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Zusammenfassung

Laserfrequenzkdmme revolutionierten das Wissenschaftsgebiet der absoluten Frequenzmessung.
Die Kammlinien haben den stets gleichen Abstand von einander und bilden so ein Frequenz-
Lineal unerreichter Genauigkeit, das fiir die Messung beliebiger Laserfrequenzen eingesetzt wer-
den kann. In den letzten Jahren fanden optische Frequenzkimme zunehmend Eingang in das
Feld breitbandiger molekularer Spektroskopie. Bei Wechselwirkung mit einer molekularen Probe
tasten sie eine Vielzahl moglicher Ubergéinge ab. Die Zweifrequenzkammspektroskopie, eine Tech-
nik die auf der Zeitdoménen-Interferenz zweier Frequenzkdmme mit voneinander verschiedenen
Repetitionsraten basiert, ist eine dieser Methoden. Im letzten Jahrzehnt hat selbige Fourier-
Transformationsmethode, die ganz ohne bewegliche Bauteile auskommt, eindriicklich demon-
striert welch Potential sie zur Aufnahme von multiplexen, breitbandigen, schnellen und prazisen
Absorptionsspektren mittels eines einzigen Photodetektors hat. Doch diese Technik hat bisher
noch nicht ihre vollen Moglichkeiten ausgeschopft.

Die vorliegende Arbeit ergriindet neuartige Aspekte der Zweifrequenzkammspektroskopie, iiber-
windet einige der verbliebenen Schwierigkeiten und erweitert ihre Anwendbarkeit auf das Gebiet
der nichtlinearen Spektroskopie.

Eines der gréfiten Hindernisse sind sehr anspruchsvolle Anforderungen an die Kurzzeitstabilitat
der Frequenzkdmme um ihre Kohérenz wirend der interferometrischen Messung zu erhalten.
Wir prasentieren eine Technik des adaptiven Abtastens, welche die beschriebene Anforderung
unter Verwendung von frei laufenden Femtosekundenlasern einhélt, ohne dabei Leistungsein-
buflen hinnehmen zu miissen. Spektren werden in Echtzeit und ganz ohne Stabilisierung oder
Software-basierender a posteriori Datenverarbeitung aufgenommen. Ungeachtet dessen, dass
diese Methode fiir lineare Absorptionsmessungen im Nahinfraroten realisiert worden ist, kann
jeder Zweifrequenzkammspektroskopie- oder asynchrone Abtastaufbau davon profitieren.
Frequenzkamme sind derzeit goftenteils im nahinfraroten Wellenldngenbereich verfiighar, weswe-
gen die meisten Demonstrationen der Zweifrequenzkammspektroskopie in selbigem durch-gefiihrt
worden sind. Jedoch ist der mittelinfrarote Wellenlédngenbereich, in welchem die meisten Molekiile
starke Schwingungsiibergénge aufweisen, der vielversprechendere Wellenldngenbereich fiir die
Anwendung der Zweifrequenzkammspektroskopie in Hinsicht auf wissenschaftliche Grundlagen-
forschung und optische Diagnostik. Wir haben deshalb einen synchron gepumpten femtosekunden-
optisch-paramtrischen Oszialltor entwickelt, durchstimmbar zwischen 1,8 und 4,2 ym und mit eine
bisher unerreichten Pulsdauer von nur 33 fs. Wir zeigen ferner, dass ein auf einem Chip inte-
grierter Silikon-Nanodraht das Spektrum eines solchen mittelinfraroten Frequenzkammes so zu
verbreitern vermag, dass es mehr eine Oktave abdeckt.

Da Frequenzkdamme intensive ultrakurze Pulse emittieren kénnen nichtlineare Interaktionen mit
einer Probe ausgenutzt werden. Wir demonstrieren die ersten Experimente zur nichtlinearen
Zweifrequenzkammspektroskopie und nutzen insbesondere nichtlineare Ramaneffekte aus. Zwei
Anséatze welche den Raman-induzierten Kerr-Effekt und kohéarente Stokes- und Anti-Stokes Ra-
manstreuung involvieren werden erforscht. Sie untersuchen eine breite Spanne an fundamentalen
Schwingungsiibergdngen einer Probe in fliissiger Phase. Solche Methoden, die auch auf weit-
ere nichtlineare Phanomene ausgedehnt werden konnen, sind in Bezug auf Echtzeitspektroskopie
und Bildgebende Verfahren vielversprechend; Beispiele hierfiir waren die Verfolgung chemischer
Reaktionen und die Mikroskopie biologischer Proben ohne deren vorherige Farbung.



Abstract

Laser frequency combs have revolutionized the field of absolute frequency measurements.
The evenly spaced comb lines provide an optical frequency ruler of unprecedented preci-
sion, good for the measurement of any laser frequency. In recent years, frequency combs
have been extended to the field of broadband molecular spectroscopy. When interacting
with a molecular sample, they may interrogate a vast range of transitions. Dual-comb
spectroscopy, based on time-domain interference between two combs of slightly different
repetition frequencies, is one of these techniques. In the past decade, this technique of
Fourier transform spectroscopy without moving parts has demonstrated an exciting po-
tential for the acquisition of multiplex, broadband, rapid and precise spectra with a single
photodetector. The technique has, however, not realized its full capabilities yet.

This thesis explores novel aspects of dual-comb spectroscopy, whilst overcoming some of its
remaining difficulties and expanding its capabilities to the field of nonlinear spectroscopy.

One of the main impediments of dual-comb spectroscopy is the demanding condition on
the short-term stability of the combs to maintain their coherence throughout the entire in-
terferometric measurement. We demonstrate a technique of adaptive sampling that meets
such a requirement with free-running femtosecond lasers, without sacrificing performance.
Real-time spectra are measured without any stabilization nor post computational data pro-
cessing. Although implemented with linear absorption spectroscopy in the near-infrared,
the technique could benefit any kind of dual-comb or asynchronous sampling set-up.

Currently, frequency comb sources are essentially available in the near-infrared region and
consequently most of the demonstrations of dual-comb spectroscopy have been performed
in this domain. The mid-infrared spectral range, where most molecules have strong vi-
brational transitions, is, however, the most promising region for the applications of linear
absorption dual-comb spectroscopy to fundamental science and optical diagnostics. We
have thus developed a synchronously-pumped femtosecond optical parametric oscillator
tunable between 1.8 and 4.2 pum, with a record pulse duration of 33 fs. We show that a
silicon nanowire on a chip broadens the spectrum of such mid-infrared comb to span more
than one octave.

Since frequency combs emit intense ultrashort pulses, nonlinear interactions with the sam-
ple may be harnessed. We demonstrate the first experiments of nonlinear dual-comb spec-
troscopy and exploit nonlinear Raman effects. Two schemes involving the Raman-induced
Kerr effect and coherent Stokes and anti-Stokes Raman scattering are explored. They in-
terrogate a broad span of fundamental vibrational transitions with us-scale measurement
times and a resolution only limited by the intrinsic linewidth of the vibrational transitions
of the liquid sample. Such techniques, which could be extended to other nonlinear phe-
nomena, hold much promise for new approaches to real-time spectroscopy and imaging,
like e.g. chemical reaction monitoring or label-free microscopy of biological samples.
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Chapter 1

Introduction

Optical spectroscopy has greatly contributed to the development of fundamental science
and applied technologies. This is due to the fact that there are many types of light-matter
interactions, e.g. absorption, scattering, emission etc., which can provide different mate-
rial information through linear or nonlinear material responses to an applied optical field.
While elaborate precision spectroscopy of static materials have given fruitful insights on the
basic rules of the nature, time-resolved rapid spectroscopy has played a big role for inves-
tigating dynamics of the nature. Concerning time-resolved rapid spectroscopy, improving
the measurement speed can provide opportunities not only to investigate new science but
also to have new diagnostic tools with an unprecedented fine time-resolution [1]. In general,
however, speeding up spectral measurements often accompanies with trade-offs: degrad-
ing either spectral bandwidth, precision or sensitivity, though these spectral parameters
are important especially for quantitative measurements such as lineshape or concentration
analysis. Although achieving high performances for all of them is always a challenge, ad-

vanced laser technologies could provide innovative solutions.

The optical frequency comb has revolutionized optical precision measurements with its
broadband and highly coherent nature [2,3]. Beyond its original purpose, the laser fre-
quency comb has been harnessed for other applications including optical broadband spec-
troscopy [4]. The evenly-spaced narrow laser lines are an ideal spectroscopy source if it is
combined with a proper detection scheme. Among the spectroscopy schemes involving a
frequency comb, e.g. dispersive spectroscopy [5,6], Fourier transform spectroscopy [7] etc.,
dual-comb spectroscopy is an unique way that brings out the potential of the frequency
comb, especially its inherent capability of rapid measurements. This comb spectroscopy

has shown unprecedented measurement speed as well as high accuracy, high resolution and



2 1. Introduction

robustness.

Although many proof-of-principle demonstrations have been shown the significant poten-
tial of the dual-comb spectroscopy, there still have been remaining challenges to bring out
the full potential. If these challenges are overcome, it could push this technology to the
next stage: namely, for example, where the broadband and ultra-rapid dual-comb spec-
troscopy accesses the molecular fundamental vibrational transitions, the most interesting
and useful features of molecules, with an easy implementation. This thesis addresses the

challenges toward this end.

Before getting into the heart of the thesis, Chapter.2: Frequency comb and molecular
spectroscopy provides the basics of laser frequency combs and dual-comb spectroscopy,
and then give an overview of the literature dealing with frequency comb spectroscopy and

dual-comb spectroscopy to clarify the position of this work.

The achievements of this thesis are divided into two parts: Part.I, Linear dual-comb spec-
troscopy (Chapter.3, Chapter.4) and Part.II, Nonlinear dual-comb spectroscopy (Chap-
ter.5, Chapter.6).

Part.l, Linear dual-comb spectroscopy deals with the challenges in the linear inter-

action regime.

One of the fundamentally important challenges to be addressed is the spectrum distortion
due to the laser instability. Since the measurement time of the dual-comb spectroscopy is in
the range of microseconds to milliseconds, the intrinsic laser noise at high frequency, which
is not easy to eliminate even with state-of-the-art stabilization technique, causes relative
timing and phase jitters between the combs and distorts the dual-comb spectra. Chap-
ter.3: Adaptive dual-comb spectroscopy proposes and demonstrates a new technique
which elegantly avoids the distortion without elaborate stabilization of the combs nor post
computational processing. This technique only uses free-running mode-locked lasers and
therefore drastically eases implementation of dual-comb spectroscopy. This invention could
become a trigger to provide the new rapid measurement scheme to non-laser specialists in
a variety of fields. This could also serve to nonlinear dual-comb spectroscopy introduced
in Part.II.



Exploring the potential of dual-comb spectroscopy for interrogating fundamental molecular
vibrational transitions is an intriguing challenge. There are many applications in a variety
of fields based on molecular vibrational spectroscopy from fundamental molecular science
to medical, biological and material sciences where it is mostly used as a diagnostics tool.
Such vibrational spectroscopy has been featured especially in biomedical imaging with the
term “label-free imaging” because monitoring fluorescent labels, which are the standard
technique to make image of the target molecules, is not required anymore if one directly
probes the inherent molecular vibrations. Therefore one can avoid the perturbation due

to the target molecules and ease the sample treatments before measurements.

Chapter.4: Development of a mid-infrared frequency comb deals with the devel-
opment of a mid-infrared frequency comb appropriate for linear dual-comb spectroscopy
of molecular fundamental vibrational transitions. While linear dual-comb spectroscopy in
the mid-infrared region would be a straight-forward way to access the fundamental mole-
cular vibrational transitions, suitable mid-infrared frequency combs are still missing. This
chapter first give an overview of the current situation of the development of mid-infrared
frequency combs, and this work focuses on a mid-infrared frequency comb based on an
optical parametric oscillator because its high nonlinear frequency conversion efficiency, low
noise, large spectral tunability are all attractive for the dual-comb spectroscopy. Especially
we focus on achieving ultrashort pulses with broad spectral bandwidth. Additionally, a
new spectral broadening scheme in the mid-infrared region with a silicon waveguide on a
chip is also demonstrated to achieve much broader spectral span of the mid-infrared fre-

quency comb.

Part.I1, Nonlinear dual-comb spectroscopy pioneers nonlinear spectroscopy with the
dual-comb technique. As frequency combs emit intense ultrashort pulses, nonlinear in-
teractions with the sample may be harnessed. Investigating the potential of nonlinear
spectroscopy with rapid and broadband dual-comb spectroscopy can open a window of
new science and technologies. This thesis especially deals with nonlinear coherent Raman
spectroscopy which is another approach to access the molecular fundamental vibrational
transitions by utilizing nonlinear Raman scattering. While linear dual-comb spectroscopy
requires technically demanding mid-infrared frequency combs, Raman transitions allow to

use laser sources in any frequency region, therefore molecular fundamental vibrational tran-
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sitions are readily accessible with sophisticated commercially available frequency combs in
the near-infrared region. We, for the first time, demonstrate nonlinear Raman scattering
processes with the dual-comb method. The nonlinear effects enhance the intensity of the
Raman signals when compared to the weak spontaneous Raman emission and enable rapid

measurements.

Chapter.5: Raman-induced Kerr-effect dual-comb spectroscopy utilizes Raman-
induced Kerr-effect (RIKE), which is closely related to stimulated Raman scattering (SRS).
This is the first demonstration of nonlinear dual-comb spectroscopy as well as the first dual-
comb spectroscopy based on Raman transitions. This work successfully reveals Raman
signals of C-H stretching modes around 3000 cm™!, however, this experiment practically
requires a complicated system with three laser sources. This situation motivates the de-

velopment of another approach investigated in the next chapter.

Chapter.6: Coherent anti-Stokes Raman dual-comb spectroscopy and microscopy
utilizes coherent anti-Stokes Raman scattering (CARS) instead. In this scheme, only two
near-infrared frequency combs are required and the implementation is nearly as simple as
conventional linear dual-comb spectroscopy. This approach accesses the broadband mole-
cular fingerprinting area below 1500 cm ™! within unprecedented measurement speed. This
dual-comb based broadband and ultra-rapid molecular fingerprinting spectroscopy may
have promising future to bring distinguishing new applications in a variety of fields of sci-

ence and technology.

Chapter.7: Summary and outlook conclude the work of this thesis and discuss further

future developments.



Chapter 2

Frequency comb and molecular

spectroscopy

Since the advent of the optical frequency comb that revolutionized optical precision mea-
surement, the laser has been an enabling tool in this field [2,3,8-10]. Unexpectedly, a
variety of other applications of the frequency comb have been proposed and demonstrated
afterwards [4]. Broadband direct frequency comb molecular spectroscopy is one of such
applications. This chapter provides an overview of the relation between frequency combs
and broadband molecular spectroscopy.

2.1 Frequency comb

The optical frequency comb demonstrated its full potential in the late 90s and the invention
has had a tremendous impact in the field of precision measurement [2,3,8-10]. The optical
frequency comb works as a frequency ruler in the optical frequency domain and enables to
measure absolute optical frequencies within the accuracy of an atomic clock. With such
high accuracy, for example, the frequency of the 15-2S two-photon transition in atomic
hydrogen, the most accurately calculated atomic transition with the theory of quantum
electrodynamics (QED), has been measured to address tests of fundamental physics [11,12].
Optical frequency combs provide the long missing clockwork mechanism for optical atomic
clocks [13]. Several types of optical atomic clocks based on an electronic transition in, e.g.
a trapped ion [14], trapped neutral atoms in an optical lattice [15,16], are now considered
as the next generation of frequency standard. Other examples of applications, which are
beyond the original purpose, are, for example, calibration of an astronomical spectrograph
[17,18], and attosecond science [19,20]. For calibration of an astronomical spectrograph, a
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frequency comb, called “astro-comb”, is harnessed as a calibration light source which could
become an improved alternative to conventional gas-based lamp calibration sources. It
increases the calibration accuracy by about a hundredfold, which lets astronomers pursue
fundamental discoveries in precision astronomy. Attosecond science requires few cycle
pulses to generate attosecond pulses through high-harmonic generation and to investigate
electron motion. The waveform of a few cycle pulse is highly dependent on the phase
of the carrier wave against the pulse envelope, called carrier-envelope phase (CEP), so
that the technique to stabilize the CEP, originally invented for realization of the frequency
comb, is crucial. Moreover, frequency/time transfer [21-23|, low-phase-noise microwave
generation [24], ranging coherent LIDAR [25,26], arbitrary optical/radio frequency (RF)
waveforms [27] have been demonstrated with frequency combs. In terms of spectroscopy,
a frequency comb or a dual-comb system [28] can be used for calibration of a frequency-
tunable continuous-wave laser [28-30]. The technique boosts the calibration speed and
accuracy over conventional ways based on gas absorptions. The other approach is direct
frequency comb spectroscopy which utilizes all the comb lines of broadband spectrum to
directly interrogate the sample. This thesis explores the potential of direct frequency comb

spectroscopy.

2.1.1 Principle of laser frequency comb

In order to describe a laser frequency comb, we consider the case where a pulse with a
carrier frequency f, circulates in a laser (linear) cavity of length L. The output of the laser
consists in a pulse train which repetition frequency f is the inverse of the pulse round-trip
time "= 1/ f = v,/2L, where v, is cavity’s mean group velocity defined by the round-trip
time. The pulses do not have an identical electric field because the pulse envelope A(t)
propagates in the cavity with a group velocity v, while its carrier wave travels with a
phase velocity v.. The discrepancy between v, and v. comes from the intracavity material
dispersion and results in a carrier phase slippage with respect to the pulse envelope after
each round trip by an amount of A¢. Assuming a perfect periodicity of the pulse envelope
and a constant phase slippage, the electric field of the pulse train (E(¢)) may be written:

E(t) = A(t)exp(—i2nf.t) + c.c.
- Z Apexp{—i2n(f. +n'f)t} + c.c.

= Z Apexp{—i2n(fo +nf)t} + c.c. (2.1)

where n is an integer, and A,, is a Fourier component of A(t). fy is the carrier-envelope
offset (CEO) frequency. Since the carrier frequency f. is not necessarily an integer multiple
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of the repetition frequency f, an offset frequency fy may be chosen to satisfy 0 < fy < f,
and each frequency component may be written:

fo=Jfot+nf (2.2)

The carrier envelope offset (CEO) frequency fy is related to the carrier envelope phase
slippage A¢ by:
Ag=2rfy/f (2.3)

The Equation.2.1 implies that the Fourier transform of the periodic pulse train is a spec-
trum which consists of equally spaced lines with the mode spacing of f and the offset
frequency of fy (Figure.2.1).

A¢ = 2nfo/f 2A¢

E(t) P

|« 1/f >

Time domain

t Fourier transform

Frequency domain
I(f) > f e
fo ] ‘H ‘
SRR
eseses,,iiz..|l|‘ ‘|I|... t
0 /4 +

fo="fo+nf

Figure 2.1: Time and frequency domain picture of frequency comb

The comb structure written in the Equation.2.1 results from the assumption of periodic
pulse envelope (T' = 1/f = const.) and constant carrier phase slippage (A¢ = 2nfy/f =
const.). In the real world, however, these values fluctuate because of different kind of
noises, therefore one needs to stabilize these two degrees of freedom to obtain the comb
structure. Although the periodicity of the pulse envelope is easily monitored and stabilized,
monitoring the carrier phase slippage is not trivial because the oscillation frequency of the
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carrier wave is too high for electronic devices. The so-called f-2f interferometer enables
to monitor the carrier envelope offset frequency fy which results in realization of a self-
referenced optical frequency comb. The self-referenced optical frequency comb works as a
frequency gear which transfers the frequency accuracy of an atomic clock in the radio fre-
quency to the optical frequency region. Although the first self-referenced optical frequency
comb was demonstrated with a Ti:Sa femtosecond mode-locked laser [31,32], fiber laser
based frequency combs are, nowadays, widely used because of their turn-key operation.

Fully equipped commercial frequency combs are also available.

2.1.2 Direct frequency comb molecular spectroscopy

All the comb lines of a frequency comb can be used to interrogate molecular transitions
over a broadband spectral bandwidth. Since a frequency comb consists of a highly co-
herent ultrashort pulse train, it holds two aspects which may seem contradictory: single-
frequency-precision and broad-bandwidth. This feature promises that direct frequency
comb spectroscopy merges advantages of the conventional spectroscopy in two other direc-
tions, precision measurement based on a continuous-wave laser and broadband measure-
ment based on a short pulsed laser. In order to benefit from the superior accuracy, the
comb structure has to be resolved with sufficient instrumental resolution.

Several detection methods have been invented for such comb-resolving spectroscopy. At
large comb tooth spacing, a high-resolution virtually imaged phased array (VIPA) disperser
with a diffraction grating can be a comb resolving spectrometer [5]. The combination of
two dispersive elements successfully separates every single spectral component of the fre-
quency comb in space and maps them onto a 2D CCD camera, which enables to detect all
the comb lines at the same time. At narrow comb tooth spacing, a Vernier spectrometer,
which consists of a scanning Fabry-Perot resonator, a grating and a CCD camera, can be
a comb-resolving spectrometer [6]. Although these dispersive spectrometer can resolve the
comb lines, the requirement of a 2D CCD camera is cumbersome in some applications, e.g.
data transfer speed of such a camera leads to limited measurement speed. Furthermore, it
is not readily available over the entire electromagnetic spectrum, especially demanding in
the mid-infrared region because 2D cameras in the mid-infrared have a poor sensitivity due
to the thermal noise, and also the materials for detectors are expensive. Fourier-transform
spectroscopy is another approach. The combination of a frequency comb and a Michelson-
based Fourier transform spectrometer brings a significant improvement of the sensitivity
over a conventional Fourier transform spectrometer based on an incoherent light source [7].
The practical advantage of this method over the dispersive spectrometer is that it only uses
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one detector instead of multi-elements detector such as a 2D camera. This relaxes con-
straint of detectable wavelength region because a single detector is readily available in most
regions. In this sense, a mid-infrared frequency comb with a Michelson Fourier transform
spectrometer is suitable for broadband direct comb molecular vibrational spectroscopy [33].
In order to resolve the comb structure, however, a long range mechanical scanning stage
is required, e.g. a 1.5 m long stage to resolve 100 MHz comb tooth spacing. Moving a
stage over such long distance within interferometric precision is very demanding in prac-
tice. Dual-comb spectroscopy elegantly overcomes this practical difficulty with motion-less
pulse delay principle (Section.2.2). As shown above, direct frequency comb spectroscopy
successfully merges the precise and broadband capabilities of frequency comb. Moreover,
frequency comb holds a big potential, namely ultra-rapid broadband spectroscopic mea-
surement. Since frequency comb is based on an ultrashort pulse-train at high repetition
rate, the high frequency periodicity can bring an efficient measurement in time. From this
point of view, however, most of the spectroscopy instruments limit the measurement speed
and the high-speed capability of the light source due to the e.g. charge transfer speed in
a CCD camera, speed of mechanical motion in a Michelson interferometer etc. Dual-comb
spectroscopy overcomes these limitations with its working principle without moving parts,
therefore it is a suitable method to achieve rapid broadband spectroscopy. The work in
this thesis mainly focuses on the high-speed capability.

2.2 Dual-comb spectroscopy

Among several types of direct frequency comb spectroscopy, dual-comb spectroscopy has an
unique standpoint: the method holds great potential both for precision measurement with
resolved comb lines and for ultra-rapid measurement. The temporal coherence property
of consecutive pulses of frequency comb can be efficiently utilized by combination of two

frequency combs with slightly detuned repetition frequencies.

2.2.1 Fourier transform spectroscopy

Dual-comb spectroscopy is a technique of Fourier transform spectroscopy, therefore we first
introduce the principle of conventional Fourier transform spectroscopy based on a Michel-
son interferometer. The method was developed in the late 1950s [34], and since then it has
been used as a workhorse for broad-spectral-band measurements in a variety of scientific
and industrial fields. The major fundamental advantage of the method over dispersive
spectroscopy is the multiplex (Fellgett’s) advantage, which comes from the fact that all
the spectral information is collected simultaneously. This results in a higher signal-to-noise
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ratio for a given time and consistency of the measurement over dispersive spectrometers.
A Michelson interferometer splits a broadband light source into two beams of equal intensity
and both are combined again with a certain optical delay 7 which is induced by a mechanical
delay-stage in an arm of the interferometer (Figure.2.2). The electric fields at the output
of the interferometer are identical except for the phase shift. The combined electric field
may be written E(t) + E(t — 7). The photodetector only sees the optical intensity of the
field: ~

I(7) :/ |E(t) + E(t — 7)dt (2.4)

(o]
This intensity contains a field autocorrelation, called interferogram, term as a function of
the delay! 7:

o0

S(r) = /_ E()E*(t — r)dt + c.c. (2.5)

The Wiener-Khinchin theorem tells that the Fourier transform of the field autocorrelation
(interferogram) is the spectrum of the field E(t). Complex spectrum B(v) in the frequency

v may be written:
B(v) = / S(t)exp(—i2mvT)dT (2.6)

Due to the relation of Fourier transform, the inverse Fourier transform of the spectrum

B(v) is the interferogram:

S(t) = /00 B(v)exp(i2rvT)dy (2.7)
Broadband
light source
BS
€ - DA
& @ pAa
PD

Figure 2.2: Fourier transform spectroscopy based on a Michelson interferometer. BS: beam-
splitter, PD: photodetector, DAQ; data acquisition device

'In practice, 7 is limited within a certain range.
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Michelson Fourier transform spectroscopy with a frequency comb

Here we consider the case where a frequency comb is the input light source of a Michel-
son interferometer with a constantly moving mirror of velocity v. The delay 7 of the
interferometer may be written:

T =2ut/c (2.8)
With the electric field of a frequency comb (Equation.2.1), the interferogram (Equation.2.5)

may be written:

S(t) = /OO Z A Arexp{2mi(fo + nf)2v/ct}dt + c.c.
x Z A, Arexp{2mi(fo +nf)2v/ct} + c.c. (2.9)

we only chose the pairs of the nearest combs which have the same comb number n. This
is experimentally done easily by proper low-pass filtering. According to the Equation.2.6,
the power spectral density is:

B(v) « /_00 S(t)exp(—i2nvt)dt
= /_Oo Z AnAnexp[—2mi{v — (fo +nf)2v/cht]dt + c.c.
= Z A A {v — (fo+nf)2v/c} + c.c. (2.10)

where 6{v — (fo + nf)2v/c} describes a Dirac delta function. This equation shows that
the spectrum of the frequency comb is mapped onto the down-converted frequency region
with a down-conversion factor of 2v/c. For example, a moving mirror with velocity of 15
mm /s provides down-conversion factor 107! hence an optical frequency (e.g. 100 THz)

is down-converted to the audio frequency range (10 kHz).

2.2.2 Principle of dual-comb spectroscopy

The Michelson interferometer can be replaced by a second frequency comb which repetition
frequency (f+4f) is slightly different from that of the first frequency comb (f) (Figure.2.3).
In the time domain, due to the difference of repetition frequencies, the time delay between
pairs of pulses (one from each frequency comb) increases linearly by an amount of ¢ f/f?
from pulse-pair to pulse-pair. The automatically scanned delay plays a comparable role to
that of the moving mirror in the Michelson interferometer. In the dual-comb case, however,
much faster scan is possible because of the absence of moving parts.
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Comb 1 BS

SRS
f+of 20

PD

Comb 2

Figure 2.3: Dual-comb spectroscopy

According to the Equation.2.1, the electric fields of the frequency combs are written:

Ei(t) = > Aieapl=i2n{fio+n(f +5f)}] + c.c. (2.11)

By(t) = > Aggexpl—i2n{fon+nf}t] +c.c. (2.12)

where A;, and f;o are a Fourier component of a pulse envelope A;(¢) and the carrier-
envelope offset (CEO) frequency of each comb (i = 1,2). The two pulse trains are combined
by a beamsplitter and detected on a single photodetector. The signal intensity may be
written:

I(t) o< |Ey(t) + Ey(t)]? (2.13)

This signal contains many frequency components, but here, we only consider the combina-
tion between the nearest comb teeth of frequency comb 1 and comb 2. This selection, in
practice, can be easily made by proper low-pass electronic filtering. An interferogram may
be written:

S(t) Z Ay A5 exp{—i2m (6 fo +nd f)t} + c.c. (2.14)

Where 6 fy = fi0 — f20 is the difference in offset frequency of comb 1 and comb 2. The
Fourier transform of the interferogram reveals the spectrum:

B(v) o< Y A1nAs,6{v — (6fo+ndf)} + cc. (2.15)

The Equation.2.15 tells that the spectrum of the frequency comb is mapped to a lower
frequency region with the down-conversion factor of df/f. The factor can be optimized
by the difference in repetition frequency 6f and is typically about 107%, hence optical
frequency scale, e.g. a 10 THz bandwidth comb, down-converted to the radio frequency
range, a 10 MHz bandwidth comb.
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Molecular linear-absorption dual-comb spectroscopy

All the situations explained above analyze the light source itself. In order to extract
information on the investigated molecules, the sample can be inserted into the optical
path. There are two possible configurations for inserting the sample (Figure.2.4), (a) in a
beam path of one of the combs before combining the two combs, (b) in a beam path after
combining the two combs. In the case of (a), while the second comb works as a pure local
oscillator, the first comb interacts with the sample and the electric field at the detector

may be written:

Ei(t) =Y Avnexpl—ann — idrn — i2n{ fro+n(f +6f)}t] + cc. (2.16)

where o ,, is amplitude attenuation factor and ¢, , is phase shift of the electric field due

to the sample. The interferogram and the spectrum are written:

Say(t) o Z ArnAs erp{—a1, —igr, —i2m(fo +ndf)t} + c.c. (2.17)

By(v) o Z A Ay erp(—ar, — i¢1,)0{v — (0fo +ndf)} + c.c. (2.18)

This shows that a complex Fourier transform reveals both the amplitude attenuation and
phase shift induced by the sample. This results from the fact of using the comb 2 as the
local oscillator.

In the case of (b), both combs interact with the sample, and the spectrum may be written:

By (v) o Z ALnA;’ne:cp{—(aLn + aspn) — (G150 — Qo) }o{v — (0fo +ndf)} + c.c.

= Z Ay A5 exp(—2a)6{v — (6 fo +ndf)} + c.c. (2.19)

where o, = a1, = az,. Here the amplitude attenuation gets twice as large but the
phase shift vanishes because of ¢, ~ ¢2,. While the phase shift cannot be extracted, the
sensitivity for absorption is higher in this configuration.

Recipe for choosing a value of difference in repetition frequency

There is an optimum value of difference in repetition frequency o6 f for an efficient data
sampling. Here we discuss how one can choose such value. We assume the frequency combs
which spectral spans are both AF with repetition frequency f + 6 f and f. Therefore the
frequency of the cross-correlation-like optical sampling of the dual-comb scheme is f. Due
to the Nyquist-Shannon sampling theorem, the free spectral range of the optical sampling
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(a1) (b1)
Comb 1 Sample BS Comb 1 BS Sample
eep] o]
f+6f DAQ f+of DAQ
PD PD
Comb 2 Comb 2
f f

mtezz)ogram% 1/8f[L % lf % |t;(t)gg+‘wT’+ + + %

(a3) (b3)
f+of f+of
Comb 1 «—> | | | | Comb 1 <«—> | | | |
f f
Comb 2 «—> Comb 2 «> | |
2 T T S A
Spectrum | of Spectrum | &f
S I O A o I

Frequency Frequency

Figure 2.4: Molecular dual-comb spectroscopy in the configuration that (a) a single comb
interacts with the sample, (b) both combs interact with the sample. (al)(a2): configuration of
the setup. (a2)(b2): time domain picture. (a3)(b3): frequency domain picture.

covers from 0 to f/2 in the frequency domain. We assume the electronic sampling frequency
of the data acquisition is higher than the optical sampling frequency f, so that one can
make sure the limitation of the free spectral range is set by the optical sampling (0 — f/2).
Since the measurement speed of the dual-comb scheme is proportional to the difference in
repetition frequency df, one wants to choose a value as large as possible for an efficient
sampling. As the down-converted spectrum has a bandwidth of AF§f/f, alarger  f leads
to a larger spectral span. If the down-converted dual-comb spectrum does not fit inside
the free spectral range, undesired aliasing occurs by the sampling. To avoid the aliasing,
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one must obey the condition:

AF x ﬁ < i
f 2
f2
of < 2.2
U 2AF (2:20)
At best, 0f = % where the down-converted spectrum spans 0 - f/2. Assuming, for

example, AF=10 THz and f= 100 MHz, the difference in repetition frequency must obey
0 f <500 Hz. Note that, in order to put the down-converted spectrum in the free spectral
range, one has to adjust position of the spectrum by choosing a proper difference in offset
frequency 4 fj.

Measurement time and spectral resolution

As shown above, dual-comb spectroscopy conducts cross-correlation-like optical sampling
with pulse trains emitted from two frequency combs which repetition frequencies are f and
f+0f. If one samples N pulse pairs within a measurement, The measurement time T},
in the laboratory time-scale may be written:

N

T = 5 (2.21)

Since the optical sampling step from pulse pair to pulse pair is d f/f?, the sampling time
T.ss in the effective time-scale may be written:

Tesr = Nﬁ = Tlabg (2.22)

I? f
This shows that the interferogram observed in the laboratory is stretched out in time by
f/df from that in the effective time.

The spectral resolution in the lab-time scale dv,; may be written:

F, Fy
(Sl/rf =2 = pf

= 2.23
7jlab N ( )

where F,, is an apodization factor of a window function at Fourier transform (e.g. 1.77 for
the triangular function etc.). The spectral resolution in the effective time-scale dv,,; may
be written:

Fap_Fapf 5 f

—= _— = yr _—
Teff ﬂab 5f f(sf

(2.24)

51/0[)25 =
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2.2.3 Brief review of literature on dual-comb spectroscopy

The use of two frequency combs of slightly different repetition frequencies as an asyn-
chronous sampling interferometer without moving parts was first demonstrated in 2001 [35].
This demonstration was intended for rapid scan optical coherence tomography (OCT). The
theoretical proposal of dual-comb spectroscopy was published in 2002 [36]. In this article,
a methodology how to extract the spectral features of sample was discussed in terminology
of frequency comb. The first proof-of-principle of dual-comb spectroscopy was demon-
strated with mid-infrared free-running combs generated by optical rectification in GaSe
pumped by TiSa mode-locked lasers in 2004 [37]. Mid-infrared spectra in 750-1300 cm™*
were measured within 100 ps. The group lead by Fritz Keilmann implemented a tech-
nique to improve the duty cycle of the measurement and demonstrated real-time recording
of chemical vapor fluctuations from 22 m away with a rate of 950 spectra/s [38]. They
also demonstrated near-field optical scanning microscopy (SNOM) with the mid-infrared
system [39].

In 2008, stabilized frequency combs were utilized for dual-comb spectroscopy and the
demonstration showed convincing quality of spectra for precise molecular spectroscopy
by taking advantage of the precision capability of frequency combs [21]. The group lead by
Nathan R. Newbury stabilized two Er-doped fiber combs to two continuous-wave lasers:
one is a Hz-level linewidth continuous-wave laser stabilized to an ultrastable reference
cavity, and the other is stabilized to a self-referenced frequency comb. Absorption and
dispersion spectra of a molecular gas were measured over 3 nm bandwidth with a tunable
optical filter. Such measurements with narrow bandwidth were repeated many times with
tuning the spectral region over 15.5 THz with 155 000 frequency elements with resolution
of 100 MHz. With fully stabilized combs?, they investigated molecular free-induction de-
cay [40], and details of the system in terms of signal-to-noise ratio [41,42]. The group
has expanded the frequency range by spectral broadening with highly nonlinear fibers
for accurate near-infrared spectroscopy [43,44]. They also expand their stabilized system
to mid-infrared region by difference frequency generation with a continuous wave laser [45].

Dual-comb spectroscopy was combined with cavity enhanced spectroscopy in 2010 [46,47].
A broadband comb was injected to an external cavity resonant to the frequency comb.
With careful intracavity dispersion management, each comb line over broad spectral span
was enhanced in the cavity. Filling a gas sample in the enhancement cavity increases the
effective interaction length so that sensitivity was drastically increased, while dual-comb

spectroscopy provides short measurement times.

2Two continuous-wave lasers are stabilized to an ultrastable reference cavity.
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Remote gas sensing with the dual-comb spectroscopy was also demonstrated [38,48].

A posteriori interferometric-phase-error correction technique was demonstrated by post
data processing [49-51]. In this technique, the comb fluctuations were measured at the
same time as the dual-comb interferogram, and the phase errors were corrected by post
data processing with the measured comb fluctuations. In this thesis, another approach is
investigated, which is so called adaptive sampling technique [52,53] (Chapter.3). In this
technique, all the phase error correction is made by analog electronic processing so that no
stabilization nor a posteriori correction is needed.

About the frequency range, most of demonstrations have been conducted in near-infrared
region where frequency combs are readily available, but several demonstrations have been
reported in the visible [52] (Chapter.3), mid-infrared [37-39,45,46, 54], and THz [55-58]
region.

Recently, nonlinear dual-comb spectroscopy, which is pioneered by the work in this thesis,
has been investigated with coherent Raman scattering [59, 60] (Chapter.5, Chapter.6),
two-photon excitation [61,62], and saturated absorption [63].

The dual-comb scheme have been applied to other fields apart from molecular spectroscopy,
e.g. coherent LIDAR [25,48, 64|, optical time-frequency transfer [23|, fast calibration of
continuous-wave laser spectroscopy [28], whispering gallery mode sensing [65], and static
fiber-Bragg-grating (FBG) strain sensor [66].

Challenges of dual-comb spectroscopy

At the time when the work of this thesis began, there were several challenges associated
with dual-comb spectroscopy to be addressed.

The first unsolved fundamental issue was the spectral distortion due to the laser instability
which prevented real-time measurements. Since the measurement time-scale of the dual-
comb spectroscopy is microseconds to milliseconds, high frequency instability of the combs,
which is not a trivial issue to eliminate, leads to missampling of the interferogram. One
solution for the issue was stabilizing the combs with state-of-the-art technology in the
best precision measurement laboratory [21]. But even the tightly stabilized combs might
still have residual fluctuations which required averaging to clear up the distortion. The
averaging, however, lost the real-time capability which is one of the unique capability of the
dual-comb spectroscopy. Another solution was a posteriori correction of the fluctuations by
post computational data processing [49,50]. The method required additional computational
time to correct the sampling errors and lost real-time capability as well. The work in this
thesis addresses this issue and achieves real-time dual-comb spectroscopy by a new scheme
called “Adaptive sampling”, which does not require neither stabilization of the combs nor
post computational data processing (Chapter.3).
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Another challenge was accessing molecular fundamental vibrations by dual-comb scheme.
Due to the poor stability and narrow spectral bandwidth of existing mid-infrared frequency
combs, demonstrations of linear absorption mid-infrared dual-comb spectroscopy did not
show convincing quality of absorption spectra [37-39,46]. In the work of this thesis (Chap-
ter.4), a broadband mid-infrared frequency comb is developed toward high quality linear
absorption dual-comb spectroscopy.

As frequency combs emit intense ultrashort pulses, nonlinear interactions with the sample
may be harnessed. Before the work of this thesis, however, none of experiments had
investigated the potential of nonlinear dual-comb spectroscopy. In the part.Il, we pioneer
the field of nonlinear dual-comb spectroscopy and show its potential.



Part 1

Linear dual-comb spectroscopy






Chapter 3

Adaptive dual-comb spectroscopy

Dual-comb spectroscopy has an important potential for rapid measurements of broadband
molecular spectra, but its development has been hindered by demanding stability require-
ments of the optical frequency combs. We overcome the difficulty with a straightforward
way which compensates the laser instabilities by electronic signal processing only. This
new technique only uses free-running lasers without any phase-lock stabilization of the
lasers nor post data processing, and drastically simplifies dual-comb spectroscopy. The
demonstration of the technique shows that the quality of Doppler-limited molecular spec-
tra is suitable for concentration measurements. The new technique of adaptive dual-comb

spectroscopy offers a powerful transdisciplinary instrument for analytical sciences.

3.1 Background

Dual-comb spectroscopy has been demonstrated with a variety of laser sources (Section.2.2.3)
and the spectroscopic method is now recognized for its capabilities of broadband, high
speed, high resolution, and high accuracy. Indeed, the technique holds capabilities which
surpasses conventional Fourier transform spectrometers, however in practice, the simplicity
has been hindered by state of the art frequency comb stabilization technique which is only
achievable in the best optical metrology laboratory. In many of previous demonstrations
except for the highly stabilized dual-comb systems, quality of molecular spectra is much
worse than those measured by the conventional Fourier transform spectrometers. These
spectra have strong distortions which are not acceptable for quantitative spectroscopic

applications. These distortions result from timing and phase fluctuations of frequency

The contents in this chapter is published in [52,53]
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combs. This quality degradation of spectra shares the same principle as a phenomenon
known as interferometric phase error in the field of Fourier transform spectroscopy [67].
In a case of Michelson Fourier transform spectrometer, missampling of an interferogram
due to position errors of a moving mirror leads to distortion of the interferogram. This
distortion in the interferogram results in a chromatically distorted spectrum by Fourier
transformation. The spectral distortion hampers precise analysis of lineshape or intensity
of the spectrum. In general, position errors of the moving mirror by scale of nanometers

leads to such distortions.

3.1.1 Stability requirements of combs in dual-comb spectroscopy

Dual-comb spectroscopy can be considered with a metaphor of a sampling oscilloscope.
Pulses from comb 1 excite molecular free induction decay and pulses from comb 2 sample
the waveform of this decay interferometrically. For simplicity, we at first ignore carrier-
envelope phase shifts. At best, interferometric samples are taken at intervals 1/f (e.g. 1078
s) where f is the repetition frequency of comb 2 (e.g. 100 MHz). If § f is the difference of
comb repetition frequencies (e.g. 100 Hz), consecutive interferometric samples result from
pulse pairs showing a time separation increased by an amount d7 = df/f? (e.g. 10714 s).
The “sampling oscilloscope” thus effectively stretches the waveform of the free induction
decay signal by a factor s = f/df (e.g. 10°). Signal frequencies in this waveform are
transformed down from the optical to the radio-frequency region by the same factor s. In
the experiment, the signal of the photodetector is electronically low-pass filtered in order
to suppress the pulse repetition frequency f. The time-stretched waveform appears thus as
a continuous electronic signal. This signal is digitized at a constant clock rate determined
by the data acquisition board of the computer. For ideally stable frequency combs, the
waveform thus sampled can be Fourier-transformed to reveal the signal spectrum. In the
real world, major difficulties arise from the residual instabilities of the frequency combs,
even when these benefit from state-of-the-art stabilization. The time intervals between
excitation and sampling pulses are indeed subject to some variations d¢, which appear in
the detector signal stretched in time by the factor s. Let us now consider the slippage of the
carrier phase relative to the pulse envelope due to laser dispersion. If the carrier-envelope
slippage frequencies of the two combs differ by ¢ fy, the relative phases of pump and probe
pulse will change by an additional 27 fy/f between two interferometric samples, and all
frequencies in the Fourier spectrum of the detector signal will be translated by dfy. As

long as d fy is constant, the spectral translation can be accounted for if J fy is measured or
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if the absolute frequency of some spectral feature is known.

In the frequency domain, dual-comb spectroscopy can be understood by considering the
two frequency combs of slightly differing line spacing. The optical frequencies f,, of a laser
frequency comb may be written f,, = nf+ fy, where n is a large integer and f is the carrier-
envelope offset frequency. Each pair of optical lines, one from each comb, produces a radio
frequency beat note on the detector. These beat signals form a comb of radio frequencies
forf = nof + 0fo. Optical frequencies are thus converted into radio frequencies with a
conversion factor 6 f/f. The beat note between one pair of lines from the two combs must
therefore be kept narrower than §f to preserve the resolution. Furthermore, for coherent
measurement, the intrinsic linewidth of the beat note should be narrower than the inverse
of the acquisition time. In other words, dual-comb spectroscopy requires interferometric
short-term stability and the intrinsic noise of a radio-frequency locked comb is significantly
too high on times shorter than a millisecond [68] to allow for correct measurements. To
record a distortion-free real-time interferogram, the jitters between subsequent pulses must
be kept lower than 10 attoseconds. Otherwise, chromatic artifacts (phase errors) spoil the

spectrum [67] and cannot be accounted for a posteriori.

These stability requirements are much more demanding than those for optical frequency
metrology. There, it is common practice to reference the comb to a stable microwave clock.
Relatively slow servo loops of some kHz bandwidth are used to compensate for drifts of
the pulse repetition frequency and the carrier-envelope-offset frequency relative, and for
shorter time scales, one relies on the intrinsic “flywheel” stability of the laser [69]. Even
though the width of the comb lines remains typically on the order of 0.1 to 1 MHz under
these circumstances, the effect of such short-term fluctuations becomes negligible for optical
frequency measurements when averaging over times of seconds or minutes. Locking the
comb to optical references makes it possible to achieve much narrower linewidths, but sub-
Hz linewidth continuous-wave laser and fast feedback loop development require significant
efforts that are not compatible with an easy-to-operate instrument. As a consequence, real-
time dual-comb spectroscopy allowing for distortion-free spectra of good quality Doppler-

broadened line profiles remains challenging.

Free-running or radio-frequency locked combs yield artifacts and reduced signal-to-noise
ratio [37,46, 54,70, 71]. Stabilizing the combs against state-of-the-art cavity-stabilized
continuous-wave lasers with a hertz-level linewidth, far exceeding the stability available
from common microwave oscillators, enables to record high-quality interferograms averaged

over several seconds or minutes [21,41,44,45]. Such reports focused on long integration
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time for signal-to-noise ratio improvement and highly resolved comb lines. Possible phase
errors in ms-time scale acquisitions might be thus cleaned up. However this demanding
approach can hardly be implemented outside the best frequency metrology laboratories.
Alternatively, simultaneously recording the interferometric signal and the fluctuations of
two loosely-stabilized combs against two continuous-wave lasers to compute a posteriori
corrections has been demonstrated [50,51]. This solution, with multiple data acquisition

channels and computational treatment, also prevents fast acquisition rates.

3.2 Stability characterization of the free-running fem-

tosecond lasers

We have investigated the frequency stability of our free-running femtosecond lasers to
characterize the instabilities we need to compensate for. The repetition frequency of each
laser is measured with a frequency counter referenced to the 10 MHz signal of a hydrogen
maser. The drift is nearly linear and amounts for about 7 mHz per second. Such drifts are
mostly due to thermal fluctuations and are easy to suppress with a low-bandwidth feedback
loop. The instability of an optical comb line is measured by an optical beat measurement
with a continuous-wave erbium-doped fiber laser. The continuous-wave erbium-doped fiber
laser is emitting at 6483 cm™! (1542.5 nm) and is stabilized against an ultra-low-expansion
Fabry-Perot high finesse resonator. It has a line-width of 1.5 Hz in a 1 Hz bandwidth and
thermal drifts of its central position of 20 mHz/s [22]. Figure.3.1 shows the beat notes
at 460 us (Figure.3.1a) and 1.3 s (Figure.3.1b) measurement times. Their linewidths are
about 60 kHz and 260 kHz, respectively. For longer times, the beat measurement drifts
linearly by 6 kHz/s. As the linewidth and drift of the cw laser are negligible compared to
these values, we can infer that we directly measure the width and instability of one optical
comb line. The measured short-term comb linewidths are significantly too broad to achieve
Doppler-limited dual-comb measurements in which the beat notes between pairs of comb

lines should be narrower than a few hundreds of Hertz.

3.3 Adaptive sampling with a single adaptive signal

Dual-comb spectroscopy requires demanding timing and phase stability. Adaptive sampling

is a technique to automatically compensates the undesired interferometric phase errors
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Figure 3.1: Fourier transform of the beating signal between one comb line and a stabilized
Hz-linewidth continuous wave laser. (a) Over 467 us, the time required for the acquisition of an
interferogram, the width of the comb line is of the order of 60 kHz. This is much broader than
radio-frequency comb line spacing (344.9 Hz). (b) Over 1.3 s, the width of the comb line increases

to 260 kHz. The spectra are displayed on a linear intensity scale.

by analog electronic processing. In this section, we show that concept of the adaptive
sampling surely works and effectively compensates the phase errors by implementing a
simple scheme with a single adaptive signal. With the single adaptive signal, however, one
cannot fully compensate the phase errors because a frequency comb has two degrees of
freedom, repetition frequency and carrier envelope offset frequency. We introduce a full

compensation scheme in the following section (Section.3.4).

3.3.1 Principle

Compensation for timing variations can be achieved by triggering data acquisition with
a single adaptive clock signal. Such a signal, which automatically provides the needed
correction at a single optical frequency, can be derived from the radio-frequency beat note
between two comb lines. The filtered beat note signal with a frequency f, can be considered
as a time-stretched sampled waveform of an optical comb line. Any timing variation 0t will
shift the beat signal by the stretched amount sdt. If the pulses were only subject to such
timing variations, all frequencies in the spectrum would benefit equally from the produced
correction signal. However frequency combs can also produce random variations d¢ of the
phase difference between pump and probe pulse. These phase variations d¢ are directly
imprinted onto each frequency component of the detected signal, and they can only be
corrected to lowest order by a timing change of the clock signal. A timing change 6t gives
a frequency-dependent phase correction 27 f,0t, whereas we would need to correct for a

frequency-independent phase shift d¢.
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3.3.2 Mathematical description

The electric field of the frequency comb Ej(t) (j=1,2) may be written:
E;j(t) = Aj(Q)exp{—i2n(fejt + ¢;)} (3.1)

where A;(t) is the pulse-envelope function of the frequency comb, f,; is the carrier frequency
and ¢; is the phase of the carrier-wave. The photodetector sees optical intensity of the
combined field of the two frequency combs (E1(t) + Ea(t)):

I(t) = |Ei(t) + Ba(1)? (3.2)
The interferogram is written:
S(t) = Ei(t)E5(t) +cc.
= B(t)exp{—i2n(Aft + Ag)} + c.c. (3.3)

where B(t) = A1(t)A5(t), Afe = fo— fe2 and A¢ = ¢ —po. Here, we introduce the relative
timing jitter 0t(t) and relative phase jitter d¢(t) of the pulse pairs due to the unstability

of the combs, then the interferogram S,;(t) may be written:
Sa(t) = B{t + dt(t) }exp[—i2m{Afe(t + 5t(t)) + Ao + do(t)}] + c.c. (3.4)

An adaptive signal is a single beat note between comb 1 and comb 2, which may be written:

AS,(t) = Buexp|—i2m{ f.(t + 0t(t)) + Ap + 0o (t)}] + c.c. (3.5)

where B, is the amplitude of the adaptive signal which is approximately constant in time,
and f, is the frequency of the adaptive signal. If one uses zero-crossing points of the

adaptive signal as a sampling clock, the sampling time 7y obeys:
fa(tn + 8t(Tn)) + AP+ dp(Tn) = N (3.6)

where N (= 0,1,2,...) is the sampling points number. With this sampling clock, however,

the timing and phase jitters are perfectly compensated for at the frequency f, only.

Aliasing

Since the frequency of the adaptive signal f, lies in the middle of the radio frequency
spectrum, it is not high enough as a sampling frequency to avoid aliasing. In order to
avoid the aliasing, one can multiply the adaptive signal to the value above twice as the

maximum frequency of the spectrum to be observed.
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3.3.3 Experimental setup

The experimental setup (Figure.3.2) is placed in a basic laboratory environment, without
air-conditioning system, vibration isolation, or dust protection. Two free-running com-
mercial femtosecond erbium-doped fiber lasers emitting in the 6452 cm™! (1550 nm) region
with slightly different repetition frequencies have two fibered output ports. For each of
the femtosecond lasers, the port that emits an average power of about 20 mW is used
for the dual-comb interferometric setup. The two beams are combined to interrogate the
sample and beat on a fast InGaAs photodiode. The time-domain interferometric signal
exhibits a periodic succession of huge bursts every 1/ f when femtosecond pulses from the
two lasers coincide. A low-pass filter essentially suppresses the unmodulated part of the
interferogram. This part consists of pulses generated at a repetition frequency of 100 MHz
by the two lasers. In order to synchronize the interferometric signal with the adaptive
clock, one has to compensate for the delays induced by the different optical paths and
the various electronic components. An electronic delay line is therefore inserted in the
interferometric signal path. A low-noise 100 MHz bandwidth amplifier with variable gain
scales the filtered detector signal to the full range of a 16-bit analog-to-digital converter.
This high-resolution digitizer, onboard a personal computer, has 65 MHz-bandwidth and
sampling rate capabilities of up to 180 MSamples/s. It is externally synchronized with the

adaptive clock described below.

Adaptive signal generation

The second output port of the femtosecond lasers serves to generate the adaptive clock
signal. Each laser beats with a free-running continuous-wave erbium-doped fiber laser
that emits at 6519 cm™! (1534 nm). One line of each of the two femtosecond lasers is
isolated by beating each comb with the continuous-wave laser emitting at a frequency
few, thus producing two beat notes f., — fi, and fe, — fon, around 60 and 80 MHz,
respectively. The electric signals are filtered and a delay line adjusts the timing between
the two beat signals. The two beat notes are electronically mixed so that the contribution
of the continuous-wave laser cancels to generate the signal f, = fi, — f2,, around 20 MHz.
As the radio-frequency spectrum spans the free spectral range 0 — f/2, i.e 0-50 MHz, the
20 MHz signal does not have a frequency high enough to avoid aliasing. Therefore it is
frequency-multiplied by five and the resulting 100 MHz provides the adaptive clock signal

that is connected to the external clock input of the digitizing data acquisition board.



28 3. Adaptive dual-comb spectroscopy

o MHz(BﬁF\ BDU Free-running Sample
{1} ® Er fiber

| L oscillator 1

Free-running
cw Er fiber laser

Delay line 1
100 ns

BPF I (Free—running
Mixer S0 Mtz @ ® Er fiber . .
BDU oscillator 2 Signal input
BPF  Multiplier BPF ( (VA MIAA
External clock
100 MHz "
» Time
Adaptive clock generation - Sampling
Free space beam WM“MWWJ\NW
m Optical fiber > Optical

Electrical path Digitizer delay

Figure 3.2: Sketch of adaptive dual-comb spectroscopy with an adaptive signal. The output
of a free-running femtosecond (fs) Er-doped fiber laser is combined with that of a second free-
running fs Er-doped fiber laser with a slightly different repetition frequency. Both beams probe
the sample. Their temporal interference pattern is recorded with a fast photodetector PD, fil-
tered and digitized. Each fs laser simultaneously beats with a narrow linewidth continuous-wave
free-running erbium fiber laser to isolate a single longitudinal mode of each fs laser. The two
beating signals are electronically mixed in order to produce an electric signal reporting the rel-
ative fluctuations between two modes. This signal is filtered and frequency-multiplied. It serves
as the external clock signal for data acquisition. BDU: optical beat detection unit. BPF: band
pass filter, LPF: low pass filter

3.3.4 Results and discussion

The absorption spectrum by a 70 cm single pass gas cell filled with 7.2x10? Pa of acetylene
in natural abundance is recorded in the region of the v; 4+ v3 combination band with an
unapodized resolution of 0.019 cm™! (564 MHz). The measurement time of a spectrum
without averaging is 396 us. The excellent quality of the experimental adaptive spectra is
made obvious (Fig.3.3, Fig.3.4) when they are compared with a spectrum computed from
the HITRAN database [72]. The good signal-to-noise ratio clearly reveals the rotational
lines of the v; + 13 cold band, the v; +v3+v} —v; and vy +v3+ 1/51 — V51 hot bands of 2CyH,
and even of the v, +13 cold band of 2C'3C H, though its relative concentration is decreased
about a hundred fold. As displayed in Fig.3.4, the reproducibility of consecutive adaptive

spectra also permits efficient averaging. Figure.3.3 and 3.4 illustrate that free-running



3.3 Adaptive sampling with a single adaptive signal 29

lasers without the adaptive sampling scheme do not allow for dual-comb spectroscopic
measurements. The quality of our present results also far exceeds what is obtained with the

commercially available servo-controlled comb systems developed for frequency metrology.
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Figure 3.3: Illustration of the quality of the adaptive sampling spectra. Experimental absorption
spectra of 12CyHy and 2C3CH, sampled at adaptive and constant clock rates, respectively, are
compared to a spectrum computed from the line parameters available in the HITRAN database
[72]. Both experimental spectra are measured with free-running fs lasers in identical conditions
except for the data acquisition clock. The difference in repetition frequencies between the two free-
running fs lasers is set to 447.5 Hz. Six consecutive spectra with an apodized resolution of 0.033
em~! (1 GHz), each measured within 396 us, are averaged, resulting in a total measurement time
of 2.38 ms and a total experimental time of 13.4 ms. The agreement of the experimental adaptive
spectrum with the HITRAN data confirms the suitability of our technique for measurements
with Doppler-limited resolution. When sampled at the constant clock rate of the digitizing
data acquisition board, the spectrum is strongly distorted due to the relative fluctuations of the
repetition frequency and carrier envelope phase slips of the fs lasers. This lowers the sensitivity

and scrambles the spectral features.
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Figure 3.4: Portions of experimental and computed spectra of acetylene. (a) Zoom of a span of
20 cm ™! of seven consecutive adaptive individual spectra and their average. (b) Spectra digitized
at the constant clock rate of the data acquisition board and identical conditions than in (a)
otherwise. The acetylene line profiles are strongly distorted and the drifts in the frequency scale

do not allow for averaging.

Residual phase error

The scheme with a single adaptive signal perfectly compensates for the fluctuations of
the femtosecond lasers at a given optical frequency only. Apart from this frequency, the
amount of phase error increases. In order to visualize the residual phase error over the
entire spectral range of the lasers, a Fabry-Pérot spectrum was measured with the same
setup (Figure.3.5). The Fabry-Pérot interferometer consists of two mirrors which free
spectral range is 2 cm™! (60 GHz) and the finesse 90. The spectrum clearly shows that the
phase error increases from the frequency where the phase error is perfectly compensated.
Combs where the carrier-envelope offset cancels, producible by difference frequency gen-
eration [37,73], would allow for an unlimited correction. The femtosecond lasers that we
used are unmodified commercial sources. Proper design of the oscillators to minimize the
pulse-to-pulse phase shift, e.g. with low-noise pumping diodes, would certainly improve

the present results.
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Figure 3.5: Fabry-Pérot spectrum measured with the adaptive sampling. Wavenumber of a
continuous-wave laser to make the adaptive clock is 6423 cm~! (1557 nm). Free spectral range

of the Fabry-Perét interferometer is 2 cm~! (60 GHz) with the finesse 90.

3.4 Adaptive dual-comb spectroscopy with two adap-

tive signals

Phase error correction by the adaptive sampling with an adaptive signal shows good quality
spectrum around a certain optical frequency only. Here we introduce a second adaptive

signal and shows full compensation of phase errors.

3.4.1 Principle

Adaptive dual-comb spectroscopy enables real-time compensation for the timing fluctua-
tions and carrier-envelope phase shift variations by automatically triggering the data ac-
quisition and correcting the interferometric signal with two adaptive signals. These signals
are derived from two radio-frequency beat notes f, and f, originating from different pairs

of individual lines of the two different combs. Each filtered beat note signal can be consid-
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ered as a time-stretched sampled waveform of an optical comb line. Any relative timing
variation 0t shifts the interferometric signal by the stretched amount sét. If such a time
shifted beat note is used as a clock signal to trigger the data acquisition, it would correct
for timing fluctuations automatically if the pulses were only subject to timing variations.
However, frequency combs also produce unintended variations d¢ of the phase difference
between pump and probe pulse. These phase variations d¢ are directly imprinted onto each
frequency component of the detected signal. In order to correct for such phase fluctuations,
the signal of the sampling detector is multiplied electronically with the beat note signal at
fa- The difference frequency between the beat signals at f, and f, is immune to common
phase variations d¢ and can provide the required adaptive clock signal, which compensates

for timing variations.

3.4.2 Mathematical description
Following the Subsection.3.3.2, now we use a second adaptive signal ASy(t):
ASy(t) = Byexp|—i2m{fi(t + 6t(t)) + Ap + dp(t)}] + c.c. (3.7)

where B, is the amplitude of the adaptive signal which is approximately constant in time,
and f;, is the frequency of the adaptive signal. In order to cancel the phase jitter d¢(t),

complex conjugate of one of the adaptive signal (AS?(¢)) is multiplied to the interferogram

Sd(t)l

Smix(t) = Sa(t)AS;(t)
o B{t+ 0t(t)}Biexp|—i2n(Af. — fu)(t + 0t(t))] + c.c. (3.8)

This operation, in practice, can be made by an electronic mixing and a low-pass filtering.
The mixed interferogram S,,;,(t) does not have any term containing d¢(t) but timing
fluctuation 0t(t). The timing jitter can be compensated by an adaptive sampling with
a proper sampling clock which contains the same fluctuation as the interferogram. An
electronic mixing of the two adaptive signals AS,(t) and AS,(t) generates such a clock

signal:

ASui(t) AS,(t)AS; (1)

= B,Bjexp[—i2n{(f. — fo)(t + 0t(t))}] + c.c. (3.9)

which only contains the fluctuation due to §t(¢), which is the same situation as the mixed

interferogram S,,;,(t). If one uses the zero-crossing points of the signal as a sampling clock,
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the sampling timing 7y obeys the equation:

(fa = fo)(t +0t(t)) = N (3.10)

where N (= 0,1,2,...) is the sampling points number.

Aliasing

The discussion above describes the principle of the adaptive dual-comb spectroscopy with
two adaptive signals, but it contains two issues both related to aliasing. The first possi-
ble aliasing can occur at the multiplication for the phase jitter correction (Equation.3.8).
Because the frequency of the adaptive signal f, is in the middle of the down-converted
spectrum, Fourier transform of the mixed interferogram S,,;,(t) leads to aliasing. In or-
der to avoid that, one can produce a new adaptive signal AS4(t) by combining the two
initial adaptive signals (AS,(t), ASy(t)) to keep the dependence on d¢(t) but change the

frequency:
AS4(t) = AS,(t)P{AS,(t)P 1}
x exp|—i2r{(pfo — (p — 1) fo)(t + t(t)) + Ap + dp(t)}] + c.c.  (3.11)

where p is an integer.

The second possible aliasing can occur during sampling. Due to the sampling theorem the
observable spectral span (free spectral range) is limited by half of the sampling frequency.
One can easily expand the spectral span by using higher sampling frequency which, in

practice, can be made by an electronic multiplication:
ASp(t) = {AS,(t)AS;(t)}?
x exp|—i2mq{fo — fo}(t + t(t))] + c.c. (3.12)

Accuracy of adaptive dual-comb spectroscopy with two adaptive signals

Since the adaptive sampling corrects all the possible phase errors pulse-pair by pulse-pair,
if molecular induction decays do not last till next pulse comes to the sample, interaction
between the pulse and the sample can be treated independently. In this situation, the
adaptive sampling does not loose any accuracy if the correction is perfect. To put it in
another way, absorption linewidth of the molecular sample is broader than the comb line
spacing, the phase correction of the pulses works perfectly and makes an accurate down-
converted spectrum. The absolute frequency accuracy relies on reference frequency e.g.

positions of continuous-wave lasers or molecular absorption lines.
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3.4.3 Experimental setup

The experimental condition and the basic setup builds on the one presented in the previous
section (Section.3.3).

For generation of adaptive signals, each femtosecond laser independently beats with two
free-running continuous-wave erbium-doped fiber laser that emit at 6519 cm™" (1534 nm)
and 6423 cm~! (1557 nm), respectively (Figure.3.6). Two beat notes fu, — fi.n (AS.)
and fo, — fan (AS,) are produced, thus isolating one line of each of the two femtosecond
lasers. The electric signals are filtered and a delay line adjusts the timing between the
two beat signals. The two beat notes are electronically mixed so that the contribution
of the continuous-wave laser cancels to generate the signal AS, with the frequency of
fo = fin — fan- In this manner, two beat notes between individual comb lines from the
two combs are produced, with frequencies f, = fi1, — fa,, and f, = fim — fom. In this
experiment, their values are 30 and 20 MHz, respectively. Detail description of the adaptive

signals generation is shown in Figure.3.7.
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Figure 3.6: Experimental setup of the adaptive dual-comb spectroscopy with two adaptive

signals. AS: adaptive signal. cw: continuaous-wave laser. PD: photodiode. LPF: lowpass filter.

As the radio-frequency spectrum spans the free spectral range 0 - f/2, i.e. 0-50 MHz, the
signals at frequencies f, and f,— f, are not high enough to avoid aliasing. The first adaptive
signal ASy, is fabricated from a signal at frequency 3f, — 2f, (3AS,—2AS},) produced by
a combination of frequency multipliers and mixers. The subsequent 50 MHz signal AS4 is
mixed with the interferometric signal before digitalization by the data acquisition board.
The second adaptive signal ASpg results from the frequency-multiplication by a factor ten

of the beat signal at frequency f, — f,. A 100 MHz signal thus provides the adaptive clock



3.4 Adaptive dual-comb spectroscopy with two adaptive signals 35

ASA(St,00)
A
70 MHz
30 MHz Q

1 ASa(dt,00) Free-running ]

X3 @_69 cw laser 1 comb
40 MHz

»

©80 MHz
Free-running
-|le comb?2
ASb(St,S(I)) 2@_69 cw laser 2

0 MHz

60 MHz

AS!(S'() ® Mixer Bandpass filter @ Delay line
@ Photodiode Multiplier

Figure 3.7: Detail of generation scheme of adaptive signals.

signal ASp that is connected to the external clock input of the digitizing data acquisition
board (14-bit, 65-MHz-bandwidth, up to 125 MSamples/s).

3.4.4 Results and discussion

The transmission spectrum by a 70-cm single-pass gas cell filled with 213 Pa of acetylene
in natural abundance is recorded in the region of the v; 4+ 3 combination band. Figure.3.8
displays a 20 cm™! zoomed part of a 480 cm™! (14.5 THz) spectral span. Seven consecutive
spectra are displayed. Each is measured within 467 us with 0.037 ecm™! (1.1 GHz) apodized
resolution at a refresh rate of 350 Hz. The reproducibility of consecutive adaptive spec-
tra permits efficient averaging whereas free-running lasers without the adaptive sampling
scheme produce strongly distorted spectra and do not allow for quantitative measurements
or signal averaging. To make the excellent quality of the experimental adaptive spectra
obvious, we compare (Figure.3.9, Figure.3.10) a spectrum resulting of 200 averaging with
a spectrum computed from the HITRAN database [72]. The good signal-to-noise ratio in
the experimental adaptive spectrum clearly reveals the rotational lines of the v 4+ 5 cold
band, the v; + v3 + v — vj and vy + v3 + v — 13 hot bands of 2CyH,y and even of the

v1 + v cold band of 12C¥CH, though its relative concentration is about a hundred times
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smaller. The level of the residuals between the adaptive spectrum and the calculated one
is below 1.5 %. Calibration against two molecular lines present in the adaptive spectrum
sets the frequency accuracy on the other line positions to 0.00033 cm™! (10 MHz) (relative
accuracy: 5 x 107®) at 1 ms measurement time. The very good agreement between exper-
imental and computed profiles shows the suitability of our technique for the measurement

of line intensities or concentrations.

(a) Global adaptive sampling (b) Constant clock rate sampling

EE

T

Transmittance

1 1 1 1 1
Transmittance

1 1 1

10—- | 10—-

T [ | ] T l I e h
0.5 Average 0.5 Average
T T T T T T T 1 T T T T T T T 1
6525 6530 6535 6540 6545 6525 6530 6535 6540 6545
Wavenumber (cm™) Wavenumber (cm™)

Figure 3.8: Portions of experimental and computed spectra of acetylene. (a) Zoom of a span
of 20 ecm™! of seven consecutive adaptive individual spectra (in black) and the average of 200
spectra (in red). Each individual spectrum is measured over a 480 cm~! span within 467 us. (b)
Spectra digitized at the constant clock rate of the data acquisition board and identical conditions
than in (a) otherwise. The acetylene line profiles are strongly distorted and the drifts in the

frequency scale do not allow for averaging.

Rather than averaging over several spectra, one can reduce the difference of the laser
repetition frequencies and record interferometric signals over a longer time period. In this
way, it becomes possible to resolve the individual comb lines and to demonstrate that
the coherence is maintained during the measurement time. Figure.3.11 shows a spectrum
of acetylene spanning over 400 cm™! (12 THz) recorded in 2.7 s with 268 x10° samples.

The 120,000 individual comb lines are resolved across the full spectral span and their



3.4 Adaptive dual-comb spectroscopy with two adaptive signals 37

) Constant clock rate sampling
E1,0 AR A d VAT o
s -
g ]
C -
©
= 057 HiRan 4
T
(%)
- 3
[ g
A
] 1.0 Adaptive sampling -0.5 3
§ . i Ll ’I ('\Y‘ er[{ TII‘ ’ ’ ‘ T‘ll”l|‘[]r‘|{l’71 ’ ‘ } ’ ‘ W [‘]VI [V
§ -
0.5
HITRAN - Adaptive sampling - 0.1
-0.1

64175 ' 65100 ' 65125 ' 65150 ' 65175 ' 66IOO ' 6625
Wavenumber (cm™)

Figure 3.9: Illustration of the quality of the adaptive sampling spectra. Experimental absorption
spectra of 12CyHy and "2C3CH, sampled at adaptive and constant clock rates, respectively, are
compared to a spectrum computed from the line parameters available in the HITRAN database
[72]. The 70 cm long cell is filled with 213 Pa of acetylene. Both experimental spectra are
measured with free-running fs lasers in identical conditions except for the data acquisition clock.
The difference in repetition frequencies between the two free-running fs lasers is set to 344.9 Hz.
Two hundred consecutive spectra with an apodized resolution of 0.037 cm™! (1.1 GHz), each
measured within 467 us, are averaged, resulting in a total measurement time of 93 ms and a total
experimental time of 580 ms. The agreement of the experimental adaptive spectrum with the
computed spectrum from the '?CyH, and H'?C'3CH line parameters of the HITRAN database
confirms the suitability of our technique for measurements with Doppler-limited resolution. When
sampled at the constant clock rate of the digitizing data acquisition board, the spectrum is
strongly distorted due to the relative fluctuations of the repetition frequency and carrier envelope

phase slips of the fs lasers. This lowers the sensitivity and scrambles the spectral features.

apodized instrumental line-width is 6.7x107% ecm™! (202 kHz) in the optical domain (0.7
Hz in the radio-frequency domain). In comparison, a Michelson-based Fourier transform
spectrometer would record a similar spectral domain, with 10° spectral elements and a
resolution at best of the order of 0.0033 cm™! (100 MHz), in several hours.

Our adaptive scheme sufficiently compensates for the short-term relative fluctuations of
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Figure 3.10: Zoom of a 5 cm™! portion of the spectra shown in Figure.3.9. The adaptive
experimental spectrum and the spectrum computed from the HITRAN data shown in Figure.3.9,
together with the residuals, are expanded both in the x- and y-scales to give better appreciate

the high resolution details.

the femtosecond lasers at any optical frequency. In this demonstration, all lasers are free-
running but their relative coherence is reconstructed in real-time. In comparison to the
width of molecular Doppler-broadened lines, the drift of the lasers is however negligible. We
demonstrate that high-quality molecular spectra down to Doppler-limited resolution are
recorded under such conditions. Importantly these spectra are fully suitable for line profile
and line intensities measurements within a reasonable accuracy of about 5 %. Therefore,
the instrument is suitable for optical diagnostics in a variety of applications. If absolute
direct frequency calibration via the frequency combs or high accuracy in the measure-
ments of narrow, e.g. sub-Doppler, line profiles is needed, the combs could be stabilized
to a radio-frequency reference, as they often are in frequency metrology. This only avoids
long-term drifts and enables self-calibration, but does not improve the quality of the indi-
vidual spectra. The adaptive sampling scheme can still be applied to compensate for the
laser short-term instabilities. Though radio-frequency locking of the combs alone is not a
possible alternative for dual-comb spectroscopy, it would expand the range of applications

of adaptive sampling to precision spectroscopy. The possibility of using commercial fem-
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Figure 3.11: Adaptive spectrum spanning 400 cm™! with resolved comb lines. The spectrum
across the entire domain of emission of the erbium-doped fs fiber lasers exhibits 120,000 well-
resolved individual comb lines. The measurement time is 2.7 s. It reveals several acetylene
profiles shaping the discrete comb line intensities. The frequency of the continuous-wave lasers
used in the production of the adaptive signals in indicated in green in the upper row of the figure.
In the two lowest rows, different degree of zooms in three different spectral regions well apart
from these two frequencies isolate the individual comb lines and prove that the coherence between

the two combs is maintained over the time of the measurement.

tosecond lasers or frequency comb systems without any sophisticated optical or electronic
stabilization scheme considerably ease the implementation of a dual-comb spectrometer
and should prompt new applications to real-time spectroscopy and sensing. The adaptive
scheme and the averaging could also take advantage of digital sampling processors on-
board the data acquisition system and would similarly bring suitable real-time processing,

as demonstrated [51] after release of a preprint of the present work.
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3.5 Adaptive dual-comb spectroscopy in the visible

with nonlinear frequency conversion

The most convincing demonstrations of dual-comb spectroscopy have been undertaken in
the near-infrared range, where frequency-comb oscillators are conveniently available. How-
ever, most of molecular transitions in this region are due to weak overtone bands. The
visible region, where many molecules undergo strong rovibronic transitions, is comple-
mentary to the “molecular fingerprint” mid-infrared range. Moreover, advanced photonic
technologies are readily available in this domain. However, dual-comb spectroscopy has
not been implemented yet in the visible and ultraviolet regions. Here, we report on real-
time dual-comb spectroscopy in the visible spectral region. Adaptive sampling makes it
possible to record distortion-free dual-comb spectra with frequency-doubled free-running
fs ytterbium-doped fiber laser systems. We investigate the dense rovibronic spectrum of
iodine in the 19240 cm™! region at Doppler-limited resolution.

Another important aspect of this experiment is that adaptive sampling in the frequency
converted region works with the adaptive signal created in the fundamental frequency
region of the lasers. This is especially important when spectroscopy is to be done in the
extreme frequency such as VUV or XUV region where the generation of the adaptive signal

is not easy.

3.5.1 Experimental setup

Figure.3.12 sketches the experimental setup. Two free-running Yb-doped fiber commercial
mode-locked oscillators have a central wavenumber of 9620 cm™! (1039.5 nm). They emit
pulses of about 100 fs with an average power of 60 mW. Their repetition frequencies
are about 100 MHz and they differ by 6.7 Hz. No active stabilization is used and the
repetition frequencies are adjusted manually by tuning a piezo-electric actuator and a
stepper motor changing the laser cavity lengths. The repetition frequencies drift quasi-
linearly as a function of time with a slope of about 20 mHz/s. For the spectroscopy set-
up, the two laser beams are frequency-doubled with 2 mm-thick BBO (/-barium borate)
crystals to generate a spectrum centered around 19360 cm™! (516.5 nm). The average
power of the frequency-doubled pulses is 3 mW. The beams are combined on a beam
splitter and interrogate a 90 cm-long iodine cell at room temperature (vapor pressure: ~
40 Pa). Their time-domain interference pattern is detected by a 250 MHz bandwidth Si
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avalanche photodiode, filtered, amplified and digitized by a 16-bit data acquisition board

synchronized by an adaptive clock.
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Figure 3.12: Experimental setup. Two free-running femtosecond Yb-doped fiber lasers with
slightly different repetition frequencies are frequency-doubled with second-harmonic-generation
(SHG) crystals and combined. The green beams probe the iodine sample. Their time-domain
interference signal is recorded with a fast photodetector (PD) and digitized using the adaptive

clock, described in Figure.3.13.

Figure.3.13 displays the details of the adaptive clock signal generation, represented by a box
in Figure.3.12. Each of the two femtosecond ytterbium-doped fiber lasers beats with the
same free-running narrow-linewidth continuous-wave (cw) ytterbium-doped fiber laser that
emits at 9618 cm ™! (1039.7 nm). The beat notes between the femtosecond and cw lasers
isolate, through proper electronic filtering, a single comb line of each comb. The two beating
signals are then electronically mixed and the contribution of the cw laser vanishes. A signal
at the frequency fi-fo=10.5 MHz is thus produced. The timing and phase fluctuations
between the interfering combs are directly imprinted onto this beating signal. Interference
between pairs of optical comb lines image the optical absorption spectrum into the radio
frequency region, ideally to cover the full free spectral range which is half of the repetition
frequency of the fs lasers i.e. 50 MHz. Therefore, we frequency-multiply eight-fold the
10.5 MHz signal to avoid aliasing. The resulting f.x=84 MHz signal provides the adaptive
clock signal that triggers the data acquisition. Not shown in the figures, the delays mostly
induced by the various electronic components are compensated for. An electronic delay
line is therefore inserted after the detector signal in the interferometric spectroscopy set-up

and after one of the optical beat detection units in adaptive clock generation device.
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Figure 3.13: Adaptive clock generation scheme. Each fs oscillator beats with a cw free-running
laser with a frequency f., in a beat detection unit (BDU) to isolate a single mode of each fs laser
with a frequency of fi and fo, respectively. The two beating signals are electronically mixed in
order to produce an electric signal f; — fo reporting the relative fluctuations between the two

modes. This filtered and frequency-multiplied signal serves as the external clock to the digitizer.

3.5.2 Results and discussion

A portion of 15 em™! of the absorption spectrum of iodine around 19240 cm™! is shown
in Figure.3.14. The full spectrum spans 400 cm™! and is measured within 12 ms, without
averaging, at a Doppler-limited resolution of 0.02 cm~! with triangular apodization. The
signal to noise ratio is about 30. The spectrum is measured in the region of the center
of the strong B-X 39-0 band [74]. Its wavenumber scale is calibrated against two iodine
lines. The adaptive spectrum is compared to a spectrum resulting from an interferogram
sampled at the constant clock rate of the data acquisition digitizer, and to the spectrum
[75] of the ascii iodine atlas measured by Michelson-based Fourier transform spectroscopy.
While the spectrum sampled at the constant clock rate of the data acquisition digitizer is
strongly distorted, the adaptive spectrum shows good agreement with the reference data

L of our spectral span, around twice

from the iodine atlas over a spectral span of 30 cm™
the wavenumber of the cw laser used for generation of the adaptive clock. We indeed
compensate for the fluctuations of the femtosecond lasers at a given optical frequency
only. Therefore, phase errors scramble the spectral features over a span broader than 30
cm~!. This could be overcome with the generation of a second adaptive signal, as recently

1

reported with our results [53] around 6500 cm~'. The adaptive scheme as performed
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here around the fundamental wavelength of the lasers proves fully successful even when
non-linear frequency conversion is implemented in the spectroscopy set-up. The spectrum
reported in [75] spans 1400 cm™! between 19100 and 20500 cm ™! and has been measured
within 8 hours at a resolution of 0.02 cm™! with a signal-to-noise ratio of the order of

!'is about 50 times narrower,

60 around 19240 cm~!. While a spectral span of 30 cm™
our measurement time is 2x10° shorter. In high-resolution spectroscopy of atoms and
molecules, iodine has been for decades a convenient frequency standard for calibration
purposes due to its dense grid in a large part of the visible spectrum. Therefore, besides
its interest as an appropriate test for our technique, the possibility to measure the highly-
crowded iodine spectrum across 30 cm~! within 12 ms offers an opportunity for frequency
calibration of real-time spectroscopic data, as the free-running femtosecond lasers require
calibration against molecular lines present in the spectrum.

We have demonstrated a dual-comb spectrometer capable of fully resolving the crowded
Doppler-broadened spectrum of iodine in the green region over 30 cm ™ of spectral band-
width within 12 ms. The spectrometer only requires free-running femtosecond laser os-
cillators and therefore the technique of dual-comb spectroscopy is dramatically simplified.
As the adaptive clock generation can successfully compensate for the relative fluctuations
of the laser systems when it is performed at the fundamental wavelength of the oscillators,
our versatile scheme allows for straightforwardly reaching new spectral territories through
nonlinear frequency conversion of near-infrared ultrafast laser sources. This may prove of
particular relevance in the vacuum and extreme ultra-violet ranges where combs may be
generated through high harmonic generation, as continuous-wave lasers are hardly available

in these regions.

3.6 Conclusion

In this chapter, the potential of adaptive dual-comb spectroscopy is explored with free-
running commercial mode-locked fiber lasers. This straight-forward technique without
any comb-stabilization nor post data processing elegantly compensates for interferometric
phase errors and shows very high quality dual-comb spectra (below 1.5 % residual error
from calculated reference spectrum). Our demonstrations show the method can be used
as a tool for precise quantitative spectroscopy measurements.

The adaptive sampling with a single adaptive signal (Section.3.3) is easy to implement

but it compensates phase errors at a given optical frequency only. This can be utilized for
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Figure 3.14: Iodine absorption spectra at a resolution of 0.02 cm~! with two different degrees

of zoom. For each inset: (upper) dual-comb spectrum with free-running lasers and sampled at

the constant clock rate of the digitizer (middle) dual-comb spectrum with free-running lasers and

with the adaptive clock, (lower) reproduced from the atlas of Ref. [75]. The dual-comb spectra are

both measured within 12 ms in identical experimental conditions but the clock for digitization.

The spectrum of [75] is measured with a 50 cm long I cell, therefore the lines in our adaptive

spectrum are more intense.
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spectroscopy which focuses on relatively narrow spectral regions with high signal-to-noise
ratio combined with narrow-band frequency combs or an optical bandpass filter.

The adaptive dual-comb spectroscopy with two adaptive signals (Section.3.4) provides full
compensation of phase errors at small expense of the second adaptive signal generation.
This automatic full compensation of phase errors not only releases users from complicated
frequency comb stabilization but also provides opportunities to make highly quantitative
spectroscopic measurement which cannot be achieved by radio-frequency stabilized fre-
quency combs.

Dual-comb spectroscopy is anticipated to provide a variety of opportunities of direct fre-
quency comb spectroscopy in broad spectral range from XUV to THz region. Frequency
combs in such regions can most likely be generated by nonlinear frequency conversion
started from technically sophisticated near-infrared frequency combs. The adaptive sam-
pling proved to work in the frequency converted region with an adaptive signal generated
from fundamental frequency combs (Section.3.5). This could be useful technique especially
in the XUV or VUV region because it is very demanding to generate adaptive signals in

these region due to lack of continuous-wave lasers.
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Chapter 4

Development of a mid-infrared

frequency comb

Since fundamental molecular vibrations are lying in the mid-infrared region from 500-5000
cm™! (2-20 pm), direct frequency comb linear spectroscopy with mid-infrared frequency
combs is a promising way to access vibrational transitions. However, mid-infrared fre-
quency combs themselves are still relatively immature if these are compared to those in
near-infrared region where most reports on direct frequency comb spectroscopy have been
demonstrated. Therefore the development of mid-infrared frequency combs is an active re-
search field at the time when this thesis is written. This chapter explores the development of
broadband mid-infrared frequency combs aiming at mid-infrared dual-comb spectroscopy.
We first describe the development of a synchronously pumped optical parametric oscillator
(SP-OPO) generating a broadband spectrum with short pulse duration. In order to broaden
the spectrum of the developed OPO, supercontinuum generation in the mid-infrared is

demonstrated with a silicon waveguide on a chip.

The work in this chapter was made in collaborations. The synchronously-pumped optical parametric
oscillator was developed with the group of Prof. Majid Ebrahim-Zadeh, ICFO in Barcelona, Spain. The
experiment on mid-infrared supercontinuum generation in a silicon waveguide was made with the group

of Prof. Roel Baets, Ghent University in Ghent, Belgium.
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4.1 Background

The complicated spectra of fundamental molecular vibrational transitions have been inves-
tigated deeply and countless scientific achievements have been made by molecular scientists.
Since every molecule has its own vibrational spectral pattern, it is also useful as a diagnostic
method for identification of molecular samples in a variety of fields such as physical, chemi-
cal and biological analysis including environmental, medical analysis etc. The mid-infrared
spectral region, 500-5000 cm™" (2-20 pm), is the play ground of molecular fundamental
vibrational transitions. Broadband mid-infrared spectroscopy has huge potential for these
applications because of the availability of monitoring a variety of molecules simultaneously,
especially when one deals with a complex sample. Fourier transform infrared spectrometer
(FT-IR) has been a workhorse of broadband mid-infrared spectroscopy since long time ago
back in 1969 when the first commercial device was introduced in to the market. The device
brought a new methodology to investigate science and technology and nowadays it is used
as a basic tool in a large number of chemical or biological research facilities on a daily basis.
Although there has been a lot of technical improvements, the concept remained the same.
In previous years, new concepts of mid-infrared broadband spectroscopy have caught at-
tention triggered by the emergence of new mid-infrared broadband lasers. A mid-infrared
frequency comb is one of the most promising lasers for such a molecular spectroscopy be-
cause of its high brightness and capability to be used for broadband, precise, accurate and

rapid measurement.

4.1.1 Mid-infrared frequency combs

Mid-infrared frequency combs have been under development in a variety of ways, e.g.
mode-locked lasers, microresonator-based Kerr combs, quantum cascade lasers (QCL), dif-
ference frequency generators (DFG), and optical parametric oscillators (OPO) [76]. Here
we give an overview of these developments. Mode-locked lasers in the mid-infrared
can be achieved with chalcogenide crystals such as ZnSe or ZnS doped with a transition
metal such as chromium. Coupling of electronic transitions of a transition metal and
phonon modes in a host crystal provides a broad gain bandwidth in the mid-infrared re-
gion. Kerr-lens mode-locking [77, 78] and saturable absorber mode-locking [79,80] have
been demonstrated and the coherence of the laser was indirectly proven by dual-comb
spectroscopy [46]. Thulium-doped silica fiber mode-locked laser emitting around 1.9 pm

has been developed in a variety of techniques [81-86]. Similarly to other fiber-based lasers,
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powerful amplifiers can boost the power of these combs [86-88] so that it enables spectral
broadening [86]. A microresonator-based Kerr comb is a newly appeared frequency
comb source [89,90]. Cascaded non-degenerate four-wave mixing results in phase-locking
and even soliton mode-locking [91,92] in the microresonator. Crystalline microresonators
made of magnesium fluoride have ultra-high quality factor in the mid-infrared and gen-
erate Kerr combs covering 2.35-2.5 pm [93]. A quantum cascade laser (QCL) is a
semiconductor-based mid-infrared source. Some experiments indicated possibility of mode-
locking [94, 95], and recently the first frequency comb was demonstrated [96]. The newly
developed semiconductor laser still has very limited bandwidth but has a promising po-

tential for future practical applications.

Nonlinear frequency down-conversion is another route to achieve mid-infrared frequency
combs. Difference frequency generation (DFG) is a second order nonlinear process
which generates radiation at the difference frequency of two input light sources. A combina-
tion of a continuous-wave laser and a frequency comb can generate a mid-infrared frequency
comb by the DFG process. A quasi-phase matching DFG by a periodically poled Lithium
Niobate (PPLN) generates broadband mid-infrared frequency combs [45,97]. Drawbacks
of this method are weak output power (typically nanowatts per mode) and limited spectral
width. While DFG with two actively synchronized pulses requires elaborate effort [98],
DFG with a single pulse laser has advantage of passive phase stabilization. This method
generates mid-infrared pulses in the 3-5 pm region with PPLN [71,73,99-102], and 3-
17 pm region with gallium selenide [37,38,103-105]. Recent works showed high power
per mode (>100 nW per mode), but the noise property was not appropriate for appli-
cation toward sensitive dual-comb spectroscopy [102]. Optical parametric oscillation
(OPO) is another way to generate mid-infrared frequency comb out of x(® process with
high photon conversion ratio. Synchronously pumped OPO opened up effective paramet-
ric oscillation for femtosecond ultrashort pulses [106,107]. Tunable non-degenerate OPO
in the mid-infrared region have been demonstrated with a PPLN crystal pumped by a
solid-state laser [108-112] or a fiber laser [113]. Phase locking of comb modes of the sig-
nal and idler pulses have been demonstrated and showed potential as a frequency comb
source in the mid-infrared [113-117]. Another trend is degenerate (subharmonic) OPOs
which signal and idler degenerate at half of pump frequency. Near the degeneracy point,
OPO gets high efficiency and broad spectrum. Several types of such OPOs have been
demonstrated [118-121]. An advantage of the degenerate OPO is that the subharmonic

signal (idler) is passively phase-locked to the pump, which makes easier to achieve a stable
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frequency comb [122].

4.1.2 Direct mid-infrared frequency comb spectroscopy

Direct frequency comb spectroscopy (Section.2.1.2) is especially interesting in the mid-
infrared because many strong fundamental molecular rovibrational transitions could be
observed at once. In the mid-infrared region, several methods have been demonstrated in-
cluding a mid-infrared VIPA spectrometer [123] and up-conversion through sum frequency
generation [124]. Fourier transform spectroscopy seems to be a suitable method for the di-
rect comb spectroscopy because it only requires a single detector. A Cr:ZnSe mode-locked
laser around 2.4 pm [125] and an OPO-based frequency comb with a tuning range from 2.8
to 4.8 pum [33] have been used for the broadband spectroscopy combined with a Michelson
interferometer. Cavity enhanced mid-infrared Fourier transform spectroscopy has also been
demonstrated and showed its high sensitivity potential [126]. Dual-comb spectroscopy in
the mid-infrared has also been demonstrated with Cr:ZnSe mode-locked lasers [46], with
DFG combs [45], and with OPO combs [54]. These demonstrations were, however, proof-
of-principle experiments and the measured spectra showed rather narrow bandwidth and
poor quality (except for [45] which used combs stabilized by state-of-the art technique) be-
cause of the demanding comb stability (Chapter.3). For practical mid-infrared dual-comb

spectroscopy, suitable frequency combs need to be developed.

4.2 Ultrashort synchronously pumped optical para-

metric oscillator

Although optical parametric oscillators (OPO) in nanosecond and continuous-wave regime
had demonstrated in the late 1960s, picosecond and femtosecond OPOs awaited the devel-
opment of suitable pump laser sources in the late 1980s [106,127]. Since such a short pulse
has a limited spatial extent (e.g. 30 pm for 100 fs pulse), it is not possible for the down-
converted light to travel in a nonlinear medium many times within the pulse duration.
Therefore, synchronous pumping is necessary to build up such a ultrashort pulse OPO. In
this technique, consecutive pump pulses hit the nonlinear crystal exactly at the same time
that the circulating down-converted pulses in the OPO cavity comes back to the crystal. To
put it in another way, the time interval of the adjacent pump pulses has to be the same as

that of the down-converted pulses in the OPO cavity. Since OPO is a parametric nonlinear
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process, the down-converted pulses can inherit the coherence of the pump pulses. In this
sense, a frequency comb can be effectively down-converted through this process without
loosing the comb structure. Especially, the idler pulses of such OPOs are likely to be in the
mid-infrared region, this technique is a very suitable way to have a mid-infrared frequency
comb. Since our target application is direct frequency comb spectroscopy, broadband idler
spectrum is attractive. OPO tends to be less noisy than the other nonlinear conversion
processes such as DFG because of the OPO cavity which works as a sort of lowpass filter.
This low noise capability is advantageous to the dual-comb spectroscopy. Here we develop
a widely tunable ultrashort-pulse mid-infrared frequency comb through optical parametric

oscillation.

4.2.1 Developed OPO system

Figure.4.1 shows the developed synchronously pumped optical parametric oscillator (SP-
OPO) system. The pump source is a femtosecond mode-locked TiSa laser centered at 12658
cm ™! (790 nm) (Synergy20UHP: Femtolasers) with 20 fs pulse duration. The average power
of the 100 MHz pulse train is up to 1.2 W. A pair of chirped mirrors pre-compensate the
dispersion of the optics for pump pulse by -320 fs? so that the pulses are transform-limited
when arriving at the OPO crystal. A lens (L1) with a focal length of 75 mm focuses
the pump pulses onto the nonlinear crystal (MgO:PPLN; HC Photonics) (see below for
details). The 150 cm long linear cavity consists of two concave mirrors with a radius of
100 mm (M1, M2) and three flat mirrors (M3, M4, M5). These are all coated with high
reflection >99 % for the signal wavelength range, 6250-9804 cm~' (1020-1600 nm), with
low reflection <10 % for the pump wavelength range, 11765-13333 cm™' (750-850 nm),
and <20 % for the idler wavelength range, 1818-5405 cm™* (1850-5500 nm). A prism pair
made of SF11 glass (PS857, Thorlabs) placed between the mirrors M4 and M5 compensates
for intracavity dispersion mainly due to the PPLN crystal. One of the end mirrors (M5)
sits on a translation stage so that the cavity length can be tuned. The idler pulses are

transmitted through a mirror (M2) and are collimated with a CaFy lens (L2).

Design of the OPO system was conducted by S. Chaitanya Kumar (ICFO in Barcelona, Spain).
Building the OPO cavity was done by S. Chaitanya Kumar, A. Esteban-Martin and T. Ideguchi at ICFO,

Barcelona.
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Synchronously pumped OPO cavity

T Prism

Chirped e pair
N e Spectrum

Ti:Sa mirros = ensurement

100 MHz — e
20fs L=< : !
FTIR |
URppind TV idler ! -
L1 M1 Nl\/I2L2 Lo

cw laser v@

PD

Beatnote measurement

Figure 4.1: Layout of the developed synchronously-pumped optical parametric oscillator and

diagnostics setup. PD: photodiode. FTIR: Fourier transform infrared spectrometer.

4.2.2 Nonlinear crystal

The nonlinear crystal is a MgO-doped periodically poled lithium niobate (MgO-PPLN)
(HC photonics). The ferroelectric crystals which have opposite dipole moments are pe-
riodically poled, and the stacked crystal enables quasi-phase-matching for x(® nonlinear
effect. The MgO doping decreases the photorefractive effect that can damage the crystal
and cause the output beam to be distorted. The crystal consists of 4 sections with dif-
ferent crystal length! of 250 pm, 500 pm, 750 pm, 1000 pm. Each section has a fan-out
poling with a grating period of 19.0 - 21.3 um. The temperature of the crystal is kept at
100 degree celsius with an oven to minimize the photorefractive effect and avoid fluctu-
ations of refractive index of the crystal. The calculated phase-matching curve? is shown
in Figure.4.2. The figure shows that the phase-matching condition allows to generate a

broadband idler spectrum especially with a thinner crystal.

'Here, crystal length indicates the length of PPLN grating section. The total crystal length including

non-grating section is 1000 mm for all of them.
2The calculation is made by S. Chaitanya Kumar.
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Figure 4.2: Calculated PPLN phase matching curves with (a) crystal thickness of 250 pm and
(b) 500 pm. The pump wavenumber of 12658 (790 nm) and the temperature of 100 degree
celsius are used for the calculation. Refractive index of the PPLN crystal is calculated with the

temperature dependent sellmeier equation [128].

4.2.3 Characterization of the mid-infrared idler pulse
Spectra and average power

The idler spectra are measured with a commercial FT-IR spectrometer (VERTEX70,
Bruker). Figure.4.3 shows the spectra over the tuning range generated with crystals which
thickness of (a) 250 um, (b) 500 pm. The wavenumber tuning is easily made only by
changing the OPO cavity length [127]. The mechanism owes to the OPO intracavity
dispersion. In order to keep the synchronous pumping condition, cavity round-trip time
of the signal pulse must be the same as the pump pulse interval. Since the OPO cavity
has dispersion, the round-trip time of the signal depends on the wavenumber. Therefore
one can shift the wavenumber of the synchronously pumped signal pulses by changing the
cavity length. This mechanically changeable OPO wavenumber could be useful for some
applications which require rapid wavenumber tuning. A fast piezo-electric transducer may
be used for such quick cavity tuning. Spectra with the 250 ym crystal covers from 2750 to
4600 cm ™! (2174-3636 nm) while those with 500 um covers broader span from 2400 to 5500
cm~! (1818-4167 nm) (Figure.4.3). The average power is plotted in the same figure. A few
to tens of milliwatts idler output power is obtained. This plot shows the tuning range and

power in the same cavity condition optimized to around the center of the tuning range.

The characterizations were done by S. Chaitanya Kumar, A. Esteban-Martin, T. Ideguchi, S. Holzner
and M. Yan at Max-Planck Institut fiir Quantenoptik, Garching.



54 4. Development of a mid-infrared frequency comb

The cavity can be optimized to get higher power in a given region. For example, one can
get above 30 mW around 2700 cm™! (3704 nm) with the 500 um crystal if the cavity is
optimized at this point. Figure.4.4 shows a spectrum centered around 3250 cm™! (3077
nm). As expected with the phase matching condition, the thinner 250 ym crystal provides
a larger bandwidth, 360 cm™! of FWHM (1000 cm™! from edge to edge), while that of the
500 pm crystal provides 230 cm™' FWHM (500 cm™! from edge to edge). This broadband
spectrum in the mid-infrared, to the best of our knowledge, is the broadest mid-infrared

OPO source in this wavenumber region.

(a) Crystal thickness: 250 um (b) Crystal thickness: 500 um
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Figure 4.3: The OPO idler spectra with (a)250 ym PPLN, (b)500 pm PPLN. The black dots

shows average power.
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Figure 4.4: The idler spectrum around 3250 cm~! (3077 nm) with (a)250 ym PPLN, (b)500
pm PPLN. The FWHM bandwidth is (2)360 cm™?, (b)230 cm™1.
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Pump power dependence: OPO threshold

The idler power is measured as a function of the pump power (Figure.4.5). The central
wavenumber of the idler is set to 2686 cm™! with 500 um crystal. The OPO oscillation
threshold is 700 mW and the slope efficiency is 14.5 %.
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Figure 4.5: The idler power at 2686 cm ™! with 500 um crystal measured as a function of the
pump power.The OPO oscillation threshold (Py,) is 700 mW and the slope efficiency () is 14.5
%.

Autocorrelation

Autocorrelation traces are measured with a home-made Michelson interferometer and a
two-photon InGaAs photodetector (PDA10CF, Thorlabs). Since the water absorption
band around 3000-4000 cm™! (2500-3333 nm) distorts the waveform of the idler pulse,
good autocorrelation trace enough for estimation of the pulse duration can only be taken
outside of the absorption band. The Figure.4.6 shows the autocorrelation traces at 4460
cm™! (2242 nm). Very short pulse duration of 33 fs, which corresponds to 4.3 cycle,
is observed with the 250 pum. The pulse duration is estimated with the fringe counting
method assuming a sech? pulse shape. This is, to the best of our knowledge, the shortest
and fewest cycle mid-infrared pulse out of a synchronously pumped OPO?. The time-
bandwidth product is 0.39 (pulse duration of 33 fs and bandwidth of 390 cm™" (11.7 THz)

3The best report was 51 fs (4.9 cycles) around 3.1 um generated by a degenerate OPO [121].
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for the pulse at 4460 cm™), which is close to the value for transform limit pulse (0.315 for

a sech? shaped pulse), but there is still room for improvement of dispersion compensation.

(a) Crystal thickness: 250 um (b) Crystal thickness: 500 um
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Figure 4.6: Autocorrelation trace of the idler pulse at 4460 cm™! with the PPLN crystal of
(a)250 pm, and (b)500 pm.

Power stability

The average power of the idler beam at 2725 cm™! (3670 nm) with the 500 gm is measured
over 10000 seconds (Figure.4.7). During the measurement, the repetition frequency of the
pump laser is stabilized to 100 MHz to evaluate stability of the OPO system itself, e.g. the
mechanical stability of the OPO cavity or the refractive index instability due to air flow

in the cavity. The data shows good long-term stability with 0.4 mW standard deviation.

Coherence

In order to check the coherence of the idler pulse train, a beat note measurement is made
with a free-running continuous-wave OPO (Argos, Aculight). The beat note is measured
with a 100-MHz-bandwidth extended InGaAsSb photodiode (D124, Redwave Labs). The
measured radio frequency spectrum shows a clear single beat note which indicates the
OPO idler inherits the coherence of the pump pulse train (Figure.4.8). At this stage, the
beat note jitters around by a few MHz/s because the pump and the OPO cavity are not
stabilized. In order to capture the free-running beat note, the measurement conditions of
the spectrum analyzer such as the sweep time (ST') or the resolution bandwidth (RBW) are
set for a quick measurement, ST: 20 ms and RBW: 10 kHz, and this limits linewidth of the
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Figure 4.7: Average power of the idler beam at 2725 cm™! (3670 nm) with the 500 um crystal
over 10000 s.

beat notes. The stabilization of the comb can be done by either against continuous-wave
lasers or by a scheme utilizing non-phase-matched OPO radiations such as sum-frequency
generation of the pump and signal etc. [113-117]. A {-2f interferometer for stabilizing the
offset frequency of the idler comb can also be possible if the idler pulses are broadening

over an octave.
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Figure 4.8: A beat note between the idler pulse train and a continuous-wave OPO at 3333
cm~'. RBW: Resolution bandwidth
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4.3 Mid-infrared supercontinuum generation in Sili-

con waveguide

Supercontinuum generation (SCG) is a widely used technique to generate broadband light
sources. In the mid-infrared region, SCG have been demonstrated mostly with specialty
materials: chalcogenide glasses containing chalcogen elements such as sulfide, selenide and
telluride [129,130]. These materials show good specifications for mid-infrared supercontin-
uum but there would encounter a wall for practical usages in a variety of fields because of
the unusual materials. In this context, another promising material is silicon. Silicon has
been a basic material of chip scale electronics, and recently the optical properties of the ma-
terial have been investigated mostly in the telecommunication region, thus developing the
field of silicon photonics [131]. Thanks to highly sophisticated CMOS fabrication processes,
fine photonic circuits can be integrated on a chip. Silicon, on the other hand, has potential
to be a good optical material in the mid-infrared region because of the transparency from
1250-9090 cm~! (1.1 - 8 um). Additionally, this material has large nonlinearities (e.g.
ny=6.23x107** m?/W at 2.2 um), therefore the combination of the small-size-material
fabrication, which leads to tight confinement of light in a small volume, and the high
nonlinearity make silicon a good candidate for nonlinear optics. Silicon nano-wire is a
simple waveguide and it has been investigated as a nonlinear material [132]. Supercon-
tinuum generation in the silicon waveguide has been demonstrated in the mid-infrared to
telecom-band, 3960 - 6515 cm™! (1535 - 2525 nm) [133].

In the context of frequency comb, supercontinuum generation by a photonic crystal fiber
[134] provided the last piece of realization of a self-referenced frequency comb synthesizer
through octave-spanning spectral broadening for the f-2f interferometer [31]. A key of the
success was that the spectral broadening process deterministically produced the broadened
spectra [135]. Hence, if one injects an ultrashort pulse train, the output of the supercon-
tinuum generation inherits the coherence property of the input pulse train and produces
a broadband frequency comb. However, supercontinuum generation does not always keep
the coherence of the input pulse train because there are several noise-driven broadening
processes which cause decoherence [136]. An important conclusion of the investigations
about coherence in supercontinuum generation process is that with an input pulse in the
anomalous-dispersion regime, a temporally short input pulse (typically less than 100 fs,
although it depends on the other conditions) induces a coherent broadening while a longer

input pulse does not. In the short pulse regime, self-phase modulation dominantly drives
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the broadening and the parametric process keeps coherence. In the longer pulse regime,
on the other hand, a main broadening is driven by so called modulation instability which
is highly sensitive to input pulse noise and causes the decoherence [137]. In the previous
demonstration of supercontinuum generation with a silicon waveguide in the mid-infrared
to telecom-band [133], picosecond pulses lead to supercontinuum but the mechanism was
experimentally shown to be background noise driven, therefore one could not expect a
coherent output.

This section explores supercontinuum generation in a silicon waveguide for the realization
of a broadband mid-infrared frequency comb. Our demonstration shows a broadband
SCG spectrum over an octave spanning range in the mid-infrared, and the coherence is
preserved. This broadband frequency comb has the potential to be used as a source of

dual-comb spectroscopy* and for a f-2f interferometer in the mid-infrared.

4.3.1 Silicon waveguide

Silicon waveguides were designed by Bart Kuyken (Ghent University in Ghent, Belgium)
and processed in a cleanroom of imec (Interuniversity Microelectronics Centre) in Belgium.
Details of the fabrication process of the silicon-on-insulator (SOI) can be found in literature
[138]. Since the fabrication process is standardized for waveguides in the 1550 nm region,
the height (thickness) of the waveguide is usually fixed to 220 nm which does not cause
substrate leakage in the telecom region but for longer wavelengths, it does cause the leakage.
Here, our waveguide is fabricated with 400 nm height by specialized fabrication parameters
in order to minimize the leakage at around 3000 nm region. Schematic geometry of the
silicon waveguide is depicted in Figure.4.9. The silicon waveguide with 400 nm (Height),
1600 nm (Width), and 10 mm (Length) is on a 2 pm layer of silicon oxide (SiOs). Beneath
the SiOs layer, there is a 750 pm of silicon layer. At the facets on both sides, the waveguide
is tapered to 3000 nm in width. The transparency window of the silicon is 1.1 - 8 um while
that of the silicon oxide is up to 4 um. Therefore the SOI waveguide has the potential to
be a photonic circuits in 2500-9090cm™" (1.1 - 4 ym).

The calculated second-order dispersion for TE polarization mode of the silicon waveguide®
is shown in Figure.4.10. The waveguide has anomalous dispersion (5 < 0) from 2100 to

4700 cm™! (2128-4762 nm) including wavenumber of input pulse at 4360 cm™! (2.29 ym),

4The intensity distribution of the spectrum has to be improved in order to use it for dual-comb

spectroscopy.
5The calculation is made by B. Kuyken.
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Figure 4.9: (a) Sketch of the silicon waveguide on a chip. (b) A scanning electron microscope

image of the silicon waveguide.

which supports broadband supercontinuum generation.
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Figure 4.10: Group velocity dispersion of the silicon waveguide for TE polarization mode.

4.3.2 Experimental setup

The idler pulse that is emitted from a home-made synchronously pumped OPO (Sec-
tion.4.2), 72 fs at 4360 cm™' (2.29 pum) with a repetition frequency 100 MHz, is injected
into the Si waveguide by a lens made of Black Diamond-2 with an effective focal length
of 1.873 mm (0.85 NA) (C037TME-D, Thorlabs). In order to avoid strong two photon
absorption in silicon, which limits the efficiency of nonlinear processes in the telecom re-
gion [139], the input wavenumber is chosen below threshold 4545 cm™! (2200 nm). The
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beam-diameter of the input pulse is adjusted with a telescope for an effective injection.
The polarization of the input pulse is set to TE mode. The output of the waveguide is
collimated by the same type of lens as for the injection. The input pulse has 25 mW
average power before lens, therefore the pulse has 225 W of peak power assuming 12 dB

coupling loss. The total loss through the chip and lenses is about 20 dB.

Spectrum measurement

.. Lens Lens i :
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Beatnote measurement

Figure 4.11: Setup of the mid-infrared supercontinuum generation in silicon waveguide. FTIR:

Fourier transform infrared spectrometer. PD: photodiode.

4.3.3 Mid-infrared supercontinuum spectrum

A spectrum of supercontinuum generation is measured by a commercial FT-IR spectrom-
eter (VERTEXT70, Bruker). Figure.4.12 shows the input spectrum in the black line and
the supercontinuum spectrum in the red line. Significant broadening is observed ranging
from 3070 cm™! to 6480 cm™! (1543 - 3257 nm) at -30 dB level, which exceeds an octave
spanning. The dotted lines indicate the position where beat note measurements were made

for confirming the coherence property.

4.3.4 Coherence

The coherence property is examined by beat note measurements in several spectral regions.
For the measurement at 3876 cm™' (2640 nm) and 4132 cm™' (2420 nm), a free-running
continuous-wave OPO (Argos, Aculight) is used as a local oscillator. The linewidth of the
continuous-wave OPO is less than 60 kHz in 500 ps measurement time. Each beatnote
is measured with a 100 MHz bandwidth extended InGaAsSb photodiode (D124, Redwave
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Figure 4.12: Supercontinuum spectrum in the Si waveguide. The black and red lines indicate
the input and output spectra of the Si waveguide. The dotted lines are the positions where the

beatnotes with cw lasers are measured.

Labs). For the measurement at 6305 cm™' (1586 nm), a free running Er-doped fiber
laser (Koheras, NKT Photonics) is used. The linewidth of the laser is less than 1 kHz in
100 ps measurement time and a beatnote is measured with a balanced InGaAs detector
(Thorlabs).The measured beat notes are shown in Figure.4.13. Each of beat notes at
different spectral positions shows a clear single peak which indicates the SCG process
preserves the coherence over the spectrum. Since the input OPO pulses are not stabilized
at all, the comb structure fluctuate and this fluctuation limits the measurement condition
and thus limits the linewidth of the beat notes. This experiment is the first observation of

the coherence property of the SCG by a silicon waveguide in the mid-infrared.

4.4 Conclusion

This chapter explored the development of a mid-infrared frequency comb. A broadband
frequency comb was developed through a synchronously pumped optical parametric oscil-
lator with a MgO-PPLN crystal and the laser showed ultrashort (33 fs at best) temporal
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Figure 4.13: The beatnotes between the supecontinuum spectrum and cw lasers at 3876 cm ™!

(left), 4132 cm™! (center), and 6305 cm™! (right).

pulse duration and broadband (FWHM of 360 cm™!) spectrum. The laser also showed a
broad tuning range from 2400 to 5500 cm™! (1818-4167 nm) with a few to tens of mW av-
erage power. These specifications are appropriate for broadband dual-comb spectroscopy.
Moreover the 4.3 cycle ultrashort pulse in the mid-infrared region could be used for other
applications such as attosecond science where few cycle pulses in the mid-infrared region
is advantageous.

Supercontinuum spectral broadening of the OPO was demonstrated in silicon waveguide.
The CMOS compatible on-tip waveguide successfully broadened the mid-infrared pulse over
octave-spanning range. The coherence property was examined over a wide spectral range
and the preserved coherence was confirmed experimentally. This octave spanning mid-
infrared frequency comb could be used for broadband dual-comb spectroscopy. Also the
octave spanning comb could be utilized for a f-2f self referenced frequency comb in the mid-
infrared region. Although the other supercontinuum generations, e.g. with chalcogenide
fibers, demonstrated much broader spectra [130], the silicon waveguide holds promising

future because of the basic material and already existing sophisticated fabrication.
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Nonlinear dual-comb spectroscopy

Dual-comb spectroscopy has proved to have a great potential in broadband molecular spec-
troscopy in terms of measurement speed, precision, and accuracy. All the demonstrations
of dual-comb spectroscopy, so far, had been conducted in the linear light-matter interac-
tion regime. In linear absorption spectroscopy, high peak intensity of the frequency combs:
the temporal nature of the ultrashort pulse, does not bring any advantage to dual-comb
spectroscopy but causes limitation of the dynamic range of the interferometric signal by
saturation of a detector or a digitizer. On the other hand, the high intensity of the pulse
brings huge benefit if it is harnessed for nonlinear processes. Hence, dual-comb spectroscopy
inherently has the potential to be applied to nonlinear spectroscopy.

Nonlinear spectroscopy provides us a variety of useful aspects on atoms or molecules which
cannot be obtained by linear spectroscopy. For example, saturated absorption spectroscopy
and counter-propagating two photon absorption spectroscopy enable to measure Doppler-
free molecular spectra, and coherent Raman spectroscopy makes it possible to visualize
biological molecules non-invasively by accessing the molecule’s inherent vibrational nature.
Moreover, 3D sectioning capability comes together with all the nonlinear processes, which

is of huge interest to microscopic bio-imaging.

Coherent Raman dual-comb spectroscopy

Every molecule vibrates in its own way at particular frequencies. The vibrational spec-
trum is called “Molecular fingerprint” which is analogous to the human fingerprints used
for detective purpose, because it is useful for identification of the molecules. The mole-
cular identification is particularly useful for bio-imaging applications because of the non-
invasive nature. Since the frequency of the molecular fingerprint vibrations are sitting
in 500-1500 cm~! which corresponds to wavelength of 6.7 - 20 pm, mid-infrared light
sources are required to acquire linear absorption molecular spectra. Molecular fingerprint-
ing linear dual-comb spectroscopy is promising, but a properly designed frequency comb is
not commercially available yet. Several types of mid-infrared frequency combs have been
demonstrated [76], and their development still provides on-going scientific research field
(Chapter.4).

Raman spectroscopy is another way to access molecular vibrational bands. Especially, non-
linear coherent Raman scattering is suitable process for molecular vibrational spectroscopy

because the scattering efficiency is orders of magnitude higher than the spontaneous Ra-
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man scattering. This high efficiency allows us to measure the molecular oscillations in short
acquisition time. Also, such a process gets benefit of 3D sectioning capability by tight fo-
cusing due to the general feature of nonlinear effect. Moreover, since Raman transition
allows us to use any short-wavelength light sources, from ultra-violet to near-infrared, tight
focusing on an imaging sample increases the spatial resolution, which is determined by the
diffraction limit.

Many demonstrations have been reported aiming at high speed molecular vibrational spec-
troscopy and microscopy in the last decade, mostly only with one spectral element by
picosecond lasers [140, 141]. Very recently, broadband spectroscopic capability has been
investigated to be combined with the high speed imaging [142-145].

In this part of the thesis, we investigate new broadband coherent Raman spectroscopy
with a dual-comb scheme. The high speed and broadband dual-comb spectroscopy meets
nonlinear coherent Raman effects and shows promising potentials which could surpass the

other techniques demonstrated so far.



Chapter 5

Raman-induced Kerr-effect

dual-comb spectroscopy

5.1 Background

5.1.1 Stimulated Raman spectroscopy

Stimulated Raman scattering (SRS) is one of the coherent Raman scattering processes
[146]. This third order nonlinear process occurs when the frequency difference between two
beams with different frequencies, pump frequency (f,) and Stokes frequency ( fs), matches
a molecular Raman vibrational frequency (f, — fs = fu). In the quantum mechanical
photon picture, a molecular vibrational state is excited through photon conversion from a
pump to a Stokes photon in a process which obeys the energy conservation law. Since the
molecule gets energy from photons through the process, SRS is a non-parametric process
that probes the excited vibrational population instead of vibrational coherence detected by
CARS which is categorized in parametric process (see Chapter 6 for details). The resulting
intensity loss of the pump beam is called stimulated Raman loss, and the intensity gain
of the Stokes beam is called stimulated Raman gain. In the semiclassical picture, SRS
can be described as a heterodyne phenomenon between the incident fundamental electric
fields and the induced nonlinear polarizations. Following the condition of f, — fs = fuw,

two third-order nonlinear polarizations, P, and Pg are generated at the frequency of the

The contents in this chapter is published in [59]
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fundamental frequencies of pump (f,) and Stokes (fs):

P, « x\®E,ELEs
Ps o« XWE,E;Es

where ) = Xﬁ? + XS\%% is the third-order susceptibility, £, and Eg are the incident

fundamental pump and Stokes electric fields. Xg) and Xﬁ}% represent the resonant and
nonresonant part of the susceptibility. The induced polarizations P, and Ps propagate
in the forward direction and interfere with the incident fundamental pump and Stokes
fields with their corresponding phases. The pump field destructively interferes with the

polarization P, and the pump intensity experiences losses:
_ (3)
AT, o< =2Im[xy | 1p1s

where I, and Ig represent the intensity of the pump and probe beams, and AJ, is intensity
difference of the pump beam before and after the SRS process. Since xg\% is a real value,
the non-resonant process doesn’t appear in the Raman loss. The Stokes field interferes
constructively with the induced polarization Pg and the Stokes intensity results in acquiring
the gain:

AlIg oc 2Im[\\]1, I

where Alg is intensity difference of the Stokes beam before and after the SRS process.
Comparing the Stokes beam (pump beam) intensity with and without the pump beam
(Stokes beam) reveals Alg (Al,) which indicates the existence of a resonant Raman vibra-
tion in the molecule at the frequency f,;. This can be used for spectroscopy by scanning
one of the colors of either the pump or Stokes beam. The energy diagram and the spectral

change is described in the Figure.5.1.

High-speed SRS

Ultrashort pulse lasers are suitable light sources for SRS because of their high peak power
and many demonstrations with picosecond lasers have been reported. A picosecond laser,
e.g. 10 ps pulse duration, behaves as a single color beam for most of liquid samples be-
cause the intrinsic linewidth of vibrational transitions of liquids (typical value is about 100
GHz) are comparable to or broader than the linewidth of the picosecond laser (44 GHz,
assuming transform limited 10 ps Gaussian pulse). Combining SRS based on picosecond

lasers with scanning microscopy enables high-speed vibrational imaging. The method is
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Figure 5.1: (a) Energy diagram of SRS. (b) Input and output spectra of SRS.

promising especially for in vivo imaging because of its non-invasive nature. In the field
of bio-molecular imaging, fluorescent imaging has been the workhorse because of its high
sensitivity. However, staining the target molecules with such fluorescent label molecules
perturbs the system, especially when the target molecule is smaller than the label molecule.
Label-free vibrational imaging overcomes this issue [147]. Sensitive single-color microscopic
imaging was reported with high-frequency modulation transfer method [148-150], and af-
terwards, ultrafast video-frame-rate imaging was demonstrated [141] by improving this
scheme. With one-color SRS imaging, however, only a single target Raman vibrational
mode is imaged. Recently, multi-color imaging were demonstrated either by scanning the
laser frequency frame-by-frame [142,143,151], by using chirped pulse [145], or by spectral
tailoring technique [152-154]. The chemical specificity of multicolor spectroscopy expands
the potential of such kind of vibrational method.

Broadband femtosecond lasers can also be used for multi-color spectroscopy as a Stokes
beam combined with a picosecond pump laser!. The broadband Stokes pulse can see
several Raman vibrational modes within the spectral bandwidth simultaneously. Many
experiments have been reported with amplified femtosecond laser systems with high pulse
intensities [155,156]. However, such amplified lasers usually have a low repetition rate
(typically kHz level) which results in slow measurements. Fast measurements with high
repetition rate femtosecond laser system have been demonstrated with a grating spec-
trometer to obtain the Stokes spectra [157]. The limitation of the speed is set by the

read-out time of the detection system. High repetition rate SRS is promising not only be-

LA combination of a femtosecond pump and a picosecond Stokes beams also works.
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cause of the fast measurement but also of the low pulse intensity per pulse which reduces
the possibility of damaging the biological samples. SRS with a single femtosecond laser
has also been demonstrated with slow amplified kHz system combined with pulse shaping
technique [158].

5.1.2 Raman-induced Kerr-effect spectroscopy

Raman-induced Kerr-effect spectroscopy (RIKES) is a similar process to SRS except for the
polarization configuration [159,160]. There are two different beam geometries: one uses a
circularly polarized pump beam and a linearly polarized Stokes beam (circular RIKES), and
the other uses a linearly polarized pump beam at a 45 degree angle with respect to a linearly
polarized Stokes beam (linear RIKES). The pump and Stokes beams in these geometries
induce birefringence and generate Raman signals with a polarization orthogonal to that
of the incident Stokes beam. Since only the small amount of the orthogonal component
can be detected by blocking the fundamental Stokes beam with a cross polarizer, this is a
background free detection scheme, which can lead to improvement of detection signal-to-
noise ratio. Figure.5.2 shows the typical polarization configurations of SRS and RIKES.
RIKES have been widely used in spectroscopy [159]. Recently, demonstration of RIKES
using ultrashort pulses have been reported with amplified systems [161,162] and with high
repetition rate oscillators [163,164].

Pump Stokes Detection

Pt 1
- 1t 1

aQ 1 -
7 1 -

Figure 5.2: Polarization configuration of SRS and RIKES
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RIKES
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5.2 Principle

Figure.5.3 is the conceptual description of the dual-comb RIKES. In dual-comb SRS and
RIKES, a pump picosecond laser and a Stokes femtosecond frequency comb both emit-
ting pulses at a repetition frequency of f are spatially and temporally overlapped onto
the sample. Photons are transferred from the intense pump beam to the weak Stokes
beam when the energy difference between the pump and the Stokes comb lines coincide
with a Raman resonance of the sample. Since the generated Raman signal inherits the
periodicity of the Stokes pulse train, the Raman lines also have frequency comb structure.
These Raman lines are multi-heterodyned against a local oscillator comb which repetition
frequency, f + 0 f, is slightly different from that of Stokes comb f. The multi-heterodyne
detection magnifies the weak signal field and downconverts the comb of Raman signals to
the radio frequency domain, where it is easily accessible by fast digital processing. This
scheme without moving parts enables highly multiplexed fast measurements over a spectral
span as broad as the bandwidth of the Stokes femtosecond optical comb, with simultaneous
access to the real and imaginary parts of the nonlinear susceptibility.

In the case of SRS, the pump and Stokes pulses are linearly polarized and the transferred
photon has the same polarization as the Stokes pulse. On the other hand, in RIKES, a
circularly polarized pump pulse and a linearly polarized Stokes pulse are used, and this
results in the transferred photon having an orthogonal polarization with respect to that of
the Stokes pulse due to the birefringence in the interacting matter with the pulses. Detec-
tion of the changes in the polarization provides sensitivity enhancement and reduction of

artifacts like cross-phase modulation and parasitic interference patterns [163].

5.3 Experimental setup

The experimental setup of dual-comb RIKES is displayed in Figure. 5.4. A femtosecond
Yb-doped fiber femtosecond laser/amplifier system (details in 5.3.1) with a repetition fre-
quency of 100 MHz serves as the Raman pump. Its emission is centered at a wavelength of
1.04 pm, with a full width at half-maximum (FWHM) of 37 cm™! after spectral filtering,
and the pulses are chirped. Therefore, not all spectral components of the pump interact

with the probe, leading to an improved spectral resolution. The pump beam is circularly

A configuration of a femtosecond pump and a picosecond Stokes lasers also works. In this case, Raman

loss of the pump femtosecond comb is measured.
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Raman-induced Kerr effect Dual-comb spectroscopy
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Figure 5.3: Conceptual description of the dual-comb RIKES.

polarized. The Stokes probe laser is a linearly polarized Er-doped fiber frequency comb
emitting about 20 mW of average power and centered at 1.55 pm with an FWHM of
340 cm~!. The pulse duration is about 60 fs. The repetition frequency of the Yb pump
laser is actively synchronized to the Er comb using a scheme similar to the ones reported
in [165-168] (details in 5.3.2). The output of the Er fiber oscillator is split to generate a
pulse that is temporally overlapped with the Raman pump and a reference pulse used to
measure the spectrum of the Stokes laser without pump. The two pulses are separated
by about 250 ps. An infinity-corrected objective (20X Plan Apo NIR, Mitutoyo) focuses
the pump (diameter: 6 pm, Rayleigh length: 28 pum) and Stokes beams (diameter: 7 pm,
Rayleigh length: 22 pm) into a 1 mm thick cuvette containing the liquid sample. The posi-
tions of the focal points of the pump and Stokes beams are located about 40 pum apart due
to chromatic aberrations of the microscope objective, and this reduces the efficiency of the
stimulated Raman process. At the sample, the pump and Stokes beams have an average
power of 960 mW (energy of 9.6 nJ) and 1.9 mW (energy of 9.5 pJ), respectively. After

recollimation of the beams, the pump light is rejected by a long-wavelength-pass optical
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filter. A cross-polarizer is aligned to block the Stokes beam in the absence of a pump. The
optical birefringence induced in the initially isotropic medium by the anisotropic Raman
resonant third-order polarization enables transmission of the background-reduced comb of
Raman resonances. The extinction ratio of the Stokes probe through the entire optical
setup is 10™%, mostly limited by the microscope objectives and the sample cell. A second
femtosecond Er-fiber comb, with a repetition frequency detuned by 301 Hz and an average
output power of 20mW, optically samples the trains of pulses transmitted by the polarizer.
It is filtered to 150 cm™! to limit the spectral range in this proof-of-principle experiment
to the stimulation of Raman signals with shifts around 3000 cm ™, i.e., in the C-H stretch
region. The amplitude of this local oscillator for multiheterodyne detection is controlled
by the combination of a half-wave plate and a polarizing beam splitter to optimize the
signal-to-noise ratio in the interferogram. The time-domain interference signal is mon-
itored with a balanced InGaAs photodetector (PDB150C-AC, Thorlabs), which collects
the two outputs of the interferometer. The balanced detection reduces intensity noise of
the local oscillator [169,170]. After electronic filtering, the interferometric pattern only
contains the Raman gain signal, allowing for efficient amplification. The dynamic range
issues associated with dual-comb spectroscopy are therefore partially overcome. Two inter-
ferograms, time-delayed by 83 us, are sequentially sampled at 100 MSamples/s by a 14 bit
data acquisition board. Their complex Fourier transform reveals the phase and amplitude
spectra in the presence and absence of the pump laser. Calibration of the wavenumber
scale is achieved with the help of an optical spectrum analyzer. The ratio of the spectra
with and without pump simultaneously provides the Raman gain spectrum of the disper-
sive (real part) and resonant (imaginary part) tensor elements of the third-order nonlinear

susceptibility, similar to other techniques of heterodyne RIKE [163].

5.3.1 Yb fiber laser and power amplifier (Pump laser)

A commercial Yb-doped fiber oscillator (Orange, Menlo Systems) emits a femtosecond
pulse train at a repetition rate of 100 MHz with an average power of 100 mW. The spectral
span is about 80 nm centerd at 1030 nm. The pulses emitted by the oscillator are coupled
into a 3 m long stretcher fiber (HNDS1582BA-4-2-2, Sumitomo Electric) to be stretched
to 15 ps. The stretched pulses go through an isolator for protection of the stretcher
fiber and the oscillator against back-reflections, and injected into a 1.8 m long Yb-doped
double-clad polarization maintained fiber (DC-200/40-Pz-Yb-01, NKT Photonics). The
Yb-doped fiber is pumped in the backward configuration by a powerful laser diode at 976
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Figure 5.4: Experimental setup of dual-comb RIKES.

nm (JENA). Maximum pump power is about 75 W which amplify the beam up to 14 W
after compressing optics. This home-made power amplifier system is the same as that used
in [70].

5.3.2 Synchronization of the pump and Stokes lasers

In order to synchronize the pump and Stokes pulse trains in time, an all-electronic syn-
chronization scheme is implemented. The scheme is similar to the ones described in the
literature [165-168]. The system consists of two phase detectors which provide coarse
and fine synchronization. The coarse synchronization provides large delay tuning-range
but poor stability. The fine synchronization provides short delay tuning-range but high
stability. The synchronization follows two steps: first, coarse synchronization of the two
pulse trains with the coarse phase detector, and second, tight synchronization with the
fine phase detector. Figure.5.5 depicts the scheme. The pulse train emitted from the Yb-
doped fiber laser (Pump laser) is detected by a 10 GHz bandwidth InGaAs fast photodiode
(UPD35-IR2-P, ALPHALAS). The detector generates a radio frequency signal which con-
tains frequency components at the repetition frequency of 100 MHz and at its harmonic
frequencies within the bandwidth of the detector. The filtered fundamental repetition
frequency at 100 MHz is sent into the coarse phase detector and the filtered 100th har-

monic frequency signal at 10 GHz is sent into the fine phase detector. Exactly the same
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procedure is applied to the Er fiber laser (Stokes laser). The phase detectors are analog
double-balanced mixers, which generates the phase-error signals between the two input
signals at radio-frequency. The error signals are sent into a potentiometer so that one can
smoothly switch the error signals from coarse to fine. The selected phase error goes into a
loop gain and the amplified signal is fed back to the piezo electric transducer on a cavity
mirror of the Yb-doped fiber laser. An electric phase shifter is inserted in one of the signal
line which is compared with the phase detector and controls the electrical delay between
the signals to synchronize the pulse timing. If a 360 degree phase shifter is used, the delay
tuning-range is 10 ns with the 100 MHz signal, and 100 ps with the 10 GHz signal. On
the other hand, the sensitivity of the error signals to phase mismatch is 100 times better
with the 10 GHz signal than the 100 MHz signal.

Pump Stokes comb
Yb fiber Er fiber
IPZT|100 MHz 100 MHz
4+ 10 GHz fast 10 GHz fast
photodiode photodiode
e
10 GHz
® Mixer
Loop gain Bandpass filter
\

Figure 5.5: Schematics of synchronization between pump and Stokes pulse trains. PD: Photo-
diode.

Characterization of the synchronization

In order to characterize the synchronization, sum frequency generation (SFG) between the
pump and Stokes pulses are used as an indicator of the space- and time-overlap. The
synchronized pulses are focused onto a BBO crystal and the SFG radiation around 620 nm
is detected by a Si photodiode. Figure.5.6(a) shows the intensity of the SFG radiation as a
function of the delay between the pump and Stokes pulses. Since the pulse duration of the
pump is 1.06 ps, which is much longer than 60 fs of the Stokes pulse, the intensity trace
mimics the envelope of the pump pulse. To evaluate the timing jitter, the delay is set to the

position which generates half the intensity of the maximum SFG and the fluctuation of the
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signal is measured. Then, multiplying the slope factor, which is evaluated by the intensity
trace of figure.5.6(a), shows the timing jitter. Putting a lowpass filter before sampling sets
the upper limit of frequency of the jitter. The measured timing jitter is 26.8 fs with a 1
MHz lowpass filter (Figure.5.6(b)), and 12.0 fs with a 160 Hz lowpass filter (Figure.5.6(c)).
Compared to 1.06 ps duration of the pump laser, this amount of timing jitter does not

affect significantly the intensity of stimulated Raman scattering.
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Figure 5.6: Characterization of the synchronization between the pump and Stokes pulses.
(a)Normalized SFG intensity as a function of the delay between the pump and Stokes pulses.
The red line is a linear fit around full width at half maximum (FWHM) of the curve. The slope
is 1.5 ps~!. (b)Residual instability of the synchronization with a 1 MHz lowpass filter over 1 ms.
Standard deviation of the fluctuation is 0.0402, which corresponds to 26.8 fs root mean square
(RMS) jitter. The black curve shows the intensity fluctuation at the SFG maximum. (c)Residual
instability of the synchronization with a 160 Hz lowpass filter over 1 s. Standard deviation of the
fluctuation is 0.0180, which corresponds to 12.0 fs RMS jitter.

5.4 Results and discussion

Two liquid samples are measured with the dual-comb RIKES experiment. In this proof-
of-principle experiment, the target vibrational modes are aromatic C-H stretches around
3000 cm™!. The first sample is neat Benzonitrile. An interferogram is measured within

Land 23 spectral elements, and the

2.93 ps, which corresponds to a resolution of 6.7 cm™
acquisition rate of the interferograms is the difference in repetition frequency of the two
erbium lasers, 301 Hz, chosen according to the free spectral range span and the comb line
spacing. To get a reasonable signal-to-noise ratio, one hundred interferograms are averaged,
resulting in an effective measurement time of 293 us and a total experimental time of 332

ms. Averaging and Fourier transforming may be accomplished in real time with the use
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of field-programmable gate arrays. Figure.5.7(a) displays a portion of the amplitude and
phase spectra of neat benzonitrile around 3100 cm~'. The observed linewidth (about 27.5
cm™!) of the band is narrower than the width of the Raman pump laser, as the pulses of
the latter are chirped. In this spectrum, the stimulated Raman gain experienced by the

Stokes beam at the sample is 107° and the relative noise level is 1075,
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Figure 5.7: (a) Experimental Raman gain amplitude and phase spectra of benzonitrile. (b)

Experimental Raman gain spectrum of p-Xylene.

The weaker bands of p-Xylene (Figure.5.7(b)) are recorded with the same experimental
setup. 1062 interferograms, each measured within 2.99 us, are averaged, leading to an
effective measurement time of 3.2 ms and an experimental time of 3.5 s. The noise level in
our experiment already represents an excellent figure for real-time femtosecond stimulated
Raman spectroscopy. Differential detection of the interferometric signal in the radio fre-
quency domain is one of the causes that lead to such results. Sensitivities better than 1078
have been reported in video-rate imaging [152] with lock-in detection, but these only allow
for multiplex detection of three spectral elements, whereas dual-comb RIKES potentially
allows for broad spans and high resolution. Most femtosecond stimulated Raman exper-
iments (e.g., [161]) use complex amplified laser systems with kilohertz-to-hertz repetition
frequencies and long measurement times, although promising alternatives with MHz sys-
tems have already been demonstrated [157]. Our low-intensity setup and our very short
measurement time contribute in opening intriguing opportunities for real-time spectrally
resolved Raman chemical labeling. Significant sensitivity improvement of our experiment

could be achieved through a better spatial overlap between the pump and Stokes beams,
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either with reflective objectives or with laser systems that emit in spectral regions (e.g.,

800 nm) where microscopy instrumentation is more advanced.

Pump polarization dependence

Since the cross-polarizer does not reject the Stokes beam entirely in the condition of absence
of the pump beam, the Stokes beam leaks through the polarizer. As a consequence, what is
heterodyned with the local oscillator field is summation of the Raman field and the leaked
Stokes field. This is the reason why one has to take spectra with and without the pump
beam and compare them to get the Raman gain. Since the phase of the RIKES field is
determined by the polarization of the pump beam (right or left circularly polarized beams),
the sign of the Raman gain (loss) can be changed. Here, the Raman gain (loss) means
positive (negative) variation with respect to the spectrum without pump. The Figure.5.8
clearly shows that the right and left circularly polarized pump beam induces the RIKES
field with 180 degree phase difference, and the linearly polarized pump along with the
Stokes polarization doesn’t induce any RIKES field at all. The dependence supports that

the observed line is not an artifact.
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Figure 5.8: (Left-hand side) RIKES gain (loss) when the pump beam polarization is as described
in the right column. (Right-hand side) Spectra with and without the pump at the polarization

of (a)right circle, (b)linear, (c)left circle. Black curve shows the spectra without pump.
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5.5 Conclusion

This chapter demonstrated Raman-induced Kerr-effect dual-comb spectroscopy. This was
the first demonstration of nonlinear dual-comb spectroscopy as well as the first Raman dual-

L around 3100 cm™! was

comb spectroscopy. The nonlinear Raman spectra over 150 cm™
measured within 2.93 us and a C-H stretching Raman signal in Benzonitrile was observed
with a spectral resolution of 27.5 cm™!. Averaging over 100 spectra, effective measurement
time of 293 s (experimental measurement time of 332 ms), clearly displayed the Raman
gain and its dispersive phase spectrum. The observed Raman gain experienced by the
sample was estimated to 107, and the relative noise level was 107%. The weaker bands
of p-Xylene was also measured with averaging of 1062 spectra within 3.2 ms of effective
measurement time (experimental measurement time of 3.5 s). Two Raman gain peaks of
fundamental methyl and aromatic C-H stretches were clearly observed. The polarization
dependence of pump laser confirmed the results that these peaks were not artifacts but the

Raman gain signals.
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Chapter 6

Coherent anti-Stokes Raman
dual-comb spectroscopy and

microscopy

6.1 Background

6.1.1 Coherent anti-Stokes Raman spectroscopy

Coherent anti-Stokes Raman scattering (CARS) is a third order nonlinear optical process
[146]. As shown in Figure.6.1, a pump and a Stokes fields with frequencies f, and fs,
respectively, excite a molecular vibrational coherence and a probe field with frequency f,,,
reads out the coherence by generating a blue-shifted anti-Stokes field at frequency fags.
In this parametric process, the photon energy (frequency) difference between the pump
and Stokes light is transferred to the scattered anti-Stokes light, so that the blue-shifted
energy (frequency) from that of probe light indicates the molecular vibrational energy
(frequency). Since the blue-shifted frequency of the anti-Stokes light can be apart from
the frequency of the pump, Stokes and probe light, a proper optical filtering makes the

process background-free. The induced polarization Pcyrs may be written:

PC’ARS = (ngg) + Xg\?;}%)EpE;‘Epr (61)

The contents in this chapter is published in [60]
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where Xg) and XE@% are the third-order nonlinear susceptibility of the resonant part and

the non-resonant part, F,, Eg, E, are the electric field of the pump, Stokes and probe
light. The intensity of the CARS signal Io4gs is proportional to the square modulus of

the polarization:
Ioars o [Poars® = (X9 1P + IXWrl? + 2x S Relx W ) I, Is L,y (6.2)

Where I, Ig, I, are the intensity of the pump, Stokes and probe light. As a consequence,
the CARS intensity has a cubic dependence on the total input light intensity. Also, since
the susceptibility is proportional to the number of molecules, the CARS intensity has a

square dependence on the concentration of the sample molecules.
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Figure 6.1: Energy diagram of CARS process.

Non-resonant background

As it appears in Equation.6.2, the non-resonant processes play a significant role in the
CARS. These are four-wave-mixing parametric processes shown in Figure.6.2. Since these
processes are due to the electronic motion mediated through virtual states, these are in-
stantaneous phenomena. The non-resonant fields are detected interferometrically with the
resonant CARS field and this makes the observed CARS spectrum distorted in a dispersive
way. This spectral distortion is always cumbersome in most of the applications of CARS
and requires complicated analysis. Moreover, the non-resonant signal adds broadband
noise and decreases the sensitivity of CARS measurements.

In the last decade, many kind of methods of CARS have been demonstrated aiming at
suppressing the non-resonant background, including epi-detection CARS [171,172], po-
larization CARS [173,174], time-resolved CARS [175], interferometric/heterodyne CARS



6.2 Principle 85

[176-181], pulse-shaping CARS [182-185], phase-retrieval CARS [186, 187], and frequency
modulation CARS [188,189]. These methods are effective to suppress the non-resonant

background at the expense of complexity of the instruments or the data-analysis.
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Figure 6.2: Energy diagram of non-resonant processes.

6.2 Principle

6.2.1 Impulsive stimulated Raman scattering

When an ultrashort laser pulse passes through almost any molecular sample, coherent
vibrations are likely to be excited by impulsive stimulated Raman scattering (ISRS) [190,
191]. The criterion for the coherent excitation by a single pulse is that the pulse duration
(7,) is shorter than the oscillation period (T:) of a single cycle of a molecular vibration.

To put it in another way, the bandwidth of the pulse must be larger than the vibrational
frequency (fuip)-
Tp < Tvib - 1/f'uib

Under such condition, the femtosecond pulse kicks the molecules and they start oscillating
at their particular vibrational frequencies. These coherent oscillations can be monitored by
ultrashort probe pulses with a varying time delay. If the duration of the probe pulse is also
shorter than the oscillation periods, the vibrational oscillations can be clearly observed in
time domain through some detection methods.

In the first ISRS demonstration, optical phonons in a a-perylene crystal up to 200 cm™!

were excited with a pulse which duration was less than 100 fs emitted from a colliding
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pulse mode-locked (CPM) ring dye laser [192]. The phonon oscillations were monitored
through scattering of the probe pulse by the transient-grating generated by crossed ex-
citation pulses. The collinear geometry pump-probe scheme (Forward ISRS) was pro-
posed [190] and demonstrated [193,194] afterwards. In this configuration, modulation of
the spectrally dispersed probe pulses are detected. This pump-probe ISRS is the basic
concept of the dual-comb CARS.

Since, nowadays, ultrafast lasers are readily available, molecular vibrations in the finger-
print region, where are lying at higher frequencies than the optical phonons, can be good
targets for the impulsive excitation. For example, an ultrashort pulse of 20 fs duration can

excite the molecular vibrations up to 1500 ecm™!, which covers the fingerprint region.

6.2.2 Fourier transform CARS

The concept of the Fourier transform CARS was proposed and demonstrated in 1985
[195]. Two different color picosecond pulses excite molecular vibrations and the delayed
probe pulse is scattered off and generates the anti-Stokes radiation. The vibrational mod-
ulation was observed on the intensity of the anti-Stokes radiation and Fourier transform
of the modulation reveals the Raman vibrational spectrum. The concept of Fourier trans-
form CARS has been extended to a single femtosecond pulse excitation combined with a
Michelson interferometer [175,196] or a pulse-shaping method [182] instead of two picosec-

ond pulses excitation.

Theoretical description

Here, we follow the semiclassical description of Fourier transform CARS by femtosecond
lasers discussed in the literature [197,198]. Following the third order perturbation theory,
the resonant polarization Rg) created by a single femtosecond pulse with the electric field

E(v) may be written as a function of frequency v:

o0 1
PO (v oc/ dv , E(v—VAW 6.3
00) [ B =AW 63)

A(VI) —_ /O‘ dl/,/E*(V”)E(V/ _|_ V//)

where f,; and I',;;, are the Raman vibrational frequency and its dephasing rate. The equa-

tion describes all the possible pair of frequencies which difference frequency is equal to the
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vibrational mode induce the polarization.The nonresonant polarization may be described:

m%@)m/mdwE@_”%M”) (6.4)

0 v
The factor 1/v/ is inserted by hand to reflect the fact that the finite pulse duration induces
non-instantaneous response.
In femtosecond Fourier transform CARS, the electric field which induces the nonlinear

polarization consists of two pulse fields Ey(t) and Ey(t — 7) with delay 7:

E(r,t) = Ey(t) + Ey(t — 7) (6.5)

The third-order polarization induced by the field E(7,t) is written:

Prr_cars(1,t) = (XY + xR E(r, t)E*(1,8) E(7, 1)
= PI(r,t)+ PP(r,1) (6.6)

where P}(zg) (1,t) and P]S)’])%(T, t) are the Fourier transform of P}(s’)(y) and P](\?})%(l/) described
in the Equation.6.3 and 6.4. The total FT-CARS signal is described as a function of delay

T:

Srr—cars(T) OC/ dt| Prr_cars(T,t)|? (6.7)
0

The polarization Prr_cars(T,t) consists of a number of different processes. What we are
interested in here are the processes which depend on the delay 7 and those which interfere

with them. Therefore, the processes we investigate can be described:

3 3 3 3
Prr—cars(T) & Pl o(7) + Py 1 o(T) + PS) + Py, (6.8)

where the first term P}(SlQ(T) represents the process where the pulse 1 excites the vibrational
coherence and the pulse 2 probes it. This process corresponds to the pump-probe impulsive
stimulated Raman scattering (Section.6.2.1). The second term P](\?})%,l,Q(T) represents the
non-resonant processes both pulse 1 and 2 contribute to but the processes only happen
when 7 ~ (. This can be easily ignored by not looking at the signal at 7 ~ 0. The third
and fourth terms P}(s) and P](\? })?"2 represent the processes only pulse 2 contributes. These
processes don’t depend on the delay 7 but may interfere with the the first term P}(%?:LQ(T)

because they are all generated at the same time. Note that we can ignore the processes
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governed only by the pulse 1 because such induced polarizations don’t interfere with the
first term PI(%?:%’2<T).

Finaly, the modulated part of the FT-CARS signal which depends on the delay 7 is de-
scribed by:

3 * 3 3 * 3 3 * 3
Srr—cars(T) & Re[PY) " (T)Py)o(T) + Py  (T) Py + PY) o (1) P o]

)

o DT+ T+ AT (69

where I and I, are the intensity of the pulse 1 and 2. The three processes are detected
at the same time. All of them share the feature that the pulse 1 excites the vibrational
coherence and the pulse 2 probe it. The second and third terms are sort of heterodyne
signals. The contribution of these processes depends on the sample and the condition of
the pulses. If, for example, the sample generates strong non-resonant radiation, the third

term may be the dominant process among them.

6.2.3 Dual-comb CARS

In the technique of dual-comb CARS, we harness two femtosecond lasers with repetition
frequencies f+0f and f to irradiate a sample. In the time domain (Figure. 6.3(a)), a pulse
from the first laser coherently excites a molecular vibration of period 1/ f,; that is longer
than the pulse duration and the coherently vibrating molecules give rise to an oscillating
refractive index modulated at the vibrational frequency (ISRS process) (Figure.6.3(b)). A
pulse of the second laser probes the sample with a time separation At that increases linearly
from pulse pair to pulse pair. If this second pulse (for simplicity also taken to be short
compared with the molecular vibration period) arrives after a full molecular period 1/ fy,
the vibration amplitude is increased and the back-action on the probe pulse is a spectral
shift towards lower frequencies (Coherent Stokes Raman scattering, CSRS). If it arrives
after half a period, the vibration amplitude is damped and the pulse experiences a shift
towards higher frequencies (Coherent anti-Stokes Raman scattering, CARS). As long as the
pulse separation At remains shorter than the coherence time of the molecular oscillation,
an intensity modulation of frequency f,;0f/f is thus observed in the transmitted probe
radiation after a spectral edge filter. The two femtosecond lasers have a symmetrical
function: the sign of time separation At between the pulses changes every 1/(25f). In

the frequency domain (Figure.6.3(c),(d)), the two frequency comb generators produce an



6.2 Principle 89

optical spectrum consisting of several hundred thousand perfectly evenly spaced spectral

lines. Their frequencies may be described by

SO = (4 6F) + feeo
18 = mf+ L,

where m and m’ are integers, and f.., and f/_ are the carrier-envelope offset frequencies.

ceo
The frequency differences within each comb form regular combs themselves with vanishing
carrier-envelope offset frequencies and line spacings of f + df and f, respectively. For
instance, for comb 1 all pairs of lines with m — n = k contribute to the same difference
frequency k(f+09f). Each of the difference frequency combs resonantly excites a molecular
level of frequency f,;; by means of Raman-like two-photon excitation whenever a difference
frequency comes close to fi;; that is, when k &~ f,/f. The excitations by the two combs
interfere and modulate the molecular vibration at a beat note frequency kdéf = foidf/f.
The two-photon excitation leads to a resonant enhancement of the third order nonlinear
susceptibility observed by means of the anti-Stokes radiation. The intensity of the gener-
ated broadband anti-Stokes radiation is modulated at the beat note frequency f,idf/f.
When several vibrational levels (fuip1, foiv2,---) are excited, the composite modulation con-
tains all the beating frequencies (f,i10f/f, fow2df/f,...) representative of the involved
levels. The Raman excitation spectrum is revealed by Fourier transformation of the inten-
sity recorded against time. The spectrum is mapped in the radio frequency domain by the
downconversion factor df/f (typically of the order of 1077 to 1075). This permits rapid
measurement time and efficient signal processing. Absolute calibration of the Raman shifts
is achieved by dividing the radio frequencies by the downconversion factor, which is easy
to measure accurately. The carrier-envelope offsets cancel and do not have to be measured
or controlled. This notably simplifies the experimental implementation and the calibration
procedure. Similar modulation transfer phenomena have been exploited in experiments
using a single femtosecond laser and a phase-modulation pulse shaper [182] or a Michelson
interferometer [175,196,199], but measurement times were fundamentally limited either by
the sweep period of the phase modulation or by the mechanical motion in the Michelson
interferometer. Our motionless frequency comb-based technique enables more than 1000-
fold shorter acquisition times, and a spectral resolution and spectral span only limited by

the measurement time and the spectral bandwidth of the femtosecond lasers.
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Figure 6.3: Principle of dual-comb CARS. A f,; stands for f,;,0f/f. (a) Time-domain represen-
tation in the limit of a molecular decoherence time that is shorter than the time interval between
two laser pulses. The train of pulses of laser frequency comb 1 periodically excites the molecular
vibration, which is probed by the pulses of laser frequency comb 2 with a linearly increasing time
delay. The resulting filtered anti-Stokes radiation provides the interferogram. The two combs
have a symmetric function. In the figure, only the situation in which the delay between the
pulses of comb 2 and those of comb 1 is positive is displayed. (b) When the probe pulse is short
compared with the molecular oscillation (impulsive stimulated Raman scattering), the refractive
index modulation of the sample-induced by the pump and Stokes beam-shifts the probe spec-
trum alternatively towards lower and higher frequencies. (c) Frequency-domain representation in
the limit of a comb line spacing that is larger than the resonant Raman excitation bandwidth.
The two frequency combs modulate the excitation amplitude of the molecular vibration with a
frequency A fyp. This modulation is then transferred by the combs to the anti-Stokes radiation.
For simplicity, the Raman excitations are represented as narrow lines. (d) Energy-level diagram,

illustrating the four-wave mixing that leads to intensity-modulated anti-Stokes radiation.
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6.3 Spectroscopy

6.3.1 Experimental setup

Figure.6.4 sketches the experimental setup, which is similar to that used in dual-comb
absorption spectroscopy except for dispersion management and spectral filtering to iso-
late the CARS signal from the comb beams. As the Raman-like two-photon excitation
involves virtual energy levels, dispersion decreases both the spectral span and the exci-
tation efficiency. Two titanium-sapphire lasers (Synergy20 UHP; Femtolasers) emit 20 fs
pulses centred at 12580 cm ™! (795 nm) with energies up to 13 nJ. Titanium-sapphire lasers
are chosen because of their capabilities to generate ultra-short pulses in a spectral region
where most samples have no or only weak absorption and where advanced photonics tools
are available. Both oscillators have repetition frequencies of about 100 MHz, which can
be adjusted by moving a cavity mirror mounted on a motorized translation stage and a
piezoelectric transducer. The repetition frequencies are monitored with fast silicon pho-
todiodes connected to frequency counters (53131A; Agilent). To prevent long-term drifts,
the repetition frequency of each laser comb is stabilized against a radiofrequency clock by
means of a mirror of the laser’s cavity mounted on a piezoelectric transducer. This does
not affect the quality of an individual spectrum but improves the reproducibility of the
wavenumber scale of a sequence of spectra. The laser beams are linearly polarized. The
pulse energy available for the spectroscopy experiments is adjusted for each laser beam
individually with a combination of a half-wave plate and a polarizer. The beams of the
two lasers are combined on a pellicle beamsplitter, and a chirped mirror compressor (Lay-
ertec) compensates for the second-order dispersion induced by the optical components of
the setup. Spectral filtering is applied to improve the signal-to-background ratio. A low-
frequency-pass optical filter (ET750LP, cutoff 13330 cm™! (750 nm); Chroma Technology)
before the sample and a high-frequency-pass optical filter (3RD740SP, cutoff 13510 cm™!
(740 nm); Omega Optical Inc.) after the sample isolate the CARS signal that is generated
by the sample after proper focusing with a lens or a microscope objective. The spectral
span is thus limited on the low-energy side by the optical filters and on the high-energy
side by the spectral bandwidth of the femtosecond lasers. The anti-Stokes radiation is
forward-collected and focused on a single silicon photodiode with a frequency bandwidth
of the order of 100 MHz. The electric signal is low-pass filtered to 50 MHz to avoid alias-
ing. The non-interferometric signal, which occurs at the pulse repetition frequency, is also

filtered out. This non-interferometric signal (CARS and non-resonant signal within a sin-
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gle laser pulse) is the main source of undesired background. The interferometric signal
is then amplified with a wideband variable-gain voltage amplifier (DHPVA-100; FEMTO
Messtechnik GmbH) and digitized with a 16-bit data acquisition board (1.8 x 10% samples
st ATS9462; Alazartech). Apodization and Fourier transformation may be accomplished
in real time with the use of field-programmable gate arrays or a posteriori with a basic
desktop computer.

The data of Figure.6.5(a) were recorded with orthogonal linear polarizations of the two
laser beams. This decreased the interferometric non-resonant background, while the fast
depolarization of the sample maintained the strength of the anti-Stokes signal. For the
spectra of Figure.6.5(b),(c), the focusing optics consisted of lenses with a focal length of
20 mm and required an amount of dispersion compensation of -600 fs2. The pulse energy
at the sample was 3 nJ. The spectrum of Figure.6.5(d) was measured with a focusing lens
with a focal length of 8 mm, a pulse energy of 0.5 nJ and an avalanche photodetector
(APD Module C4777; Hamamatsu).
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Figure 6.4: Experimental setup of CARS spectroscopy.

6.3.2 Recording parameters

In the experiments of coherent anti-Stokes Raman spectroscopy with two laser frequency
combs, the vibrational levels that are excited in a Raman two-photon process have an
energy f,i» that matches a frequency difference between pairs of lines of one comb. The
vibration is modulated by the interference between the excitation by the two combs and
is thus downconverted to the frequency f,idf/f. The energy fuipmar (in hertz) of the
higher-lying vibrational level that can be observed is about the spectral bandwidth of the

combs AF' (in hertz), roughly twice the full width at half-maximum of the laser spectrum:
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fvib,ma:p =AF

The difference 0 f in repetition frequencies between the two lasers must be adjusted to
image the domain 0 — AF' into a radio frequency free spectral range of 0 — f/2 at most.
Thus, to avoid aliasing, one has to choose § f < f2/(2AF). For the faster recording times,
§f should be chosen equal to f2/(2AF). However, for signal-to-noise ratio improvement,
it may be advantageous to set 0 f to a lower value, as illustrated in Figure.6.5(c), (d). The
Fourier transform of the interferometric signal provides a radiofrequency spectrum with a
free spectral range equal to AFJ0f/f (and less than or equal to f/2). The Raman-shift
scale is retrieved by dividing the measured radiofrequency scale by the downconversion
factor 6 f/ f. The resolution év,; (in hertz) in the radio frequency domain, in a magnitude

spectrum with triangular apodization, is given by the inverse of the measurement time 7"

(5I/Tf = 18/T

The optical resolution v,y (in hertz) of the Raman spectrum is retrieved by dividing the

radiofrequency resolution dnrf by the downconversion factor §f/ f:

5Vopt = 18f/(5fT)

The instrumental resolution is fundamentally limited by the line spacing f of the comb. For
most mode-locked lasers the line spacing is within the range 50 MHz to 1 GHz. Thus this
limitation is not an issue in most liquid-phase studies, because the width of the vibrational
bands is generally broader than 100 GHz (3.3 cm™'). It is, however, possible to improve
the resolution by interleaving successively acquired spectra recorded with slightly different
radio frequency line spacings. The difference 0 f in repetition frequencies between the two
lasers also determines the interferogram refresh rate. Every 1/§ f the pulse train of one laser
scans the entire pulse period of the second laser comb to generate a single interferogram,
which is afterwards time-windowed to provide the desired resolution. This refresh rate
limits the speed of successive acquisitions and thus is currently the main limitation for fast
hyperspectral imaging experiments. A detailed discussion in Section.6.5 elaborates on this
difficulty and shows that frequency combs of a relatively large line spacing (1 GHz) hold
promise to overcome it. In our experiment we use lasers with a repetition frequency of
about f = 100 MHz. When the difference of repetition frequencies of the two lasers is set
to §f = 100 Hz, the downconversion factor §f/f is 1075, The radiofrequency free-spectral
range is 50 MHz and the optical free spectral range AF is 50 THz (1668 cm™!). Recording
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time of 15 ps leads to a radiofrequency resolution dv, s of 120 kHz, which converts to an
optical resolution v,y of 120 GHz (4 cm™"). The refresh time of the interferograms is 10

ms.

6.3.3 Results and discussion

The time-domain interference signal -the interferogram- is periodic. Every 1/0f, a strong
burst mostly contains the non-resonant four-wave mixing signal resulting from the inter-
ference between the overlapping pulses of the two combs. A reproducible modulation
(Figure. 6.5(a)), due to the CARS signal only, follows the burst and has a duration pro-
portional to the coherence time of the sample transitions. A time-windowed portion of
the interferogram, which excludes the interferometric non-resonant contribution, is Fourier
transformed. The width of the window is chosen according to the desired spectral resolu-
tion. The resulting spectra (Figure.6.5(b)-(d)) span Raman shifts from 200 cm™! to 1400
cm~!. The non-resonant background, which strongly lowers the sensitivity of CARS, is
entirely suppressed, as in other specific CARS schemes [175,182,196,199]. We illustrate
acquisition times with three spectra at an apodized resolution of 4 cm~! and recorded with
0f = 100 Hz (Figure.6.5(b)) or 5 Hz (Figure.6.5(c),(d)) for a mixture of hexafluorobenzene,
nitrobenzene, nitromethane and toluene in a cuvette 5 mm long. The spectra involve no
averaging and were measured in 14.8 us (Figure.6.5(b)) and 295.5 us (Figure.6.5(c),(d));
the number of individual spectral elements (defined as the spectral span divided by the
resolution) for all three spectra is 300. The signal-to-noise ratio culminates at 1000 for the
most intense blended line of toluene and nitrobenzene in Figure.6.5(c). Recorded under
different experimental conditions, the three spectra show great similarities in line position

and relative intensity.

Comparison with the other techniques

The achievements of the several relevant spectroscopic techniques are shown in the Ta-
ble.6.1. A significant point of this work is achieving very good values for all the measurement-
parameters including spectral span, resolution, number of spectral elements, measurement
time and signal-to-noise ratio. Compared to the work [200], which achieves fast and broad-
band CARS, the dual-comb CARS acquires 3.75 times more spectral elements with 21

times better signal-to-noise ratio in 1000 times shorter measurement time.
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Figure 6.5: High-resolution dual-comb CARS of a mixture of liquid chemicals. (a)Unaveraged
interferogram showing the non-resonant interference signal around the zero time delay and the
interferometric modulation of the vibrational transitions shown in (c) (6 f= 5 Hz; energy per
pulse 3 nJ). (b)Dual-comb CARS unaveraged spectrum (6 f=100 Hz; measurement time 14.8 us;
apodized resolution 4 cm™!; energy per pulse 3 nJ). (¢c)Dual-comb CARS unaveraged spectrum

1

(6f= 5 Hz; measurement time 295.5 us; apodized resolution 4 cm™"; energy per pulse 3 nlJ).

(d)Dual-comb CARS unaveraged spectrum (§f= 5 Hz; measurement time 295.5 us; apodized

1

resolution 4 cm™; energy per pulse 0.5 nJ). The insets in (b) and (c) magnify the vertical scale

tenfold.
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Reference | Spectral Resolution | Number of | Measurement| SNR
span (cm™1) | (cm™!) spectral el- | time
ements

This work, | 1200 4 300 14.8 ps (de: | 210
Fig.3(b) 3 x 1073)

This work, | 1200 4 300 285.5 s (de: | 1000
Fig.3(c) 3 x 1073)

[201] 300 6 50 4s 800
[200] 400 80 20 ms ~ 10
202] 800 20 40 > 80s ~ 50

Table 6.1: Comparison of the achievements of a selection of broadband CARS experiments.The
number of spectral elements is defined as the spectral span divided by the resolution. SNR: signal-
to-noise ratio. When the SNR is preceded by a sign ~, it has been estimated from a spectrum in

a figure of the quoted publication. dc: duty cycle (see Chapter.6.5 in detail)

6.3.4 Time-resolved spectroscopy

Since the consecutive interferograms can be measured in every 1/4f, time-resolved spec-
troscopy is possible with time resolution of the cycle. In order to demonstrate such capa-
bility, a quick test is made with a simple experiment which monitors kinetics of mixing of
two chemical liquids. Figure.6.6 shows a spectrogram over 2.3 ms with 3.3 cm ™! of spectral
resolution. At the beginning of the measurement, only neat toluene is in the cuvette. After
starting the measurement, another liquid, neat benzene, is injected into the cuvette and the
two liquid start being mixed. The spectrum at the beginning of the measurement shows
only the Raman spectrum of toluene which has peaks at 787, 1005, 1031 cm™!, but at
around 900 ms, the peak at 995 cm ™!, which corresponds to the Raman peak of benzene,
suddenly appears and, since then, the intensity of the peaks are varying. Figure.6.6(b)
shows the variation of the normalized intensity of the Raman peaks at 1005 cm~! and 995
cm~ !, which correspond to toluene and benzene, respectively. The two intensity curves
behave in a complementary way, and it indicates that the two chemicals are in a mixing
process. The time resolution is 10 ms in this demonstration, which is limited by a long

dead time due to the poor duty cycle (see Section 6.5 in detail).
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Figure 6.6: (a) Time-resolved spectra of mixing process of toluene and benzene over 2.3 ms
with a time resolution of 10 ms. (b) Time-resolved behavior of Raman line intensity of toluene

(1005 cm ™) and benzene (995 cm™1).

6.3.5 Heterodyne detection

Heterodyne detection is a useful technique in coherent Raman spectroscopy to enhance the
weak signal by a strong local oscillator field [179].

As described in the Subsection.6.2.2, the induced polarizations in the Fourier transform
CARS are described (Equation.6.8):

3 3 3 3
Prr_cars(T) = P;z,iz(T) + PJ(\II)%,1,2<T) + P}(z,% + P](\H?%Q

These polarizations are the origin of generation of the resonant and non-resonant electric
fields.

Considering a situation where a local oscillator field (ELo) has the same optical frequency
as the anti-Stokes field, the additional FT-CARS signal intensity (Sweterodyne—rr—cars(T))

may be written:

SHeterodyne—FT—C’ARS<T) ~ Re[P](%?:LQ*(T)ELO]

x W Re[E;ELo] (6.10)

If a small portion of the second pulse is transmitted through the optical filters which, in
principle, is supposed to be rejected entirely, the blue part of the second pulse itself can

be the local oscillator and in such case it becomes,

SHeterodynefFTfCARS@_) X XS)IIIQ (611)
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Since the Xg) is proportional to the number of molecules, the heterodyne signal is propor-
tional to the molecular density, while the normal CARS shows quadratic dependence on
molecular density. This linear dependence of the concentration simplifies the analysis of
quantitative measurement. Another feature of the heterodyne detection is that the inten-
sity of the weak CARS signal is enhanced by a strong local oscillator and it can improve
the signal-to-noise ratio. This particular heterodyne method using the second pulse as a
local oscillator has an additional benefit that the phase between the two interfering fields

is passively stabilized.

One can achieve this condition by tuning the cutoff frequency of the optical filters. Since
we use interferometric optical filters, tilting the filters shifts their cutoff frequency. Instead
of blocking the fundamental laser beam entirely, a small portion of transmission of the
fundamental beam, which contains blue part of the second pulse, enables the heterodyne
detection. Figure.6.7(a) shows pulse energy dependence of the Raman signal. The Raman
spectrum of neat benzene was measured with several pulse energy where the energies of
the first and second pulses are set to the same. The data shows square dependence on the
pulse energy instead of cubic, which confirms the situation described by the Equation.6.11.
Figure.6.7(b) shows molecular concentration dependence of the Raman signal intensity.
Toluene diluted with ethylacetate is measured with several concentration ratio and it shows

linear dependence. This also follows the Equation.6.11.
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Figure 6.7: Heterodyne CARS signal intensity dependence on (a)pulse energy, and
(b)concentration. Both data (a)square dependence on the pulse energy, and (b)linear depen-

dence on the concentration support the Equation6.11.
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6.4 Hyperspectral imaging

One of the applications of label-free vibrational spectroscopy is imaging. Broadband spec-
trum on each image pixel adds a strong feature of chemical specificity, and this capability
enriches the imaging. This 2-D spatial image with spectral information is called “Hyper-
spectral image”. Here, fast and broadband dual-comb CARS hyperspectral imaging is

demonstrated.

6.4.1 Experimental setup

Figure.6.8 describes the experimental setup. To record the hyperspectral images (Fig-
ure.6.9), the difference in repetition frequencies of the two combs is set to 50 Hz and a
microscope objective (LCPLN20XIR; Olympus) focuses the beams on the sample, with
a beam diameter of 1.9 ym and a Rayleigh length of 3.4 ym. The pulse energy at the
sample is 3.8 nJ and a second-order dispersion of -3000 fs? is compensated for. The sample
is mounted on a motorized x-y platform (MLS203, Thorlabs) to raster scans across the

sample in 1 pum steps.

Beam
. litt
Ti:Sacomb 1 | SP')' Pump
R Stokes
f + of Probe Anti-Stokes
o o Lowpass
Obijective| Objective l filter
Chirped .:
Mirrors ] ® ¢ Hioh Photodiode &
. owpass ighpass
Ti:Sa comb 2 filter Motorized filter o
f x-y stage Digitizer

Figure 6.8: Experimental setup of CARS imaging.

6.4.2 Results and discussion

Imaging capabilities are illustrated with a capillary plate (25 ym diameter holes, thickness
500 pm) filled with a mixture of hexafluorobenzene, nitromethane and toluene. For each
pixel, we measure an interferogram within 12 us to obtain a spectrum at an apodized reso-
lution of 10 cm™!. The total measurement time of 40.5 s for the 45x45 um? hyperspectral

1

image corresponds to an acquisition rate of 50 pixels s™; it is limited by the refresh rate
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of the interferograms, although the entire sampling time of the interferograms -which are

Fourier transformed to give the spectral hypercube in Figure.6.9 -lasts only 24.3 ms.

Hexafluorobenzene Nitromethane
15 30 45 15 30

pixel

4
Background Toluene

Figure 6.9: Hyperspectral image of a capillary plate with holes filled with a chemical mixture.
Each of the 2025 pixels of the hyperspectral cube corresponds to a spectrum at 10 cm ™! apodized
resolution measured within 12 us at a fixed spatial location and provides the spectral signature
of compounds present in this part of the sample. Scale numbers on the images indicate pixels;
the spectrum shown in the centre corresponds to pixel (21,16). Each spectral element of the cube
may be plotted as an image (that is, intensity for all pixels at a fixed wavenumber) similar to the
four that are shown and provides the spatial quantitative distribution of a given compound with

a distinguishable spectral signature at that wavenumber.

Comparison with other techniques

The achievements of the several relevant imaging techniques are shown in the Table.6.2.
As described in the spectroscopy part, dual-comb CARS achieves good figures for all the
measurement parameters including spectral span, spectral resolution, number of spectral
elements, measurement time and signal-to-noise ratio. Compared to the best report con-

cerning the measurement speed of an image, a single color CARS [203], the measurement
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time per pixel of the dual-comb CARS is comparable but the number of spectral elements
is over 100 times larger. In order to get a spatial image, one needs to scan the measurement
point in space, and the dead time due to the low duty cycle limits the total measurement
time at the moment. Improvement of the duty cycle, however, is easily implementable and
a reasonable strategy for achieving no dead time is proposed in the Section.6.5. The single
color CARS [203] could make a hyper-spectral image by tuning the frequency of the laser
frame by frame as demonstrated with SRS [151], but the tuning the frequency of the laser
over the broad spectral span is not technically trivial. Dual-comb CARS does not require
demanding technique to acquire broadband spectra. The multiplex character is another
particular feature of dual-comb CARS: all spectral elements are simultaneously measured
by a single photodetector within a short time. The technique is thus free of artifacts that
would involve temporal change of the chemical nature of the sample at one pixel position,
sample motion, irreproducibility of the sample or laser beams positioning. Replacing the

single photodetector by a camera would allow multi-channel spectro-imaging.

Reference | Spectral Resolution | Number of | Measurement | SNR

span (cm™ 1) | (or  band- | spectral el- | time per pixel

width of the | ements (for the entire

single color) spectrum)

(cm™)
This work, | 1200 10 120 12 ps (de: 6 x | 42
Fig.4 107%)
[196] 600 13 46 10 min for | ~ 30

1 line (esti-

mated around

20 pixels)
[182] Single color | 30 1 30 ms -
[203] Single color | 3.5 1 6.4 s -
204] 180 5 36 50 ms ~ 25

Table 6.2: Comparison of the achievements of a selection of broadband CARS experiments.The
number of spectral elements is defined as the spectral span divided by the resolution. SNR: signal-
to-noise ratio. When the SNR is preceded by a sign ~, it has been estimated from a spectrum in

a figure of the quoted publication. dc: duty cycle (see Chapter.6.5 in detail)
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6.5 Duty cycle

The interferogram reproduces with a time period of 1/f. This repetition period deter-
mines the effective acquisition time of a set of interferograms, as required in time-resolved
spectroscopy or hyperspectral imaging experiments. To express the issue in a clear manner,
one can introduce the duty cycle of the acquisition, defined as the ratio of the time spent
for an interferogram measurement and the time between two interferograms. Following the
derivation of the experimental parameters presented in the Section.6.3.2, the measurement

time T(dv)of an interferogram for a chosen optical resolution dv is given by:
T(ov)=18f/(0fov)

As our interferograms are double-sided (the signal shown in Figure.6.5(a) is symmetric
across the burst at zero optical delay), the measurement time of an interferogram should
ideally be 1/(20f) for the duty cycle to be equal to 1. The optical resolution is then equal
to 0v = 3.6f. One can thus express the duty cycle dc as:

de = TgV/Tg_Gf (612)
de = 3.6f/ov (6.13)

For this first proof-of-principle experiment, we employed Ti:sapphire femtosecond lasers of
a relatively low repetition frequency of 100 MHz, as available in our laboratory. Useful
spectral information is only gathered while the pulse separation is shorter than the coher-
ent molecular ringing time. In our spectra (Figure.6.5), this time is 15 ps, corresponding to
a resolution of about 120 GHz - 4 cm™!. The duty cycle is thus about 3x1073. As can be
seen from Equation.6.13, the duty cycle is optimal -equal to 1- when the comb line spacing
is equal to the desired resolution divided by 3.6. Thus the duty factor can be improved by
using frequency combs of higher repetition frequency. However, the scaling of the interfer-
ometric signal to noise ratio with the pulse energy and the repetition frequency needs to be
considered. Table.6.3 summarizes the experimental conditions of the spectra displayed in
Figure.6.5. To explore how these experimental data might be scaled, we consider practical
laser systems, commercially available or described in the literature. Titanium-sapphire
laser oscillators with a 1 GHz repetition frequency, a pulse duration shorter than 15 fs and
an energy per pulse of 2 nJ are commercially available. They would allow, for instance,
for dual-comb CARS measurements in similar conditions (pulse energy, down-conversion
factor, measurement time, resolution) as in Figure.6.5(d). The difference in repetition fre-

quency for 1 GHz systems would be set to 50 Hz (refreshing time: 20 ms). A spectrum
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would have a ten-fold improved signal due to the ten-fold increase in number of events.
The duty cycle would be improved ten-fold to reach 3x1072. We observe that the signal to
noise ratio under our experimental conditions decreases ten-fold when the pulse energy is
decreased six-fold (Figure. 6.5(c) and 6.5(d)). Thus, under the conditions of Figure. 6.5(b)
(down-conversion factor §f/f= 107% measurement time: 14.8 ps, resolution: 4 cm™'), the
use of 1 GHz systems with a pulse energy of 0.5 nJ at the sample should lead to a signal to
noise ratio higher than 20. The refreshing time of the interferograms would be 1 ms. An-
other technique to improve the duty cycle of the interferograms consists in rapidly changing
the difference of the repetition frequencies between the two lasers immediately after one
interferogram is recorded. Such approach offers the possibility to maintain a high energy
per pulse while increasing the duty cycle. This technique has been implemented in [38] for
linear absorption dual-comb spectroscopy. In [38], the cavity length of one of the lasers
is changed by a piezo-electric transducer. The authors achieve an improvement of about
34 fold in their duty cycle, while maintaining in each spectrum a down-conversion factor
6f/f = 1077, Preliminary tests in our laboratory with our 100 MHz laser systems equipped
with slow piezo-electric transducers that have not been designed for this purpose, indicate
that we can reproduce such improvement in the duty cycle. With a down-conversion factor
5f/f = 1.5x1077, we increase the duty cycle (and shorten the refreshing time) by about
50 when switching the difference in repetition frequencies of between + 15 Hz. Further
progress is feasible with optimized piezo-electric transducers [205] or with exploring other
techniques (e.g. using intra-cavity electro-optic modulators [206]) to achieve fast switching
of the repetition frequency of one of the lasers. The needed mechanical motion becomes
smaller for oscillators with higher repetition frequencies. We note that a realistic approach
to reach a duty cycle near one could combine oscillators of 1 GHz repetition frequency and
down-conversion factors ranging between 107¢ and 10~® (leading to a duty cycle of 3x1072)
with rapid change of the repetition frequency of one of the lasers, leading to an additional
improvement of a factor 50 in the duty cycle. Further investigations will be undertaken
in the future to characterize the signal-to-noise ratio scaling under various experimental
conditions. Other alternatives for increasing the acquisition duty cycle by using frequency
comb generators with a high repetition frequency and a low energy per pulse will also be
considered. Such alternatives include heterodyning the coherent anti-Stokes interferomet-
ric signal with a local oscillator. Heterodyne coherent anti-Stokes Raman spectroscopy has
been reported in a variety of implementations (see e.g. [179,207,208]) and is expected to
render possible the use of oscillators [209] with 10 GHz repetition. This would represent
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another way to achieve duty cycles close to unity. Another possibility for improving the
data acquisition rate does not involve improving the duty cycle of the acquisition but re-
placing the single photodetector by a camera or a detector array. In such case, multiple
spectra corresponding to different spatial locations in the sample would be simultaneously
measured within a single acquisition sequence. Currently the fastest cameras provide a rate
higher than one megaframe per second. Such solution would benefit from laser systems

with a reduced repetition frequency (e.g. 1 MHz) and higher energy per pulse.

Figure Difference Down- Pulse Recording S/N
in repetition | conversion | energy time T (us)
frequency factor 0f/f | (nJ)

6 (Hz)

3(b) 100 10-° 3 14.8 210

3(c) 5 5 x 1078 295.5 1000

3(d) ) 5x 1078 0.5 295.5 100

Table 6.3: Summary of the experimental parameters of the spectra shown in Figure.6.5. In all

1

spectra, the oscillators have 100 MHz repetition frequency, the apodized resolution is 4 cm™" and

the spectral span of Raman-shifts is 1200 cm™!

6.5.1 Demonstration of duty cycle improvement

Rapid repetition rate switching is a technique to improve the duty cycle, which was demon-
strated in the linear dual-comb spectroscopy [38]. Here, we follow this scheme and explore
the duty cycle improvement for the dual-comb CARS. The figure.6.10(a) describes con-
cept of the repetition frequency switching technique. When the difference in repetition
frequency between two combs (df) is constant (in the case of left-hand side of the figure),
delay between pulses linearly increases and the cycle of the interferograms is (1/6f). When
the (df) is modulated with rectangular function (the right-hand side of the figure) at the
frequency of (fin0q), delay between pulses goes linearly back and forth and the cycle of the
interferogram becomes (1/f,,04)-

The experimental setup of the repetition rate modulation is shown in the Figure.6.10(b).
A dual-comb interferogram is monitored at the other port of the beam splitter in the setup,
which is usually damped by an optical block, and used as an trigger source of the digi-

tal delay pulse generator (DG535; Stanford Research Systems). The pulse generator send
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modulated voltage with rectangular function to the piezo-electric transducer of one of the
laser cavity and modify the repetition frequency. Figure.6.11 shows the interferograms and
the corresponding spectra of neat toluene measured by the technique. In this demonstra-
tion, the difference in repetition frequency (df) is switched forth and back between 12.8 Hz
and -15.4 Hz with 1.15 ms interval. The spectra show similar spectral shapes. This proof
of principle demonstration already shows improvement of the duty cycle about 50. Even
faster modulation is feasible with a small and light cavity mirror on a high bandwidth
piezo-electric transducer. A feasible plan for the unity of duty cycle is proposed in the

previous section.
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Figure 6.10: (a)Schematics of repetition rate modulation. Left-hand side: the case of constant
difference in repetition frequency, Right-hand side: the case of repetition frequency modulation.

(b)Experimental setup of repetition rate modulation.

6.6 Differential detection of CARS and CSRS

Fourier transform coherent Raman scattering spectroscopy with differential detection of
coherent Stokes and anti-Stokes Raman scattering is demonstrated. The balanced dif-
ferential detection improves signal-to-noise ratio of the coherent Raman spectrum with
enhancement of the signal intensity by a factor of two and with reduction of the noise by
canceling out the common-mode noise. The signal-to-noise ratio improvement would play

an important role for rapid and sensitive spectroscopy and microscopy.
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Figure 6.11: Experimental data of interferogram and spectra measured with the repetition rate

switching method.

6.6.1 Principle

As explained in the Subsection.6.2.3, the coherent anti-Stokes Raman scattering (CARS)
and coherent Stokes Raman scattering (CSRS) are alternately generated in time, and the
amount of delay between the first (pump) and the second (probe) pulses determines which
radiation generates (Figure.6.3(b)). Since the two radiations have different colors, one
can simultaneously detect them with two independent detectors. Due to the alternate
radiation, the interference patterns of CARS and CSRS have m phase shift. Thanks to the
7 phase shift, differential detection of the Stokes and the anti-Stokes signals enhance the

signal intensity and cancel out the common-mode noise.



6.6 Differential detection of CARS and CSRS 107

6.6.2 Experimental setup

Figure.6.12 shows the experimental setup. A Ti:Sa mode-locked laser emits 20 fs pulse
train with a repetition frequency of 100 MHz. The pulses go through a Michelson inter-
ferometer which creates time delayed pulse pairs. The delay between the pulses of the pulse
pair is scanned by the moving arm of the interferometer. A pair of chirped mirrors and
glass wedges pre-compensate the second-order dispersion of the optics coarsely and finely
respectively. The pulses are focused on the liquid sample, neat hexafluorobenzene, in a 1-
mm long cuvette by a lens with 8 mm focal length and are collimated by another lens. The
total incident average power at the sample is 260 mW. In order to collect the blue-shifted
anti-Stokes radiation, the combination of a low-frequency-pass filter and a high-frequency-
pass filter, which cutoff wavelengths are 750 nm, are placed before and after the sample
respectively. The transmitted anti-Stokes light beam is focused onto one of the Si photodi-
odes of a 125 kHz bandwidth auto-balanced photodetector (Nirvana, Newport). The beam
reflected by the highpass filter after the sample contains red-shifted Stokes component and
it is filtered out by a lowpass filter at 835 nm. In order to collect the Stokes signal effi-
ciently by rejecting the fundamental beam, a highpass filter at the same cutoff frequency
is placed before the sample. The collected Stokes light is focused onto the second diode of
the balanced photodetector. By changing the angle of the filters to the beams, the cutoff
wavelengths of the filters are optimized to balance the Stokes and the anti-Stokes signals.
The photodetector signal is lowpass filtered and sampled by a data acquisition board. to
sample the interferometric signal at evenly-spaced optical retardation, a continuous-wave
Yb fiber laser at 1040 nm goes into the interferometer collinearly with the TiSa pulses and
the zero crossing of its interference signal is used as a sampling clock. The clock frequency
is about 100 kHz. Although this proof-of-principle demonstration uses a Michelson inter-
ferometer because only one laser was available when this experiment was made, the same

principle works with the dual-comb scheme as well.

6.6.3 Results and discussion

The measured interferograms are shown in Figure.6.13. Similar vibrational interference
waveforms are observed in both (a) Stokes and (b) anti-Stokes parts. Since the two signals
are generated alternately in time, the waveforms of the interferogram are out of phase ((d)
and (e)). Therefore the differential signal shows enhanced signal intensity but low noise

because of suppression of the common-mode noise. A single interferogram is measured
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Figure 6.12: Experimental setup of the differential coherent Raman Stokes and anti-Stokes

spectroscopy with a Michelson interferometer

in 40 ms and the interferograms are averaged one-hundred-fold to show the clear wave-
forms. We observed phase shift mismatch from 7 between the Stokes and the anti-Stokes
interferograms by changing the dispersion of the pulses with a pair of glass wedges. This
phenomenon can be explained by the optical chirp (second-order dispersion) of the probe
pulses. In the frequency domain, the entire probe spectrum experiences equal blue-shift
or red-shift, but only part of them are detected by the photodiodes because of the optical
filtering, i.e. only the blue-part of the blue-shifted spectrum is detected for the CARS. In
this experiment, a portion of the spectrum which wavelength is shorter than cutoff wave-
length of the high-frequency-pass optical filter at 750 nm is detected. For the CSRS, only
the red part of the spectrum is detected. If the probe pulse is chirped, the high-frequency
components (blue part) is either forward or backward to the lower frequency components
(red part) within a pulse in the time domain. Therefore the highpass or lowpass optical
filtering makes timing difference between CARS and CSRS signals which come to the de-
tectors. Since the pulse duration 20 fs under the condition of transform limit corresponds
to 2m/3 of the molecular vibration cycle of 60 fs (assuming Raman frequency at 559 cm™!
of hexafluorobenzene), slight optical chirp makes a non-negligible effect for the phase shift.
In the experiment, fine tuning of the phase difference is done by dispersion management
with a pair of glass wedges. Figure.6.14 shows spectra which correspond to Fourier trans-
form of the interferograms in the Figure.6.13. The broadband spectrum spans over 1300

1 with a resolution of 4 cm™!

cm™ with triangular apodization. The spectral coverage is
limited by the spectral bandwidth and the resolution is set to about the intrinsic width of
the lines of the liquid sample. In each spectrum three Raman lines of hexafluorobenzene

are observed at 369, 442, 559 cm~!. The signal-to-noise ratios, which determined by (the
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Figure 6.13: Interfergrams of (a)Stokes signal (CSRS), (b)anti-Stokes signal (CARS),
(c)differential signal of CSRS and CARS signals. (d)-(f) are zoom of a part of the interfero-

grams (a)-(c).

peak intensity at the 559 cm™! Raman line)/(standard deviation of the noise floor from
200-350 cm ™! for low frequency region, and 800-1000 cm™! for high frequency region), of
them are 150 (770) for CSRS, 70 (470) for CARS, 530 (1520) for differential detection
in the low frequency region (in the high frequency region). The signal-to-noise ratio is
improved both with signal enhancement and noise reduction. Especially in the low Raman
frequency region, CARS and CSRS spectra have spiky noises but the differential spectrum
does not. This indicates that the noise is common-mode for two signals, which, in this case,
is coming from the laser intensity noise and phase or amplitude noise of motion from the
moving stage. These spiky noises are undesirable for the fingerprint spectroscopy because
they could be assigned as Raman transitions by mistake. Due to the balanced detection,

common-mode noise is effectively canceled out.

6.7 Conclusion

This chapter explored coherent anti-Stokes Raman dual-comb spectroscopy and microscopy.
In the proof-of-principle experiment, the simple experimental setup based on two frequency

combs revealed a broadband nonlinear Raman spectrum over 1200 cm ™! with resolution of 4
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Figure 6.14: Raman spectra of (a)Stokes signal (CSRS), (b)anti-Stokes signal (CARS),
(c)differential signal of CSRS and CARS signals. (d)-(f) are displayed with logarithmic intensity
scale of (a)-(c).

cm ™! within 15 ps. A liquid sample of 4 different chemical species was measured and showed
a non-resonant background-free complex Raman spectrum with good signal-to-noise-ratio
within short measurement time (1000 with 300 us, 210 with 15 us). Time-resolved spec-
troscopy was demonstrated by measuring consecutive spectra with time resolution of 10
ms. Heterodyne detection with a local oscillator was also demonstrated and the linear de-
pendence on the sample concentration was observed. Hyper-spectral microscopy imaging
was demonstrated with spatial scanning of the sample. Each pixel was measured within
12 ps and the sampling measurement time of a 45 ym x 45 pm 2D image was 24.3 ms
which was about video rate. Each pixel has broadband spectrum over 1400 cm™! with

resolution of 10 cm™1.

The low duty cycle, however, limited the real measurement time
to 40.5 s. The proof-of-principle duty cycle improvement was demonstrated and factor of
50 improvement was achieved without effort. Proof-of-principle differential detection of
CARS and CSRS was demonstrated with Michelson Fourier transform spectroscopy. The
demonstration showed the signal-to-noise ratio improvement by more than factor of 2.

This work dealt with simple chemical samples to show the potential of dual-comb CARS,
but this method could flourish in fields of chemical, biological, medical, or material sci-

ences, e.g. high-speed label-free in vivo biomedical imaging, by its high-speed spectroscopic
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capability.

Several schemes exploiting coherent Raman scattering for novel spectroscopy and mi-
croscopy applications have recently emerged, and we expect that their combination with
our method will deliver techniques with improved performance and utility. For example,
our dual-comb approach could benefit surface-enhanced [156,210] CARS measurements
or studies of Raman optical activity [211]. Moreover, exciting imaging capabilities might
arise when extending our method to exploit either near-field effects (for example at a metal
tip [212]) or far-field effects (for example state depletion [213]) to achieve sub-wavelength

spatial resolution.

6.8 Comparison between DC-RIKES and DC-CARS

In this thesis, dual-comb spectroscopy was combined with two types of nonlinear Raman
scattering processes, Raman-induced Kerr-effect spectroscopy (Chapter.5) and Coherent
anti-Stokes Raman spectroscopy (Chapter.6). Here, we have a look at pros and cons and

compare them.

Bandwidth of the Raman spectrum

The bandwidth of the Raman spectrum of DC-RIKES is limited by spectral span of Stokes
and local oscillator lasers. In this thesis, we use two erbium-fiber combs with spectral
span (spectrum from edge to edge) of 420 cm™! (6250-6670 cm™!, 1500-1600 nm). In the
experiment, optical filtering cut out the spectrum down to 150 cm™! for signal-to-noise
ratio improvement.

On the other hand, DC-CARS uses two TiSa lasers with spectral span of 1750 cm™*
(11765-13515 cm ™!, 740-850 nm), therefore the potential bandwidth of the system is 1750
cm™!, but it is practically limited by the optical filtering! for signal-to-background ratio
improvement. The low frequency side of the Raman spectrum is limited by the difference
of these cutoff 180 cm™!, and the high frequency side is limited by filtered spectral span of
the laser at 1565 cm ™!,

'Tn the experiment in this thesis, cutoffs of the filters are at 13330 cm ™! for low-frequency-pass, and

at 13510 cm ! for high-frequency-pass filter.
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Spectral region of the Raman spectrum

The Raman transition frequencies that DC-RIKES can investigate is determined by dif-
ference frequency between pump and Stokes lasers. In the experiment in this thesis, the
difference is around 3100 cm ™! region.?

The spectral region of the DC-CARS, on the other hand, is from low frequency side (ideally
zero, but practically limited by optical filtering) up to the frequency limited by the laser
bandwidth. This is suitable for investigating molecular fingerprints lying around 500-1500
cm~!. Only by replacing lasers the ones with larger bandwidth, one could reach almost full
Raman spectral region up to 4000 cm ™! easily. Optimization of the optical filtering could
expand the low frequency limit, and for example, pure rotational Raman spectra, which

lies around 1- 200 cm™!, could be investigated.

Spectral resolution

The instrumental spectral resolution of DC-RIKES is limited by the bandwidth of the pump
laser. In the experiment, the pump laser has bandwidth of 37 cm ™! (the observed linewidth
of the Raman signal is narrower, 27.5 cm™!, due to the optical chirp). The resolution
of dual-comb spectroscopy of Stokes comb and local oscillator comb is determined by
measurement time of the interferogram, which can be down to repetition frequency, in this
case 0.003 cm™! (100 MHz), with Fourier transform of an interferogram. In the experiment,

1. so that the instrumental resolution is limited by the pump laser

this was set to 6.7 cm™
linewidth.

The spectral resolution of DC-CARS is set by measurement time of the interferogram,
which can be up to the pulse repetition frequency (0.003 cm™ by the laser with 100
MHz repetition frequency) in the case of Fourier transform of an interferogram. In the
experiment, however, the resolution is set to 4 cm~! which is about the intrinsic width of

the lines of the liquid sample.

Measurement time

The measurement time of an interferogram for the same spectral span and resolution is in
principle identical because the optimum down-conversion factor is chosen by the spectral

span to be observed.

2The pump laser emits at 9615 cm~! (1040 nm) and the Stokes laser centered at 6451 cm~*.
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Sensitivity

Since the two systems use different types of lasers (ps and fs lasers for DC-RIKES, and fs
lasers for DC-CARS), comparing the sensitivity cannot be easily made?.

From dual-comb spectroscopy point of view, dynamic range of the detection and data
sampling of the interferogram is often the limiting factor of the signal-to-noise ratio. Since
DC-RIKES detects the heterodyne signals between a small amount of emission-like Raman
fields and a full pulse train of local field containing the full broadband spectrum, the
detector dynamic range has advantage by twice as much as DC-SRS, which detects the
heterodyne signals between two full pulse trains containing full spectra. Concerning the
data sampling dynamic range, the interferogram (AC part of the signal) does not have
strong peak and one can use amplification efficiently and avoid the situation that the
dynamic range limits the signal-to-noise ratio. In the experiment, due to the chromatic
aberration of the focusing lens, focal points of the pump and Stokes beams are apart from
each other and this lost efficiency significantly.

On the other hand, DC-CARS detects only a small amount of emission-like anti-Stokes
fields. This overcomes both detection and sampling dynamic range issues (relatively strong
non-resonant fields are detected by the detector but these are by far smaller than the

excitation pulse fields.).

Implementation

DC-RIKES requires three lasers including a picosecond pump laser and two femtosecond
lasers (Stokes and local oscillator), and the pump and Stokes pulse trains have to be
synchronized. Dual-comb spectroscopy between Raman emission by the Stokes pulses and
pulses from the local oscillator suffers from phase errors of both timing and phase jitters.
DC-CARS, on the other hand, requires only two femtosecond lasers. This process is only
limited by the timing jitter of the pulses, because it is intrinsically immune to the phase

jitters, which makes the experiment much easier regarding the phase error correction.

3For example, depending on the sample, the sample damage threshold can be either pulse peak intensity

Oor average power.
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Chapter 7
Summary and outlook

This thesis addressed several challenges of dual-comb spectroscopy and resulted in fruitful
achievements. Here we conclude the work in this thesis with future outlook.

Chapter.3 addressed a general issue, so called interferometric phase error, and demon-
strated a new technique which successfully solved the issue. The adaptive sampling ele-
gantly compensated for the relative timing and phase jitters due to the instability of the
free-running combs. This technique is operated only by analog electronics without any
stabilization of the combs nor post computational processing. This technique drastically
relaxed constraint of dual-comb spectroscopy concerning the comb’s stability. This tech-
nique could be a trigger for dual-comb spectroscopy to be spread in a variety of fields
where such broadband and fast spectroscopy could open up new investigations. The easy
implementation is especially suitable for hands-on researches such as environmental gas
analysis. This technique is important not only because of easy implementation but also
because it compensates for phase errors over the entire frequency range of the instabil-
ity including high frequency jitters which cannot be suppressed by any state-of-the-art
stabilization technique. In this sense, this technique provides a fundamental solution for
distortion-free dual-comb spectroscopy which cannot be achieved with conventional fully
stabilized frequency combs. The adaptive sampling was also demonstrated in the frequency
converted region with the adaptive signal generated only by the fundamental lasers. This
demonstration supports the idea that dual-comb spectroscopy in the extreme frequency,
e.g. XUV region, can be done easily without demanding additional experimental efforts in
the extreme frequency range.

Chapter.4 dealt with the development of a mid-infrared frequency comb suitable molecu-

lar fundamental vibrational spectroscopy. A PPLN based tunable synchronously pumping
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optical parametric oscillator pumped by a TiSa oscillator with 20 fs pulse duration was de-
veloped. The spectral tuning range was 2400-5500 cm~! with a few to tens of mW average
power over the range. The duration of the mid-infrared idler pulse is 33 fs (4.3 cycles) and
their spectrum spans over 390 cm ™! at 4460 cm™!. The developed system has an intriguing
potential for some applications. While it is ready to do broadband linear dual-comb spec-
troscopy with a second similar system, even nonlinear dual-comb spectroscopy with the
ultrashort mid-infrared pulses can be feasible. In order to investigate a new way to expand
the spectral bandwidth of mid-infrared frequency combs, supercontinuum generation in a
silicon waveguide was demonstrated. The spectrum of the pulses centered at 4360 cm™!
from the developed OPO was successfully broadened from 3070 cm™! to 6480 cm ™! at -30
dB level which is above an octave span. The coherence of the supercontinuum generation
was confirmed by beat note measurements with continuous-wave lasers. This octave span-

ning mid-infrared broadband pulses could be used for ultra broadband mid-infrared linear

dual-comb spectroscopy or for a f-2f interferometer to stabilize the CEO of the comb.

Chapter.5 demonstrated experiment of the first nonlinear dual-comb spectroscopy: Raman-

induced Kerr-effect dual-comb spectroscopy. The experiment measured Raman spectra

! spectral span with the spectral resolution of 27.5 cm™' and detected the

Raman signal of C-H stretching vibration of benzonitrile around 3100 cm™!.

over 150 cm™
The mea-
surement time of a single spectrum was 2.93 us and the total measurement time with 100
averaging to achieve reasonable signal-to-noise ratio was 332 ms (the effective measure-
ment time was 293 us). The estimated Raman gain was 107° and the relative noise level
was 107%. The weaker fundamental methyl and aromatic C-H stretches of p-Xylene were
also measured with averaging of 1062 spectra within total measurement time of 3.5 s (the
effective measurement time of 3.2 ms). In this proof-of-principle demonstration, focusing
of the pump and Stokes beams were not optimized because of the chromatic aberration of
the focusing objective between 1 ym and 1.55 pm. insufficient spatial overlap of the pump
and Stokes pulses at the sample limits the efficiency of the nonlinear process. Optimizing
the focusing condition could drastically improves the Raman signal intensity. The signal-
to-noise ratio could also be improved with careful polarization management, e.g. getting

rid of strain-induced depolarization in optics.

Chapter.6 demonstrated experiment of another nonlinear Raman dual-comb spectroscopy:
Coherent anti-Stokes Raman dual-comb spectroscopy. In the proof-of-principle experi-
ment, the simple experimental setup based on two frequency combs revealed a broadband

nonlinear Raman spectrum over 1200 cm™! with resolution of 4 em™! within 15 us. A
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liquid sample of 4 different chemical species was measured and showed a non-resonant
background-free complex Raman spectrum with good signal-to-noise-ratio within short
measurement time (1000 with 300 s, 210 with 15 ps). Time-resolved spectroscopy was
demonstrated by measuring consecutive spectra with time resolution of 10 ms. Heterodyne
detection with a local oscillator was also demonstrated and the linear dependence on the
sample concentration was observed. Hyper-spectral microscopic imaging was demonstrated
with raster scanning of the sample. Each spectrum was measured within 12 ys and the
sampling measurement time of a 45 pym x 45 pm 2D image was 24.3 ms which was about
video rate. Each pixel has broadband spectrum over 1400 cm ™! with resolution of 10 cm™?.
The low duty cycle, however, limited the real measurement time to 40.5 s. The proof-of-
principle duty cycle improvement was demonstrated and factor of 50 improvement was
achieved without effort. Proof-of-principle differential detection of CARS and CSRS was
demonstrated with Michelson Fourier transform spectroscopy. The demonstration showed
the signal-to-noise ratio improvement by more than factor of 2.

This work dealt with simple chemical samples to show the potential of dual-comb CARS,
but this method could flourish in fields of chemical, biological, medical, or material sci-
ences, e.g. high-speed label-free in vivo biomedical imaging, by its high-speed spectroscopic

capability.
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