partial pressure was continuous,
hinting that CO2 is being adsorbed on cavity walls and into Viton O-rings. In view of the
temperature-dependent dynamic equilibrium between adsorption and desorption and the
slow time constants in play, a certain degree of partial pressure fluctuations over time is
therefore expected in any static sample measurement on CO4 in the present setup.

Substracting roughly 30% of water outgassing from the effective leak rate (6.6), a poten-
tial external leak of roughly 2-10~8 mbar - 1/s remains to be accounted for. Let us therefore
consider the Swagelok VCR, connections with silver-plated Nickel gaskets and the Ultra-
Torr connections with elastomer O-rings in the system. According to the specifications,
the leak rate of each such connection is guaranteed to be better than 4 - 102 mbar - 1/s.
As there are currently eight such or equivalent connections in total, the tolerable leak
rate of the system has an upper bound of 3 - 108 mbar - 1/s. Although this tolerance in
itself could already account for the observed effective leak rate, leaks in the valve or the
ring-down cavity itself are not excluded, for example related to the four O-ring seals. A
Helium leak detector (Alcatel ASM-120h) was used to test this hypothesis, but no leakage
signal was found even at very high flow rates of He outside the cavity. In principle, this
means that external leaks of the ring-down cavity should be smaller than 10~ mbar - 1/s.
In practice, the measurement can not be considered to be quantitatively reliable, as the
leak detector calibration period had expired.

In view of these findings and the effective ring-down cavity leak rate of 3-10~8 mbar - 1/s,
the vacuum system can be qualified as very tight according to common standards for vac-
uum systems [201] already at present. Nevertheless, the origin of the rare, but periodic
leakage events is still unclear. It should be elucidated and remedied in future generations
of ring-down cavities for OFFS-CRDS. As an order-of-magnitude improvement in perfor-
mance is probably unrealistic with the current design and materials, we have identified
several strategies for further improving the ring-down cavity vacuum system properties in
future realizations.

First and foremost, the many fluoroelastomer seals in the current system may lead
to micro-leaks due to their permeation properties and are expected to contribute to out-
gassing and memory effects by storing molecules from previous gas samples and ambient
air. In future setups, they could be replaced by O-rings from materials such as silicone
or PEEK (polyether ether ketone), which are expected to have better high-vacuum prop-
erties. A hydrophobic coating of the cavity walls could be used to decrease adsorption
affinities in particular of water, but its effect on the adsorption of apolar molecules such
as CQOs is still unclear. Finally, inaccessible volumes around the mirrors and in the PZT-
mounting assembly should be further reduced in order to minimize virtual leaks. If these
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improvements can reduce intracavity pressure rise rates to well below the 10~ mbar/s
level, truly long-term spectroscopic measurements over several days come into reach even
in the low-pressure regime needed for saturated absorption studies, such as in Section 3.2.2
and Chapter 9.

6.2.5 Further improvements in single-sideband frequency tuning

Within the electro-optic bandwidth of the Mach-Zehnder modulator (MZM), typically
ranging from DC to between 13 and 20 GHz, the single-sideband tuning range is typically
limited by the radio frequency (RF) equipment and components used for supplying its
input signals. In the first realization of a single-sideband-tuned VCOF source in Article
1 on page 32 above and in [58], the necessary criterion was that SSB tuning must be
able to cover more than one free spectral range (FSR) of the V-cavity to enable arbi-
trarily fine frequency tuning for spectroscopy without spectral gaps. This was achieved
with a Rohde&Schwarz SMB100A RF synthesizer supplying up to 30 dBm for frequencies
up to 2.2 GHz and a Minicircuits ZX10Q-2-19+ quadrature two-way splitter operating
on the RF interval from 1.1 to 1.925 GHz, thus covering almost two V-cavity FSRs by
SSB tuning. In practice, satisfactory MZM extinction ratios were also obtained for fre-
quencies below 1.1 GHz, and the setup could be used for covering up to three FSRs by RF.

For fast spectroscopic scans, however, it is desirable to exploit the full potential of the
MZM, with RF components allowing to work over a much broader spectral interval. This
has the further advantage that whole spectral lines can be recorded using only RF tuning,
without changing the VCOF mode. In such a situation, any doubt on the uniformity of
the V-cavity FSR at the sub-kHz level does not impact the spectroscopic measurement.
For achieving such an advantageous situation by upgrading the MZM driving system, we
have targeted the tuning interval from 2 to 18 GHz. To this end, suitable RF equipment
was identified and acquired. A Rohde&Schwarz SMF100A RF synthesizer which supplies
power levels over 25 dBm up to 22 GHz was chosen to replace the SMB100A. As a 90°
hybrid splitter, Narda model 4356 was chosen. Beyond frequency tuning, the SSB also
automatically serves the purpose of triggering ring-down events by cutting the RF power
driving the MZM. To this end, a very fast and highly absorptive RF switch is needed. For
the previous low-frequency setup, this was carried out by a Minicircuits ZASWA-2-50DR+
operating from DC to 5 GHz with a switching time of 10 ns and a typical attenuation of
90 dB or better for RFs below 2 GHz. This switch was replaced by a Hittite HMC-C019
model working from DC up to 20 GHz with an isolation better than 75 dB up to 16 GHz,
and even faster switching times below 10 ns. Finally, all SMA (sub-miniature version
A) cable assemblies used for connecting the components were replaced by high-frequency
versions compatible with RFs up to 26 GHz.

In spite of adequate components and a meticulous mounting procedure for all SMA
connectors, moving to higher RFs approaching 20 GHZ comes at the price of reduced
available power levels. The insertion losses of the hybrid splitter only slightly increased
from 0.8 dB to 1 dB, but the fast switch contributes an insertion loss increase from roughly
2 dB to between 3 dB and 4 dB depending on RF. Furthermore, even the highest quality
cables have insertion losses exceeding 2dB/m at 20 GHz. Overall, the SSB power available
for OFFS-CRDS decreased by a factor of two to three in this upgraded high-frequency
setup.

Nevertheless, the advantages of the broad RF tuning range largely outweigh this power
loss which may be compensated using an optical amplifier or a transimpedance gain at
the ring-down detection photodiode. Fig. 6.11 shows a typical CRDS cavity transmission
signal at zero absorption, in terms of the transmission photodiode voltage at a tran-
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Figure 6.11 Typical CRDS cavity transmission signal as a function of MZM driving
frequency using the new high-bandwidth single-sideband-tuning setup. The red curve is a
phenomenological nineth-order polynomial fit used for optimizing the PDH error signal.

simpedance gain of 91 k(). The red fit curve is a nineth-order polynomial fit of the signal
which phenomenologically yields an analytic relationship S(f) between SSB-tuning RF
and cavity transmission.

Experience shows that this polynomial S(f) is useful for actively controlling the phase
modulation (PM) depth for PDH error signal detection, in order to obtain a PDH lock
in the same dynamic regime and, consequently, of the same quality, by compensating the
global power change on the physical signal by a factor of two. To this end, a simple
physical scaling can be set up noting that a SSB power variation changes the strength of
the detected PDH signal and, consequently, the effective gain of the cavity length servo
loop. Quantitatively speaking, the PDH signal strength should be proportional to the
product of the global power signal S(f) and the PM depth Ag:

S(f)Ae(f) = const. (6.7)

This proportionality can be used for choosing a reference signal S(fy) at RF fy, at which
a good PDH lock is achieved for a PM depth A¢pg. Then, following the proportionality
relation (6.7), the optimal phase modulation depths A(f) at all other frequencies should
be given by

_ S(fo)

where the reference transmission signal shown in Fig. 6.11 can be inserted as S(f). This
automatic phase modulation depth compensation of signal power changes works well in
practice and yields a stable and tight PDH lock of the ring-down cavity over the whole
RF tuning range.

(6.8)
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6.3 Data processing and experimental automation

6.3.1 Exponential ring-down fitting

To handle the fitting of hundreds of ring-down events per second in real-time, a fast
exponential fit algorithm developed by Prof. Marco Prevedelli from Universita di Bologna
was used as a starting point. It is based on the following ansatz for a discrete ring-down
signal time series y; with N data points ¢ = 0..N — 1:

yi = Ap' +b (6.9)

with the ring-down amplitude A, the per-point intensity loss factor p and a constant offset
b. With the sampling period tg between two data points, p is related to the ring-down
time 7 by
p= e (6.10)

The original algorithm followed an approach implicitly assuming an equal precision level
for all data points, which is the case for a signal limited by a constant level of technical
white noise. As discussed in Articles 4 on page 90 and 5 on page 160, however, this
condition is no longer met in a regime where the fundamental photo-electron shot noise
becomes a limiting factor. Hence, we developed an extension of Prevedelli’s algorithm in
order to perform a weighted exponential fit, which shall be detailed in the following.

Introducing a noise level o; for each data point, elementary statistics [202] shows that
the decisive measure for fit quality are the squared deviations of the data points from the
model normalized by ¢?. By the maximum-likelihood principle, an optimal fit must be
the model yielding the highest possible probability for observing the y; which were indeed
measured. One can show that such a fit minimizes the sum of squared and normalized fit
residuals given by

=D wi (i~ (4p' + b))2 = > wi (g7 + A% — 24y’ + 241y - 2by; + 1),
Z z (6.11)

with the weights w; = ao; 2 and an arbitrary factor a > 0. Minimization of x? implies
the following three necessary conditions:

dy? B dy? B dy?

T A =0 (6.12)

The weight normalization factor « is therefore arbitrary, as it does not impact on any
of these conditions. For the sake of compatibility with the unweighted fitting algorithm,
we shall always choose a in a way that cp = >, w; = N in the following. Sytematically
evaluating the above conditions explicitly, one obtains the following equations for b, A and

p:

S1 — A61 S1 — A01
b = = 6.13
o N (6.13)
4~ S2=ba (6.14)
2

f(p) = s1(cacs —cicq) + sa(coeq — crc3) + s3 (012 — 0002) =0 (6.15)
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with the abbreviated sums

o = Y wi=N (6.16)

= zl:wipi (6.17)

- iwip% (6.18)

cg = Zl:iwipi_l (6.19)

¢y = Zl:z'wip%_l (6.20)
i

and
s1= Y wiy (6.21)
i
s2 = Y wyp' (6.22)
i
s3 = Z iwiyip' (6.23)
i
All the above equations only depend on the input data y; and w; as well as the fit parameter
p. Inserting the quantities (6.16) through (6.23) in Egs. (6.13), (6.14) and (6.15), one sees

that all of them are functions of the single free parameter p only. After some simple
algebra, one finds the explicit relationships

51C2 — C152

b = — 6.24
CcoC2 — 612 ( )
CpS2 — C1851

A = ——— 6.25
CoCo — 612 ( )

This result demonstrates the first enormous advantage of the algorithm: it reduces a
seemingly three-dimensional optimization problem to a one-dimensional one. After con-
vergence, the optimal b and A parameter values simply follow without ambiguity by in-
serting the optimal p in Egs. (6.24) and (6.25).

Consequently, the initial problem of finding a maximum-likelihood exponential fit is
now reduced to finding the root of Eq. (6.15). For fast convergence of the fit, the quadrat-
ically converging Newton method is chosen. The iterations p; thus take the form

Pk+1 = Pk — / (pe)
- I (pr)

(6.26)

f(px) can be evaluated using the findings above. For a fast and precise computation, an
analytic form is preferred for the derivative f’(p). Obtained by differentiation f(p) in
(6.15), it reads

I'(p) = s1 (cacs + c3c4 — c106) + 52 (6066 — 3% — 6165) + 53 (c1e3 — coca) + 54 (012 — 0002)
(6.27)
with the new quantities

cs = Zi(i—l)wipi_Q (6.28)

e = i(2— Dwp*? (6.29)

%
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To avoid any danger of divergence in the Newton iteration, the algorithm verifies after
each iteration whether the absolute value of f(p) has decreased. If not, the last Newton
step pr_1 is abandoned, and an only linearly converging, but much more robust interval
bisection scheme is adopted for the next iteration p,. Finally, the algorithm is considered
to have converged to a root of Eq. (6.15) as soon as |f(p)| < €, with a predetermined
precision goal €.

For the sake of completeness, let us note that in the special case of equal weights,
w; = 1Vi, the ¢; in Egs. (6.16) to (6.20) as well as (6.28) and (6.29) can be written as
geometric sums or related formulae, such as

N-1 _ N _1_N
oy = L3 gy = WP o NN L 1D (v-1-3) (6.30)
vt & (1—p)? (1-p)? '

for instance. This substitution of lengthy sums by simple analytic expressions is the
second reason for the outstanding speed of the original algorithm. With variable weights,
an iterative determination of the c¢; is inevitable. Fortunately, an optimized strategy,
which strictly avoids any division or redundant floating point operation, can limit the
additional computational cost to a very reasonable level. We have checked that, on a
personal computer and in one second, the new algorithm can still fit several thousands of
ring-down events consisting of over 1000 data points. This is roughly two to three times
slower than the original algorithm, but completely suffices for real-time CRDS operation
in practice, even at the highest repetition rates.

The algorithm elaborated here was implemented in terms of the C source code given
in the Appendices, on page 211. This fitting routine, which is downward-compatible with
previous versions, was compiled as a dynamic link library (dll) and subsequently embedded
in LabVIEW. This allowed its straightforward integration into existing and new CRDS
experimental control, automation and simulation routines.

From a practical point of view, it is not trivial to determine the correct noise level
o; values for each point of an unknown ring-down event with previously unknown char-
acteristics. To address this issue, here we propose a semi-analytic approach developed
for ring-downs which combine statistically independent contributions from technical noise
and shot noise. Technical noise is due to the measurement apparatus and equal for all
data points, o, = or. Shot noise, on the contrary, is a fundamental physical process
due to the Poissonian number statistics of the light field and the photo-electron excitation
process. Following the detailed derivation in Section 3.1 of Article 5 on page 160, it is
proportional to the square root of the ring-down signal:

RV _»
e -2 (6.31)
tg

OSN, =

With the elementary charge e and the known values for the photodiode amplifier tran-
simpedance gain R, the sampling period g and the analog-to-digital converter gate time
t4, only the initial signal voltage Vj and the ring-down time 7 still need to be determined
to obtain the theoretical shot-noise level of the signal over time. Returning to the observed
ring-down signal, a simple unweighted exponential fit yields very precise estimates for V{
and 7. This realization is the basis for the approach proposed here.

First, a simple exponential fit of the ring-down signal is carried out. With the resulting
Vo and 7, the shot noise level is calculated according to Eq. (6.31). The technical noise o
is taken as the root-mean-squared noise on the tail of the ring-down signal, assuming that
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a sufficiently long ring-down acquisition had been chosen by the user or by an automated
routine. Adding the empirical o7 and the semi-analytic ogy, for the two independent
statistical processes thus yields the best-effort noise estimate

oh =07+ 08N, (6.32)

With this result and the corresponding normalized weights wy, = oy, ™2, a true maximum-
likelihood exponential fit following the above algorithm is carried out as a second pass to
obtain an optimal precision in 7.

We have implemented this double-pass semi-analytic-weights maximum-likelihood fit
procedure for partially shot-noise limited ring-down signals as a LabVIEW routine. Taking
a ring-down signal with 1200 data points as a benchmark test, the program performed
5870 fits per second on an Intel i5-3317U notebook at 1.7 GHz. Using this fitting routine,
the single-ring-down precision attainable by OFFS-CRDS was 3-10~ "2 cm ™" in absorption
units, as given by the first point of the Allan-Werle plots in Fig. 3 of Article 4 and Fig. 4 of
Article 5. When using an unweighted exponential fit, on the contrary, precision was never
better than 6 - 1072 cm™! per ring-down. This clearly illustrates how a fast exponential
fitting procedure with adequate weights, such as the one presented here, is crucial for
attaining ultimate precision by CRDS in a shot-noise-limited regime.

6.3.2 Looped automated measurement routines

Owing to its increased complexity as compared to classical CW-CRDS setups, several
new experimental control tasks arise in OFFS-CRDS. In the framework of this thesis, all
necessary functionalities and several different types of automated measurement programs
were developed, targeting a full automation of the experimental setup. All programs and
routines were implemented as LabVIEW virtual instruments. As discussed in Section
6.3.1 above, the fast ring-down fitting algorithm was programmed in C and embedded in
LabVIEW using a dynamic link library.

Here, we shall first discuss the experimental control routines needed for OFFS-CRDS
in more profound detail. The control tasks arising from the temperature stabilization of
the V-shaped reference cavity vacuum cell were treated in the framework of [58]. For
historical reasons, these tasks are carried out by an independent computer in the current
realization of OFFS-CRDS, although all tasks could be carried out by a single computer
without problem. If V-cavity transmission is above a certain threshold, the VCOF laser
can be considered locked. In this case, a +5V signal is transmitted to the digital input
port of a National Instruments PCI-6281 acquisition card of the OFFS-CRDS control
computer.

Via USB, that computer reads the VCOF carrier frequency measured by a wavemeter.
At the beginning of an experiment, the frequency of the TEMyg mode the laser is locked
to is measured and logged. The arbitrary mode number 0 is then assigned to that V-cavity
mode. From then on, a background routine converts the wavemeter frequency reading to
the corresponding mode number, while assuring that the VCOF laser is really locked to a
TEMjpo mode of the V-cavity. For applications not necessitating any absolute frequency
referencing, a low-finesse etalon could be used for counting VCOF modes instead of a costly
high-end wavemeter. With the constantly updated information on the present VCOF
mode number, another routine carries out laser current sweeps until the target VCOF
mode is reached. The corresponding PCI-6281 analog output signal is connected to the
DC-coupled modulation input of the VCOF laser current driver. With a £10V voltage
swing, a spectral interval of almost 20 GHz, corresponding to roughly 40 VCOF modes,
can be covered in this fashion. When the limit of this current-tuning range is reached,
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another routine can be called to change the temperature of the laser chip via serial-
peripheral-interface (SPI) communication with a home-made temperature control servo
card. A typical temperature-to-frequency conversion factor is on the order of 15 GHz/K
for a DFB laser at 1600 nm. Frequency fine-tuning by MZM-single-sideband modulation is
carried out by communicating with the radio-frequency (RF) synthesizer by VISA (Virtual
Instrument Software Architecture) over ethernet. At each new spectral point, the radio
frequency (RF), RF power level, as well as phase-modulation depth and rate are updated
on the synthesizer if necessary.

As described in Section 6.2.2 above, PDH lock of the cavity onto the VCOF single-
sideband can be automatically acquired by a computer-controlled hybrid analog-digital
PZT voltage driving scheme within a fraction of a second. Such relock events are trig-
gered by the OFFS-CRDS software whenever necessary, for instance when the lock is
broken due to a strong external perturbation. When the laser frequency is changed by
exactly one free spectral range (FSR) of the ring-down cavity, the cavity is always resonant
and the lock is not broken. Therefore, it is advantageous to change the MZM-tuning radio
frequency (RF) by exactly one FSR within the tuning range of the RF components. A
spectrum with higher frequency stepping resolution can nevertheless be obtained by rear-
ranging the spectral points into several chains with successive points separated by exactly
one FSR. These chains can be measured subsequently and eventually yield the complete
spectrum. This highly advantageous spectral interlacing approach considerably increases
measurement speed by avoiding redundant PDH-relock events and is chosen wherever
possible.

On demand, an adequate ring-down threshold is determined by recording the PDH-
locked CRDS cavity transmission for some tens of milliseconds. All subsequent ring-down
events at the given spectral point are then triggered using that signal threshold. A typical
result of such a ring-down threshold calibration plotted against the MZM-tuning radio
frequency using spectral interlacing is shown in Fig. 6.11 of Section 6.2.5.

During ring-down acquisition, the scrambling PZT position is automatically changed
using a PCI-6281 analog output, according to the scrambling schemes discussed briefly
in Article 4 above and comprehensively in Article 5 on page 160. With another analog
output and a second scrambling PZT, we have recently realized discrete fringe scrambling
also between cavity output and the detection photodiode, thereby neutralizing any small
residual fringe related to light scattered by the detection photodiode. Additional OFFS-
CRDS routines, which were implemented for choosing optimal acquisition parameters and
for quality checking acquired signals, will be discussed in detail in the following section.

On the fundament of all these basic functionalities for OFFS-CRDS, a multitude of
automated programs for spectoscopic measurements of different types was realized. As
an example, the graphical user interface of one such software is shown in Fig. 6.12. This
particular program is intended for the automated scan of predetermined target lines under
changing experimental conditions. A typical application would be the recording of many
absorption lines with different J values from the same rovibrational band at different
pressures for subsequent determination of physically relevant and reliable line parameters
by a multi-spectrum-fitting approach [203, 204]. The program was used for alternatingly
measuring one water and one carbon dioxide absorption line with surrounding methane
lines for the monitoring of intracavity gas composition during outgassing, as mentioned in
Section 6.2.4 above. One key feature of the program lies in that it is capable of reading a
list of lines to be measured in HITRAN format. It then automatically determines which
VCOF mode the laser should lock to for measuring each line. For each line, a measurement
grid is automatically set up, and the corresponding radio frequencies for driving the MZM
are calculated, depending on whether the lower or the upper single-sideband is used, and
whether an upward or a downward scan in frequency is desired. After each spectrum,
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Figure 6.12 Typical user interface for one type of automated OFFS-CRDS measurement.

the laser temperature is automatically changed to reach the VCOF mode corresponding
to the next absorption line. At each spectral point, a new ring-down trigger threshold is
determined. The program can thus handle decreasing cavity transmission levels due to
increasing absorption, for example if additional sample was introduced into the cavity by
the user in the course of a multi-pressure measurement.

A similar automated OFFS-CRDS measurement program was developed for the sub-
sequent and repeated measurement of predetermined Lamb dips on top of absorption lines
with very well-known relative positions. It was notably used for carrying out the triple-dip
VCOF-cavity drift measurement described in Section 3.2.2. This program first sets up a
predetermined measurement grid around each Lamb dip in the HITRAN-type line list
provided by the user. Let us point out that HITRAN-grade transition frequency precision
is generally insufficient for obtaining symmetric measurement windows around each dip,
as a typical measurement interval around the sub-MHz-width Lamb dip typically spans
only 5 to 10 MHz. If no more precise transition frequency data is available, the positions
in the line list may be adjusted by hand to obtain centered Lamb dips. This, in turn, can
yield a measurement of their frequency separation with kHz-level accuracy, as discussed in
Section 3.2.2. After setting up the measurement grid, contrarily to the routine discussed
above, the software first conducts a ring-down threshold calibration procedure, which is
carried out once for each spectral point. The corresponding trigger threshold values are
then used for all subsequent measurements. For measurements over many hours or even
days, this approach is very economical from a measurement-time point of view and widely
used in OFFS-CRDS software. After successful ring-down threshold calibration, the pro-
gram starts recording the selected Lamb dip spectra in an infinite loop eventually stopped
manually by the user. An extract of the LabVIEW diagram structure for this program
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is shown in Fig. 6.13. In order to compensate for any long-term drift of laser power, for
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Figure 6.13 Main loop structure of the LabVIEW program for automated sequential and
repetitive measurements of predetermined Lamb dip targets by OFFS-CRDS.

instance due to a progressive misalignment of the VCOF fiber coupling, the wavemeter
power reading is used to update the predetermined ring-down trigger threshold levels by
multiplying them with the corresponding factor at the beginning of each new spectrum
acquisition. In this way, global power fluctuations do not adversely affect the automated
spectrometer operation.

Further OFFS-CRDS operating software was developed for specific measurement ap-
plications, such as repeated measurements of the spectrometer baseline or high-signal-to-
noise absorption line profiles with adaptive acquisition parameters, for instance. These
programs are conceptually similar to the ones presented above, and discussing them in
great detail is beyond the scope of this thesis.

Finally, the only experimental aspect which has not been automated yet is sample
treatment, comprising tasks such as gas inlet, pressure or flow regulation and automatic
cavity flushing cycles with dry nitrogen. These tasks are so far carried out manually by
the experimenter, as described above in Section 6.2.4. A complete automation of these
functions is planned for the near future and currently ongoing. Once accomplished, it will
in particular enable a full remote control of OFFS-CRDS, allowing even new scans and
measurements to be launched at a distance, for instance via internet.

6.3.3 Adaptive acquisition parameters and ring-down quality checking

Several automated routines of the OFFS-CRDS automation software ensure that optimal
acquisition parameters are chosen for the ring-down measurements at each spectral point,
and, subsequently, that the acquired signals are of good quality.

To optimize the ratio of signal to technical noise, the smallest possible analog-to-
digital converter (ADC) voltage on the ring-down acquisition card (NI PCI-6281) is chosen
among +0.5V, 1V, £2V, +5V and £10V, depending on the predetermined ring-down
trigger threshold. As short ring-down events correspond to low cavity transmission, the
threshold can also be used to determine whether the integrated 40-kHz low-pass filter of
the acquisition card may be used. This filter dramatically decreases the technical noise
level at the expense of a systematic bias for short ring-down times (cf. Section 7.4.2). To
avoid any danger of an ADC-bandwidth-related bias of the CRDS measurement, using
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the filter was abandoned at an early stage, and this functionality is obsolete in all current
versions of the operating software.

Some versions of the OFFS-CRDS operating software include the possibility of carrying
out a rapid survey-type scan in order to analyze the spectral zone under study. In a
second step, the measured spectrum is fitted in order to determine an optimal sample and
measurement time distribution. This approach was used, for instance, for the ultraprecise
lineshape measurements in Article 5 on page 160. The number of samples per ring-down
acquisition is chosen to be a multiple of the ring-down time at each point, typically between
10 and 15 times the ring-down time depending on the precision goal. Another important
parameter is the number of samples recorded for each spectral point. In order to choose an
optimal averaging length, one needs to consider the averaging behavior of the OFFS-CRDS
setup, as given by the Allan-Werle plots in Fig. 3 of Article 4 and Fig. 4 of Article 5,
compromising between measurement speed and accuracy. Qualitatively speaking, longer
averaging times 7' are needed at short ring-down times 7, as the signal-to-noise-ratio is
lesser, and because there are less points available for fitting, which actually carry a physical
signal. Following the derivation of Eq. 7 in Article 5, the shot-noise o, in absorption scales
with the ring-down time as

T~ T2 (6.33)
Averaging a number N of ring-down events, this random white noise averages as
3 1
oan ~T 2N 2 (6.34)

Imposing a constant noise level after averaging for all spectral points in spite of lower
per-shot precision thus implies

_3 -1 _3
T 2N"2 =const. & N ~ 7 (6.35)

Consequently, one needs to average eight times more ring-down events if ring-down times
are two times shorter. This hefty scaling has less drastic consequences in the case of a
tightly locked CRDS where the ring-down repetition rate f ideally scales as f ~ 771.
Expressing the number of ring-down events N = fT in terms of the averaging duration
T, Eq. (6.35) reads

T~7172 (6.36)

In an ideal tightly locked OFFS-CRDS experiment, one should choose T according to Eq.
(6.36) for each spectral point. Such a scaling was used for the lineshape measurements
with very high signal-to-noise ratio shown in Fig. 7 of Article 5.

To check the quality of the acquired ring-down signals, several criteria were imple-
mented. If the acquired ring-down signal data at a spectral point do not meet the quality
requirements that point is rejected. Depending on the scan strategy, it is then either re-
peated or the measurement continues at the next spectral point. One main reason for the
strict quality control was the theoretical possibility of a parasitic injection of the residual
VCOF carrier and second sideband into the TEMgy mode or higher-order transverse modes
of the cavity. In practice, this was virtually never observed thanks to the high MZM par-
asite signal extinction of almost 30 dB, the excellent mode matching of the laser beam to
the TEMgp mode, with an injection of less than 0.5 percent of the TEMgq intensity for all
other TEM,,,,, modes, and, most importantly, the cavity finesse of 450000, which implies
a very small a priori probability of 450000~ for finding a cavity mode by pure chance.
In any case, if an accidental injection coincidence or another experimental perturbation
nevertheless happened, it should be detected by the following ring-down quality checking
scheme:
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The most important quality criterion are the ring-down fit residuals. If they reveal
a non-exponential structure or exhibit excess noise, the ring-down acquisition must have
been perturbed by some parasite or spurious signal. Consequently, if the fit residual rms
exceeds a certain value depending on the acquisition parameters, the corresponding ring-
downs are rejected. Furthermore, the quality checking routine verifies that a sufficient
number of ring-down events was recorded for each spectral point. The inverse case in-
evitably leads to an increased noise level for the respective spectral point and might thus
create a spike in the spectrum. A typical reason for an insufficient number of ring-down
events at a spectral point is an unlocking of the cavity lock due to an external perturbation.
Too big differences in the ring-down times measured at one spectral point, quantified by
the root-mean-square variation about their mean, are also used as an indicator for a po-
tential issue with the measurement. If the root-mean-squared ring-down noise is too high,
the corresponding events are discarded. In the special case of discrete fringe scrambling as
discussed in Article 5 on page 160, an additional criterion is introduced. A certain degree
of uniformity in the ring-down-number distribution on the four scrambling positions is
required. Otherwise, this might again lead to an abnormally high noise-level and a spike
at the respective spectral point.

Owing to the experience that distorted, perturbed ring-down events virtually never
occur in practice, later versions of the OFFS-CRDS software generally only check for
the minimum number of RD events and for their uniform distribution over the discrete
scrambling steps. This dual criterion ensures a uniform noise level over the entire spectrum
and avoids spikes due to single, noisy spectral points.

6.4 Spectrum averaging and detection limits

In Section 5.2, we elaborated why averaging absorption spectra rather than ring-down
events is a beneficial strategy for lowering spectrometer detection limits in the long term.
Examples from the literature were discussed where this approach was applied to reach
unprecedented minimum detectable absorption levels and signal-to-noise ratios. Conse-
quently, complementarily to the exhaustive spectrometer performance characterization
studies reported in Articles 4 on page 90 and Article 5 on page 160, we have also tested
the long-term spectrum averaging behavior of the OFFS-CRDS instrument.

To this end, the cavity was kept evacuated to below 1073 Pa, and repeated auto-
mated spectrometer scans were carried out at a fixed frequency stepping resolution on
a given spectral interval. Experience shows that two types of measurements need to be
distinguished: a first group of 229 spectra was recorded on a broad span of 4700 MHz
at frequency steps of 39.5 MHz, taking 7.4 min per spectrum on average. Such a scan
configuration typically corresponds to a precision measurement of one Doppler-broadened
absorption line up to its far wings, for instance. A second group of 202 spectra was
measured on a 10 MHz span at 50 kHz intervals between spectral points in an average
7 min per spectrum. Such a scan, in turn, corresponds to a configuration for measuring
high-resolution sub-Doppler saturated absorption spectra (cf. Chapter 9).

Spectrum averaging was carried out in both cases by involving a growing number N
of spectra in the averaging. A linear slope was removed from each averaged spectrum to
compensate for the mirror baseline. The resulting root-mean-square baseline noise corre-
sponds to the OFFS-CRDS detection limit oy, after averaging N spectra. The result of
this analysis is reported in Fig. 6.14, both for the broad and narrow span measurements.

Averaging of the spectra acquired at a span of 4700 MHz is drastically slower than the
1/+/ N-scaling expected for a signal limited by random white noise and stops progressing
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Figure 6.14 Absorption detection limit i, by OFFS-CRDS on two different spectral
intervals as a function of the number N of averaged spectra. Dashed lines indicate the
1/ VN scaling of random white noise.

after roughly 100 averages. This impeded averaging behavior is attributed to the fact that
the OFFS-CRD spectrometer baseline on a broader spectral interval is limited by tiny,
slow periodic variations notably due to residual parasite interference fringes (cf. Section
7.8), as analyzed in detail in Fig. 5 of Article 5 on page 160 and the corresponding discus-
sion therein. Fluctuating losses due to the influence of higher-order TEM,,,, modes near
the TEMgp mode, as discussed in Section 7.6, are also a potential issue. Consequently,
the minimum detectable absorption in OFFS-CRDS on such a spectral interval is limited
to 1-107'2 cm~! at present, as long as no post-treatment such as a subtraction of a quasi-
static baseline background is carried out.

The averaging on a 10-MHz span is in stark contrast with the aforementioned observa-
tions. Here, the full potential of OFFS-CRDS is unleashed, and a near-ideal white-noise
averaging behavior is observed. In this way, an unprecedented minimum detectable ab-
sorption level of 8.4 - 107" cm™! was achieved. Small deviations from the white noise
1/ v/N-averaging behavior indicate that the data cannot be described in terms of a purely
white noise process with a constant spread. Instead, the deviations from the straight
dashed line in Fig. 6.14 are mainly due to fluctuations of single-scan rms noise over time
and from spectrum to spectrum. The 111*"" spectrum was excluded from the averaging
analysis, as it was affected by a pressure-related spike (cf. Section 6.2.4). Importantly,
no substantial slowdown in averaging was evidenced during the whole day-long measure-
ments and no sign for a fundamental limitation of further averaging can be perceived at
this stage.

This drastic improvement with respect to the broad-span spectra is attributed to the
fact that optical path length differences of 100 m and beyond would be needed for generat-
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ing parasite fringes with a periodicity prone to affect a spectrum on a 10 MHz interval. As
such distances do not exist in the OFFS-CRDS setup, no periodic structures are observed
on the single-scan and averaged baseline spectra on the 10 MHz interval. This result is
shown in Fig. 6.15.
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Figure 6.15 OFFS-CRDS baseline spectra on a 10 MHz interval at 50 kHz frequency steps
after linear slope correction. A single scan exhibits a root-mean-square noise of 10712 cm ™1,
whereas the averaged baseline reaches the unprecedented detection limit indicated in the
figure.

This record-breaking 10~ cm™!-level baseline noise after averaging for less than one day
is an important and precious result in itself, as it paves the way to saturated-absorption
Lamb dip spectroscopy with signal-to-noise ratios higher than 1000, which have so far
only been reached for Doppler-broadened lines. Beyond that, it also hints at a consider-
able potential for yet higher OFFS-CRDS performance on broad spectral intervals, which
might be reached by subtle improvements in the optical setup aimed at further reducing
the impact of optical fringes (cf. Section 7.8) and of the higher-order transverse mode
structure of the ring-down cavity (cf. Section 7.6).






Chapter 7

Systematic biases and error
sources in CRDS

A generally acclaimed feature of CRDS is that it yields auto-calibrated absorption coef-
ficient measurements in very good approximation. However, this does not mean that the
accuracy of a CRDS measurement may simply be equated to its precision, as there are a
multitude of systematic effects which can bias RD time measurements and, consequently,
impair the absorption accuracy of CRDS. Consequently, the objective of this chapter is
to give an overview about potential bias effect in CRDS, trying to be as exhaustive as
possible without the pretention of completeness. To this end, literature reviews are inter-
weaved with original results from this thesis throughout the chapter.

First, error sources related to an over-simplified usage of the basic relationship between
ring-down time and absorption coefficient are analyzed. Then, limitations in ring-down
signal acquisition are discussed. Subsequently, real deviations of the ring-down signal
from an ideal exponential function as well as their physical sources and their impact are
analyzed. Finally, spectroscopic error sources related to the spectrometer baseline are
brought into focus.

7.1 Acquisition card timebase error

For quantifying absorption, CRDS substitutes a light intensity loss measurement by a de-
cay time measurement. Consequently, the accuracy of the measurement is fundamentally
limited by that of the underlying timebase. An inaccurate clock can formally be intro-
duced into the fundamental equation (5.1) of CRDS in terms of a time dilation factor ~:

1 1 ac
= + 2 7.1
I+ (A+7v)10 n (7.1)
Inserting the observed biased ring-down times (1 + )7 and (1 + )7 into Eq. (5.1) yields

the timebase-biased absorption coefficient &

1
ad=-——«o (7.2)
1+

Consequently, the systematic error dae = @ — o can be expressed in terms of the relative

inaccuracy v of the CRDS timebase as
Yo}
— == (7.3)
This result, namely that the relative absorption error is equal to the relative timebase
error, is trivial from a physical point of view. The inaccurate timebase defines a biased

(67

123
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pseudo-second which, by the definition of the meter in terms of the speed of light, translates
into a biased pseudo-meter. The absorption coeflicient, which is defined as the relative
intensity loss per unit length, is altered accordingly.

Although this effect is small in practice, it is not necessarily negligible for the error
budget of state-of-the-art measurements. For the present OFFS-CRD spectrometer, for
instance, the accuracy of the internal timebase of the National Instruments PCI-6281
acquisition card is specified to 5 - 107°. For measurements with a signal-to-noise ratio
approaching 10°, such as the line profile in Fig. 7 of Article 5 on page 160, the systematic
timebase error therefore leads to a bias bigger than random noise.

In conclusion, the CRDS signal acquisition system must be referenced to the SI second
to ensure a traceable, unbiased measurement. In practice, this can be realized by locking
the analog-to-digital converter internal clock to a 10 MHz signal from a GPS-disciplined
Rubidium timebase.

7.2 Sample refractive index

It is intuitively clear that the refractive index n must influence the CRDS absorption
measurement, as the presence of a medium alters the phase velocity of light, thereby
prolonging its lifetime inside the cavity. This is confirmed by the explicit n-dependence of
the ring-down time 7 derived in Section 5.1:

I It R

In practice, however, n is often implicitly neglected by using n =1 in (7.4). While this is
a good approximation for very dilute samples, the impact of n is non-negligible at higher
pressures, and the full equation (7.4) must be used.

Quantitatively speaking, the error made by setting n = 1 depends on whether the
baseline ring-down time 7y is measured with an empty cavity or determined as a fitting
baseline when analyzing the absorption spectrum.

In the first case, when 7( is measured, setting n = 1 in Eq. (7.4) leads to the following
determining equation for the biased absorption coefficient &:

41 (@=R)e ac (1-=R)c
_ e W 7.5
T T + - 17 + ac (7.5)
For gas samples at atmospheric pressures or below, the refractive index is close to one and
can be written as n = 1+ € with € < 1 in very good approximation. Then, Eq. (7.5) and
some simple algebra, dropping higher orders of € yields

da = —e¢- L (7.6)

CT

for the absorption error da = & — « due to neglecting the refractive index. In this case, the
systematic absorption coefficient error thus amounts to the fraction e of total intracavity
losses per length.

In the second case, when 73 is determined by fitting, the baseline is not biased by
setting n = 1. The biased absorption coefficient & then follows from the simpler equation

T =nl  E =t de (7.7)

which yields
— =—¢ (7.8)
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Here, even more intuitively, the relative systematic error in the absorption coefficient is
just equal to 1 — n.

Let us evaluate an order of magnitude of this effect for the present OFFS-CRD spec-
trometer. Absorption-related refractive index changes according to the Kramers-Kronig
relations (cf. Section 5.4) are also governed by Egs. (7.6) and (7.8), but shall not be
treated here explicitly. Instead, the impact of the global off-resonant refractive index shall
be considered. In most applications, the baseline is determined from a fit of the measured
absorption spectrum, and Eq. (7.8) applies. As an example value for the refractive index
near 1.6 pm, CO2 has n = 1+4.4-107% at 1atm [205]. The effect of this refractive index on
the ring-down time measurement must then be taken into account for pressures in excess
of

P =p-230Pa (7.9)

where p is the relative accuracy target in ppm for the absorption coefficient.

For specific applications, such as the measurement of absorption continua, however,
the baseline 7y cannot be determined from fitting, but must be measured for the evacuated
cavity. In this case, Eq. (7.6) applies and the impact of the bias due to the refractive index
can be much bigger. Still in the case of CO2 near 1.6 pm, and for an empty-cavity ring-
down time of approximately 79 = 168 us, the absolute absorption error da as a function
of P in the limit of very weak absorption signals 7 =~ 79 can be written as

da(P) = -8.7-10" " emtatm™! . P (7.10)

while the relative error diverges towards infinity for o — 0.

7.3 Nonlinearities

Nonlinearities can arise at many steps of the ring-down signal detection and acquisition
chain. They can originate from the photodiode itself, its amplifier circuit as well as
the analog-to-digital converter (ADC) acquisition card. Characterizing these influences
separately by separating them systematically and measuring them with respect to some
reference of higher linearity is a task necessitating meticulous experimental work.

This quest is complicated by the fact that nonlinearities due to intensity-dependent
losses may even arise in the ring-down phenomenon itself. Then, they carry physical in-
formation such as in the case of saturated absorption analyzed in great detail in Chapter
9. Another potential mechanism could be a temperature-dependent loss variation in the
highly reflective dielectric coating of the cavity mirrors, due to the exponential decrease
of dissipated power in the coating during each ring-down event. This effect most probably
exists, but should be tiny, as it has not yet been observed in CRDS to the best of our
knowledge.

In order to analyze the impact of nonlinearities on the determination of the ring-down
time quantitatively, let us consider the following unique property of an exponential signal:
_t y(t)
y(t) =y(0)e 7 & 7=—"713 (7.11)
y(t)
Therefore, an easy analytic estimation of the ring-down time 7 is possible in terms of the
instantaneous apparent ring-down time 7(t) for a nearly exponential signal §(¢):

F(t) = — 2 (7.12)
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Assuming 7 = 7 without considering any details of the exponential fitting procedure used
for determining the ring-down time is clearly simplistic. However, Eq. (7.12) evaluated
at the starting point of the exponential fit generally provides an approximate, yet faithful
reproduction of the ring-down time found by the fit. This is due to the fact that the fit is
overwhelmingly dominated by the strong-signal at the beginning of the ring-down event.
Consequently, this approach is a powerful tool for capturing the essential physical features
of the ring-down time measurement in simple analytic expressions and will be used also
in the following Sections 7.4, 7.6 and 7.7.

On this basis, let us study an ideal exponential intensity decay I(t) = Ioe ¥/ with
peak intensity Iy. We may then introduce a nonlinearity of the detection and acquisition
setup by writing the resulting ring-down signal (t) as

g(t) =rI(t)- (14 BI(t)) (7.13)

with a proportionality constant r and the coefficient 3 characterizing the magnitude of
the first-order nonlinearity. Next, Eq. (7.12) may be used for quantifying the impact of
B on the ring-down time measurement. Inserting the nonlinearity-affected signal (7.13) in
Eq. (7.12) thus yields
t
F(t) = . LT Ploe T (7.14)
1—-28Ie" =
As expected, the effect of the nonlinearity vanishes for ¢ - co as I — 0, and 7 — 7. Now,
for a reasonably designed system, the nonlinearity bias is much smaller than the signal
itself, BI(t) < 1. Consequently expanding Eq. (7.14) to first order in $1(t) and evaluating
the apparent ring-down time at ¢t = 0 yields

F(t=0)=7(1- Bl) (7.15)

In this first-order analysis, the relative error in the ring-down time determination is thus
identical to the dimensionless nonlinearity parameter 8.

Let us examine the propagation of this error to a biased absorption coefficient & accord-
ing to the basic equation (5.1) of CRDS by inserting the nonlinearity-affected apparent
ring-down times 7 with sample absorption and 7 on the baseline as in Eq. (7.15):

LN S S
T ~0 o ’7'(1 *ﬂ]o) T0 (1 *ﬁfé)

This is the general result when 7 and 7y are determined from ring-down events with
different peak intensities Iy and I)), respectively, which is the typical case when studying
strong absorption features. For the sake of simplicity, we shall limit our further discussion
to the case of weak absorption, where Iy ~ I{j in good approximation. In this case, the
relative absorption error o, /« in the limit SI(t) < 1 simply reads

(7.16)

Ja _27%_ 51, (7.17)
(6 (6

This result implies that the systematic absorption coefficient error in the limit of weak
absorption is simply equal to the relative nonlinearity 51y in the ring-down detection and
acquisition system.

The National Instruments PCI-6281 data acquisition card used in OFFS-CRDS is spec-
ified at an integrated nonlinearity of 10 ppm, which can be identified with the term 81l
from the present analysis to first order. Consequently, a systematic error on that order
due to ADC nonlinearity has to be expected in OFFS-CRDS. The acquisition card specifi-
cations are in good agreement with the static nV-level structures observed in the averaged
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ring-down fit residuals reported in Fig. 2 of Article 4 on page 90 and Fig. 3 of Article
5 on page 160. A dedicated experimental study confirming that the nonlinearities of the
cavity transmission photodiode and its transimpedance amplifier circuit are negligible in
OFFS-CRDS still needs to be carried out. However, no experimental evidence for such
nonlinearities was found so far when the laser beam intensity was distributed uniformly
over the full photodiode front facet surface.

The impact of ADC nonlinearity as a systematic error source in molecular line strength
measurements was studied using PDH-locked FS-CRDS by Wojtewicz and co-workers
[206]. The authors compared two ADC digitizer cards, one with nonlinearities at the
percent level (ADC1, Gage Applied model CompuScope Octopus 8327) and one whose
linearity properties are significantly better (ADC2, Gage Applied model CompuScope
14200). Having discussed the propagation of nonlinearity-biases from absorption coeffi-
cients to line strengths based on Eq. (4.4), the authors used both acquisition cards to
record the same O2 absorption line, determining ring-down times on several different fit-
ting intervals. The comparison of line strength values deduced from the spectra obtained
in this manner is shown in Fig. 7.1.

ADC1 ADC2
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Figure 7.1 Line intensities for the Oy B-band line near 14546.01 cm ™! measured by PDH-
locked FS-CRDS with two distinct analog-to-digital converters and for different fitting
intervals by Wéjtewicz and co-workers [206]. Adapted from [206] (Figure 4).

As expected for a reliable ring-down detection and acquisition system, the line strength
values measured using ADC2 do not exhibit any significant dependency on the experi-
mental parameters. In stark contrast, the line strengths deduced from measurements with
ADCI1 exhibit systematic trends with the time interval used for ring-down fitting, provid-
ing further strong evidence for acquisition card nonlinearities. The line strength values
with ADC1 are systematically biased by up to 5%. This is consistent with the percent-
level nonlinearities observed on the exponential fit residuals for this digitizer card.

To conclude, let us point out that the outstanding exponentiality of the ring-down
signal may be an important asset for further improving data acquisition. After an initial
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experimental study for ensuring that both photodiode and ring-down cavity are operating
in a regime where intensity-dependent nonlinearities are completely negligible, and with
an excellent polarization matching of the input laser beam to a polarization eigenmode of
the ring-down cavity (cf. Section 7.7), one may attempt to calibrate the acquisition card
itself using the nearly ideally exponential ring-down signals. First promising tests aiming
at such an experimental acquisition-card nonlinearity calibration were made by recording
full-scale ring-down events over several days for generating a look-up table containing the
voltage error for every bit of the ADC.

7.4 Bandwidth limitations

Cavity ring-down spectroscopy converts an intensity loss measurement into a decay mea-
surement in the time domain. As discussed in Chapter 5 and Section 6.2.5, an optical
switch turning off the input laser field many orders of magnitude faster than the response
time of the cavity is a necessary requirement for this purpose [162] (cf. discussion in Sec-
tion 7.5). Then, the light field leaking out the cavity provides a nearly perfect exponential
decay, although several limitations and restrictions apply, as discussed in the following
sections.

On this basis, an idealized ring-down signal y(t) triggered at time tj, as seen by a
photodiode with an ideally linear, immediate response, can be written as

1 t <tp

t) = _ 7.18
O =1 e ) (7.18)

with ring-down time 7 and an initial signal normalized to 1 without loss of generality for
the sake of simplicity.

Let us now introduce a limited bandwidth somewhere in the detection system, in terms
of a first-order low-pass filter with cut-off frequency v, which is represented by the transfer

function )

H(s) (7.19)
where s = ¢ + iw is the complex Laplace transform variable and w. = 271, is the angular
cut-off frequency of the first-order low-pass. At the cut-off frequency, the power of a signal
transmitted through such a filter is reduced by a factor of two, that is 3 dB. For frequencies
higher than v., the signal strength vanishes at the characteristic first-order roll-off slope
of -6 dB per octave. The Laplace transform of a function f(t) is defined as

F(s) = / F(D)etdt (7.20)
0

The convolution theorem of Laplace transformation states that the effect of the low-pass
filter on the signal is given by the product of their Laplace transforms:

Y(s) = H(s) - Y(s) (7.21)

This simple relationship justifies the enormous utility of a Laplace-transformation ap-
proach for an analytic treatment of bandwidth-limitation effects. After having taken the
action of the low-pass into account according to (7.21), one may retrieve the altered signal
y(t) by returning to the time domain by means of an inverse Laplace transformation.
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Therefore, let us begin by transforming y(t) to the Laplace domain according to Eq.
(7.20), using the linearity of the transformation:

. 7 t 1 —e~sto e~ sto
Y(s) = /e_Stdt—l—/e_?e_Stdt = T (7.22)
5 ; S s+ -
0

Then, introducing the limited bandwidth according to Egs. (7.19) and (7.21) yields

B 1 1— —sto —sto
V(s) = ( 42 )

14+ 2 s s+ 1
S -
Sl—i_wic S]'—’_wic 32+(wc+%)s+%

This signal in the Laplace domain needs to be transformed back to the time domain. To
this end, one may treat the three terms in (7.23) one by one thanks to the linearity of the
transformation. Without going into smaller details, let us indicate the most important
identities and Laplace transformation properties, which were used for the evaluation of
g(t). The inverse transformation of the first term in (7.23) can be carried out using

t

%F(s) o / F(w)du (7.24)

0
and the following correspondence between Laplace and time domain:

1

e (7.25)
s+ a

For the second term, one may reuse the result for the first term, together with the time-
shifting property of the Laplace transformation,

e S F(s) < f(t —t)O(t — to), (7.26)

where O(t) is the Heaviside step function, which is 0 for ¢t < 0 and 1 otherwise. Fi-
nally, to transform the third term back to the time domain, one may rely on the Laplace
transformation pair

e sinh (bt) < (7.27)

(s —a)?—b?
and the time-shifting relation (7.26). Inserting sinhz = 1/2 (e* —e™") leads to a consid-
erable simplification of the result here.

With all this, summing up the three terms of Eq. (7.23) transformed back into the
time domain yields

1 t <top

J(t) = - 7.28
y( ) 1_Leit TtO + (1 . 1_11) e_wc(t_to) t 2 tO ( )

weT weT

which can be further simplified to yield the final result for the bandwidth-limited ring-down
signal (t) as
N(t) 1 t<to (7 29)
T mE? (We—@ - e*‘”c“*m)) t>tg ’

Naturally, for an infinite system bandwidth w.m — oo, §(t) = y(t) and the unbiased signal
of Eq. (7.18) is retrieved. It is important to note that the first derivative at ¢ = ¢( van-
ishes for any value of w. and 7: y(t)|,_,, = 0. This means that the introduction of a finite
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bandwidth, which is present in any real physical system, does away with the unphysical
non-differentiable behavior of the idealized ring-down signal in (7.18) at t = to.

To understand the bias of a finite system bandwidth on cavity ring-down time mea-
surements quantitatively, let us use the notion of instantaneous apparent ring-down time
7 developed in Section 7.3, according to Eq. (7.12):

— 1 —wect
t Te T — ——e e
Fty= -0 T T Tal T (7.30)
y(t) e T — e wel

where tg = 0 was assumed for the sake of simplicity, without loss of generality. Equation
(7.30) exhibits a strong t-dependence of the apparent instantaneous ring-down time due
to the fading of the limited-bandwidth effect with growing ¢. It is most useful to express
this bias in terms of a relative systematic error &:

PO (7.31)
B T B e(wc_%)t -1 .

Let us now introduce an accuracy target p, requiring a relative systematic bandwidth-
related error £ < p for the ring-down measurement. Then, Eq. (7.31) implies a minimal
waiting time t,, between the ring-down trigger at ¢t = 0 and the ring-down time determi-
nation at ¢t > t,, typically by means of an exponential fit. Letting £ = p in Eq. (7.31)
yields the following relationship between p, 7, ¢, and we:

(wc - i) tw =1In (1 _p“’cT - 1) (7.32)

In the limiting case of an accurate measurement p < 1 in a well-designed system w,m > 1,
whose bandwidth is big compared to the ring-down time, the result can be simplified using
first-order expansions in these parameters, yielding the succinct expression

_ Inp

Ty ~

7.33
21y, ( )
This provides the interesting and useful insight that ¢,, is nearly independent of 7 as long
as w,T > 1 is fulfilled. Furthermore, by combining Eq. (7.33) and Eq. (7.18), the accuracy
may be related to the relative fitting threshold y(t.,)/y(0) through

e ()™

In the light of the findings, typical potential bandwidth limitations in cavity ring-down
spectroscopy shall be discussed quantitatively in the following, on the concrete example
of the OFFS-CRD spectrometer presented in this thesis.

7.4.1 Photodiode bandwidth

The ring-down detection photodiode and amplifier circuit are at the heart of cavity ring-
down measurements and their noise, linearity and bandwidth properties often direclty limit
those of the cavity ring-down measurement. We have therefore measured the bandwidth
of the detection photodiode setup used for OFFS-CRDS to ensure that it is sufficient for
guaranteeing accurate ring-down measurements.
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The setup consists of an indium gallium arsenide (InGaAs) photodiode with a home-
made transimpedance amplifier whose gain can be switched to either 91 kS, that is two
resistors of 91 k2 and 1 M2, respectively, in parallel, or 1 M{2 using an optocoupled switch
and a 0/ + 5V TTL (transistor-transistor logic) control signal. The bandwidth measure-
ment was carried out by focussing the light from an infrared LED (light-emitting diode) on
the photodiode, while modulating the LED driving current at different frequencies. The
modulation bandwidth of the LED was well over 10 MHz in this experiment. To reveal the
bandwidth limitation of the photodiode-amplifier system, a 1-s-long logarithmic frequency
sweep spanning five decades was programmed on an arbitrary waveform generator and fed
to the LED current driver modulation input. The resulting LED output power modulation
was picked up by the photodiode, and the voltage output signal from its transimpedance
amplifier circuit was recorded at a sampling rate of 1 GHz by means of an AC-coupled
Tektronix digitizer oscilloscope. The result of this measurement at two different tran-
simpedance amplifier gain values is shown in Fig. 7.2, with the AC-coupled voltage signal
normalized to its maximum value. The first-order bandwidth of the photodiode-amplifier
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Figure 7.2 AC-coupled photodiode signal for an intensity-modulated LED undergoing a
one-second logarithmic modulation frequency chirp. One measurement was carried out
for each of two transimpedance amplifier gain values (red and blue curves). The resulting
effective photodiode bandwidth frequencies v, ,, and v, ,,, are reported in the figure.

system follows from the experimental curves by locating the half-maximum intersection
of the signal envelope, which monotonously decreases with modulation frequency. This
—3dB criterion for finding v, is illustrated by the dashed lines in Fig. 7.2 and yields a
bandwidth of 320 kHz at 1 M2 and 4.0 MHz at 91k€). The latter is slightly higher than
the 3.5 MHz expected for a constant gain-bandwidth product.

Finally, let us turn to the implications of these results for our OFFS-CRDS setup.
According to Eq. (7.33), a 10 %-accuracy level ring-down time measurement requires
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waiting times ty,,,, = 0.5 us and t,,,,, = 7 us, respectively. Therefore, even the high-
gain bandwidth is sufficient for making highly accurate ring-down measurements, provided
that a waiting time of approximately 7 ps before exponential fitting is respected. For
strong intracavity absorption, this becomes a non-negligible fraction of the ring-down
time, implying a maximum fitting threshold of 50% of the peak signal for a typical very
low ring-down time of 10 us, for instance. In practice, all metrology-grade OFFS-CRDS
measurements were carried out at a transimpedance gain of 91k(). The corresponding
waiting time of 0.5 ps is three times shorter than the shortest sampling interval of the
National Instruments PCI-6281 card used for ring-down signal acquisition. By virtue
of this fact and according to Eq. (7.33), working at a transimpedance gain of 91 k()
guarantees that there is no deterioration of ring-down time accuracy in OFFS-CRDS due
to photodiode-bandwidth effects.

7.4.2 Low-pass filtering

Inserting a low-pass filter before analog-to-digital conversion is imperative for avoiding
aliasing of higher-frequency noise components in the discrete digitized signal. Further-
more, a low-pass filter reduces the bandwidth of white technical noise, leading to a pro-
portional reduction in noise variance. While an analog low-pass filter before the ADC is
thus necessary and beneficial, care must be taken to avoid the bandwidth issues in ring-
down time determination discussed above.

In OFFS-CRDS, the analog bandwidth of the National Instruments PCI-6281 card
used for ring-down acquisition amounts to 750 kHz by default. In this case, Eq. (7.33)
requires a waiting time of 3 us between ring-down triggering and exponential fitting for
an accuracy of 1076, If a photodiode gain of 1M is chosen, that bandwidth limitation
dominates. Therefore, let us focus on the case of 91kS2, where transmission photodiode
signal levels typically allow measuring ring-down times down to 60 us. Consequently,
a waiting time of 3 us corresponds to a fitting threshold of over 95%, which is entirely
sufficient for precise ring-down measurements. The PCI-6281 acquisition card also features
a built-in low-pass filter with v, = 40 kHz, which is a very attractive choice for ultra-low-
noise ring-down measurements. When it is activated, the resulting noise level reduction
allows working at the digitized noise of the acquisition card with effective 18-bit resolution,
corresponding to observed photodiode signal dark voltage root-mean-square noise levels
down to 13 V. However, when accuracy is an issue, using this low-pass filter becomes
problematic. Inserting p = 107% and v, = 40kHz in Eq. (7.33), one obtains a waiting
time t,, = 55 us. For the case of 7 = 60 us discussed above, this would correspond to very
low fit threshold of 40% in order to meet the accuracy goal. This can be sufficient under
certain conditions, and the accuracy criterion may be enforced by discarding the number
of first ring-down data points corresponding to the respective waiting time. In practice,
all metrology-grade absorption spectra by OFFS-CRDS were recorded at full 750-kHz
bandwidth, again excluding any deterioration of accuracy by bandwidth limitations.

7.5 Imperfect signal extinction

Theoretical treatments of CRDS in textbooks and in the literature, but also the ones
in this thesis, generally assume - either implicitly or explicitly - an ideal interruption or
switch-off of the light source used for injecting light into the ring-down cavity before trig-
gering the ring-down event. This idealization is twofold, requiring both an infinitely fast
switch-off at ¢ = 0 and a signal that drops to strictly zero, corresponding to an infinite ex-
tinction ratio, as described mathematically by a Heaviside step function ©(—t). In reality,
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this picture is naturally only partially fulfilled and the elements of the experimental setup
lead to a finite switch-off time of the light source down to a finite signal extinction ratio.
Then, the residual cavity injection interferes with the resonant intracavity field, leading
to fluctuations of the ring-down signal, which bias the ring-down time determination by
exponential fitting.

The condition of switching off the input field much faster than the cavity ring-down
time was analyzed theoretically in the seminal paper by Anderson, Frisch and Masser
[162], whose decay-time mirror reflectometer was the foundation for all future CRDS
developments. The impact of finite extinction, in turn, was studied both theoretically
and experimentally by Huang and Lehmann [207]. They considered the general case
AvpT > 1 of a noisy laser whose linewidth Avy, is big compared to the cavity modewidth
Ave = 1/(277), here expressed in terms of the cavity ring-down time 7. Consequently,
the authors carry out a statistical analysis of the random process of cavity injection and
present an explicit treatment of effects due to the sweeping of the laser through cavity
resonance with the cavity, or vice-versa. Due to the noisy cavity injection in this limit
discussed in greater detail in [164], the transmitted-intensity threshold for triggering a
ring-down event I;; can be bigger than the time-averaged transmitted intensity Iy. The
ratio between the two values should not be much bigger than unity, as ring-down events
become less frequent with growing 1.

On this basis, the authors deduce the single-shot root-mean-square noise oy, in the
cavity decay rate k = 7! as a function of the inverse power extinction ratio €, of the light
switch used for generating ring-down events, with ¢, < 1. In the case of ring-down fitting
with equal weights for all data points, which is appropriate in a technical-noise-limited
regime (cf. Section 6.3.1), they find

2
Ok 64 IO
L2 S 7.35
( K ) 271y, (7:35)
The effect scales with the amplitude of the residual cavity injection proportional to /e,
as intuitively expected for a ring-down signal deformed by heterodyne interference. In the

case of shot-noise-limited ring-down acquisition, where a weighted least-squares fit of the
decay signal must be carried out (cf. Section 6.3.1), the prefactor of the result is slightly

different: )
I
(‘Z“) =420, (7.36)

In [207], Huang and Lehmann also report CRDS experiments with variable laser-
off extinction ratio €, for verifying these results experimentally. They use a standard
continuous-wave CRDS setup with an acousto-optic modulator (AOM) acting as a fast
switch for triggering ring-down events. The radio frequency (RF) signal driving the AOM
is generated using a dedicated setup composed of two RF switches, a step attenuator, a
power splitter and an amplifier, allowing full experimental control over the effective RF
attenuation during the laser-off period for the ring-down measurement. In this manner, €,
was varied in steps of 5 dB, while ring-down time shot-to-shot noise was characterized at
each €, value by recording 400 ring-down events. The result of this experiment is shown
in Fig. 7.3. The experimental curves are in excellent agreement with the prediction of Eq.
(7.35). At high extinction ratios, the ring-down time noise levels off, indicating that it is
no longer limited by poor input laser extinction, but by the intrinsic technical noise of the
CRD spectrometer detection and data acquisition system.

In view of these findings, great care was taken in the setup of the OFFS-CRD spec-
trometer to guarantee sufficient extinction ratios for unbiased and low-noise ring-down
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Figure 7.3 Relative variance of ring-down times measured at different laser-off extinction
ratios and comparison to theoretical predictions by Huang and Lehmann. Adapted from
[207] (Figure 2).

detection. The Mach-Zehnder modulator (MZM) proved to be an ideal tool to this end.
With its electro-optic bandwidth in excess of 10 GHz, it features intrinsic sub-ns switch-
ing times. Furthermore, the absence of a driving RF unambiguously guarantees that no
single sideband exists. Therefore, the problem of optical switching with the MZM re-
duces to finding a RF switch with sufficient suppression ratio and switching time. As
discussed in Section 6.2.5, two such switches were used for OFFS-CRDS so far, a Minicir-
cuits ZASWA-2-50DR+ with a typical extinction of 90 dB in the lower GHz range and a
Hittite HMC-C019 whose extinction still reaches 75 dB at 16 GHz. Their switching times
of 10 ns or better are completely negligible in view of the digitizer sampling interval of at
least 1.5 ps used in OFFS-CRDS so far.

With ¢, ~ 1072 for the ZASWA-2-50DR+ switch, Eq. (7.36) provides a quantitative
estimation of ring-down time noise in OFFS-CRDS due to imperfect laser-off extinction.
For the PDH-locked system, the ring-down trigger threshold is essentially identical to the
continuous locked maximum transmission level and Iy =~ I;; ~ 1. With these values,
Eq. (7.36) implies ox/k = 6.3 - 107°. Switching to absorption units, and for typical
spectrometer baseline losses of 2 - 1077 cm ™! this corresponds to an extinction-related
absorption noise prediction of 1.3- 107" cm~!. This value is significantly higher than the
single-shot ring-down noise as low as 3 - 10712 cm ™! really observed, as reported in Fig. 3
of Article 4 on page 90 and Fig. 4 of Article 5 on page 160.

We suspect that this discrepancy can be attributed to the fact that the ring-down cavity
length is locked to the stable VCOF laser in OFFS-CRDS. Therefore, to first order, there
are no frequency fluctuations leading to intensity fluctuations due to noisy cavity injection.
Instead, a tiny but continuous background transmission signal of the cavity is expected,
which should not bias the ring-down time determination. An experimental study similar
to the one by Huang and Lehmann [207] should be carried out in the future to confirm this
continuous-background hypothesis. If confirmed, this would further underline the benefits



7.6. TRANSVERSE MODE COINCIDENCES 135

of OFFS-CRDS for obtaining extreme detection sensitivity. Let us note that for obtaining
the single-ring-down precision down to 3 - 1072 cm ™! demonstrated by OFFS-CRDS, a
challenging extinction ratio of almost 100 dB would be necessary in a noisy-laser scenario
according to Eq. (7.36), for the typical value /I, = 2.5 used in [207].

7.6 Transverse mode coincidences

An intriguing phenomenon occasionally occuring in CRDS is intimately linked to the trans-
verse mode structure of a high-finesse cavity [113]. At some temperatures or gas pressures
the baseline loss and single-shot ring-down noise increase. When the effect is marked, a
clear decrease in cavity transmission is also observed, hinting to an increase in intracavity
losses. Huang and Lehmann [182] explained this phenomenon in terms of the coincidence
of the resonance frequency of the TEMgy mode used for high-sensitivity CW-CRDS with
the one of another TEM,,,,, mode, with m 4+ n > 1 in general.

Recalling the transverse mode resonance frequencies (2.31) of the TEM,,,, modes of
an ideal Fabry-Pérot resonator of length L in the paraxial approximation

m+n+1

c
vV, = . - arccos 7.37
Imn 277/0.[/ ( g) ( )
with the intracavity refractive index and the resonator parameter g from Section 2.4,
one sees that coincidences of TEM,,,, mode frequencies with those of TEMgy modes of
arbitrary longitudinal mode number [ occur when the second term in the (7.37) is an
integer j:

m+n=94

jr— (7.38)
arccos g

The precision needed for a coincidence to occur is given by the width of the cavity modes,
and thus the cavity finesse. However, the finesse for higher-order modes is much lower
than for the TEMgy mode due to increased losses, thereby facilitating the occurrence of
coincidence events. Furthermore, mirror astigmatism and polarization effects [113-115]
lift the frequency degeneracy of modes with same m + n in real resonators, giving rise
to multiplets with 2(m + n + 1) individual modes with various splittings. Consequently,
the simplistic Eq. (7.37) can only provide an approximate picture of the occurence of
coincidence events in high-finesse resonators.

One way of approaching the effect of transverse mode excitation in the vicinity of a
TEMgy mode is to write down the photodiode signal y(t) for a light field containing a
main TEMgg contribution with amplitude A and a tiny contribution €A with € < 1 from
a higher-order mode in terms of the ansatz

y(t) = Ae7 + 2eAce (27 +37)1 cos (At + ) (7.39)

where 7 and 7/ are the ring-down times for the TEMgg and the higher order term, respec-
tively, A is the frequency separation between the nearly degenerate modes, and ¢ is the
phase difference of the fields of the two modes. The second-order term in € was dropped in
Eq. (7.39). Assuming a non-zero beat note between the two modes with € # 0 is justified
when the orthogonality between the TEM,,, is lifted by the limited integration bounds
corresponding to spatial clipping of the higher order mode. Such an aperture insufficiency
may occur for instance on the detection photodiode, as the radial size of a TEM,,,,, mode
scales as vm + n + 1wy with the TEMyy waist radius wg [182]. In addition, the eigen-
modes of a real resonator with mode-dependent losses are only nearly orthogonal [108].
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The ring-down signal y(t) in (7.39) may be inserted into Eq. (7.12) for estimating the
apparent ring-down time 7 at ¢ = 0 in the mode beating regime:
y(0) 1+ 2ecosy

T t:O = — =
o ) 9(t)|—o T1+(1+%)ecosgo+26ATsingo

(7.40)

This expression can be further simplified by expanding to first order in € < 1 again. Then,
the relative ring-down bias due to transverse mode beating reads

T—T

= —c- ((T/ — 1) cos ¢ + 2AT sin go) (7.41)
T T
For ¢ < 1, this result thus predicts a decrease in ring-down time, as 7/ < 7 in general.
Huang and Lehmann have observed such mode-beatings on experimental ring-down signals
and obtained a good fit with a function equivalent to the one in 7.39, yet without dropping
the e2-term [182]. This result is shown in Fig. 7.4.
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Figure 7.4 Ring-down signal measured in CW-CRDS by Huang and Lehmann [182],
carrying a heterodyne beat note between a TEMgy and a higher-order TEM,,,, mode.
The excellent fit (black curve) is based on a mode-beating function similar to Eq. (7.39).
Adapted from [182] (Figure 5).

Note that mode beating alone cannot account for the global drop in signal intensity
observed during coincidence events. In [182], Huang and Lehmann propose that the phe-
nomenon bears some analogy to an avoided crossing between the energies of a two-level
system with two quantum states linked by an off-diagonal coupling term. In the case of
the cavity, such a coupling between modes arises from diffuse diffraction by mirror imper-
fections leading to an interferential speckle pattern [208], which couples energy into other
cavity modes according to projection-integral theory [106]. This coupling mechanism was
initially proposed and studied by Klaassen and co-workers [209]. They demonstrated ex-
perimentally how the coupling leads to mode-broadening and transmission reduction when
approaching degeneracy. Contrary to the interpretation by Klaassen and co-workers, we
hold that the mixing of TEMgg and TEM,,, properties in the new eigenmodes arising
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from the coupling term can lead to a significant reduction in ring-down time, due to
the fact that the bigger TEM,,,, mode samples the imperfections of the mirror surface,
whereas the small TEMyg mode is generally aligned to the zone of lowest losses by the
experimenter. Consequently, as the coupling between the modes becomes stronger as they
approach degeneracy, losses in the new eigenmode increase and the ring-down time de-
creases. Therefore, and in the light of the findings by Huang and Lehmann [182], the
conclusion drawn by Klaassen and co-workers [209]

These effects cannot be observed by cavity ringdown experiments; this should
serve as a warning to experimentalists.

is not correct, unfortunately for cavity ring-down absorption spectroscopists.

Systematic effects on absorption measurements due to transverse mode coincidences
were also observed in NICE-OHMS (noise-immune cavity-enhanced optical heterodyne
molecular spectrometry) by Silander and co-workers [210]. In all three studies, on the
fundamentals of transverse mode coupling [209], its impact on CW-CRDS [182] and on
NICE-OHMS [210], the mode-broadening and loss-enhancement effects could be drastically
reduced by inserting an aperture with small diameter a into the cavity, thereby efficiently
suppressing the propagation of big<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>