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Abstract

Spectroscopy of fundamental vibrational transitions offers a label-free alternative for
high-chemical contrast measurements. These transitions can be interrogated either
directly by using mid-infrared light or indirectly through Raman scattering. This thesis
aims to advance dual-comb spectroscopy to improve the acquisition speed, resolution
and spectral coverage of vibrational spectroscopy. Dual-comb spectroscopy is a time
domain technique, which combines optical frequency combs -coherent light sources
with a spectrum constituted of discrete evenly spaced lines - and Fourier transform
spectroscopy.

For linear spectroscopy, a mid-infrared optical parametric oscillator was developed and
characterized. Its idler-pulse duration can be as short as a few cycles (~3 to 6 cycles),
with a central wavelength tunable from 2180 nm to 3732nm (2679 cm ™! - 4587 cm™1),
allowing more than 2500 nm (2861 cm 1) of total coverage while maintaining an aver-
age power of tens of milliwatts. The high peak power of this system was exploited
for spectral broadening; generation of phase-coherent supercontinua was achieved in
waveguides, made from either silicon or chalcogenide glass, producing octave spanning
spectra ~1500 nm to 3300 nm (3030 cm ™! - 6666 cm™!) for silicon and from ~1600 nm
beyond 3860 nm (2590 cm ! - 6250 cm 1) for chalcogenide glass). Two optical parametric
oscillator were constructed, advancing toward a dual-comb mid-infrared spectrometer.
Since the optical parametric oscillators are not stabilized, an additional correction scheme
was set up and characterized.

Coherent Raman scattering was also investigated, as a means to access optically active
and inactive fundamental vibrational transitions. Several spectroscopy setups were
developed to measure the Raman blue or red shifted light in forward and backward
scattered direction as well as a differential detection between blue and red shifted light.
There is a dead time between consecutive interferograms existent, up to a factor of 1000
larger than the measurement time. This dead time could be reduced by an order of
magnitude using a laser with ~1 GHz and a laser with 100 MHz repetition rate instead
of two lasers with ~100 MHz repetition rate. All implementations achieved excellent
acquisition times (in the microsecond range), signal-to-noise ratios up to 1000 and
spectral coverage of about ~1200 cm~!). These advantages enabled measuring spectrally
resolved images, in a first rudimentary microscopy-setup.
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Zusammenfassung

Spektroskopie fundamentaler Schwingungstibergénge erlaubt einen markierungsfreien
Zugang zu Messungen mit hohem chemischen Kontrast. Diese Ubergénge sind en-
tweder direkt iiber lineare mittlere Infrarot Spektroskopie oder indirekt durch Ra-
man Streuung zuganglich. Der dieser Arbeit zugrundeliegende Gedanke war Zwei-
Kamm-Spektroskopie weiter zu entwickeln um Schwingungsspektroskopie in Hinsicht
auf Messzeit, spektraler Bandbreite und Auflésung von zu verbessern. Zwei-Kamm-
Spektroskopie ist eine Technik die optische Frequenzkdmme - kohédrente Lichtquellen
mit einem Spektrum aus Linien exakt gleichen Abstands - und Fourier Transformations
Spektroskopie vereint.

Zur linearen Spektroskopie fundamentaler Schwingungsiibergédnge wurde ein optisch
parametrischer Oszillator entwickelt und charakterisiert. Idealerweise betrdgt die Idler-
Pulsdauer nur einige Feld Zyklen (3 - 6 Zyklen). Die Zentralwellenldnge ist von 2180 nm
bis 3732nm (2679 cm ! - 4587 cm ') durchstimmbar , sodass sich eine Gesamtabdeckung
von etwa 2500 nm (2861 cm 1) bei einer Durchschnittsleistung im zweistelligen Milli-
watt Bereich ergibt. Die hohe Spitzenintensitit dieses Systems wurde zur spektralen
Verbreiterung genutzt. Mit Hilfe zweier verschiedener Wellenleitern konnte ein jeweils
oktavenumspannendes, phasen-kohdrentes Superkontinuum erzeugt werden, das im
Falle des Siliziumwellenleiters einen Bereich von ~1500 nm bis 3300 nm (3030 cm ™! -
6666 cm~!) abdeckt und von etwa 1600 nm bis 3860 nm (2590 cm ™! - 6250 cm™!) fiir den
Chalkogenidglaswellenleiter. Es wurden zwei identische Oszillatoren aufgebaut und ein
erster Versuch unternommen, sie in einem Zwei-Kamm-Experiment zu nutzen. Diese
Oszillatoren wurden nicht stabilisiert, was die Entwicklung und Charakterisierung eines
zusitzlichen Korrektursystems erforderlich machte.

Kohidrente Raman-Streuung wurde als weiterer Zugang zu fundamentalen Schwingungs-
tibergdngen untersucht. Mehrere Spektroskopie Aufbauten wurden entwickelt, um blau
oder rot verschobenes Raman-Licht in vorwirts- und riickwértsgestreuter Richtung
zu messen, sowie eine differentielle Messung zwischen blau und rot verschoben Licht.
Zwischen aufeinanderfolgenden Interferogrammen ist eine Totzeit vorhanden, die bis
zu einem Faktor 1000 grofier sein kann als die Messzeit. In einen Aufbau der einem
Laser mit ~1 GHz und 100 MHz Repetitionsrate anstatt der iiblichen zwei Laser mit
~100 MHz Repetitionsrate verwendet, konnte diese Totzeit um eine Groflenordung ver-
ringert werden. All diese Implementierungen konnten ausgezeichnete Messzeiten (im
Mikrosekundenbereich), ein Signal-Rausch Verhiltnis von bis zu 1000 und eine spek-
trale Abdeckung von etwa 1200 cm ™! erzielen. Damit waren die Voraussetzung erfiillt,
spektral aufgeltste Bilder in einem rudiemnaren Mikroskopieaufbau zu messen.
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Chapter 1

Introduction

The invention of the laser in the 1960s ([1), 2, 3]) ushered in a new era in natural sciences.
It was a previously unimaginable brilliant light source, which allowed investigating
and harnessing effects formerly hard to access because of their low cross sections as
Raman scattering [4} 5] or impossible to investigate as the nonlinear behaviour of matter
under the incident of extremely intense light. Due to its favourable attributes, as e.g.
high intensity and a collimated beam, the laser was subjected to rapid development,
making it from a lab curiosity to one of the most widespread tools in science and
engineering. Shortly after the invention of the laser, it was realized, that the emitted
light constitutes an extremely strong electromagnetic field - strong enough to push the
response of a material beyond linear into the nonlinear to extreme nonlinear regime.
With a field strength of 107 V/m the early pulsed ruby lasers are relatively weak for
todays standards. Nevertheless they enabled the measurement of the nonlinear response
from a quartz crystal, generating the second harmonic of the incident radiation [?].
Similarly to the laser technology itself, the nonlinear light matter interaction was subject
to intense investigation. The advent of mode locked lasers finally made nonlinear optics
an integral part of a vast number of devices and techniques. The high peak intensities
allow nonlinear frequency conversion and extreme spectral broadening to be achieved
routinely. The generated spectra can surpass any gain material in spectral coverage
which can be more than an octave and frequencies can be generated in a wavelength
region where laser materials are hardly available as ,for example, the mid-infrared. The
combination of mode locked lasers and nonlinear optics finally lead to the invention of
the optical frequency comb. Optical frequency combs - light sources with a spectrum
constituted of discrete evenly spaced lines - were originally conceived for frequency
metrology [6] in order to measure atomic transitions with unprecedented precision.
Soon this new light source sprawled into different fields. Optical Frequency combs
have evolved into a tool allowing extraordinarily high precision in measurement and
control of light, making them valuable to a multitude of applications, as time keeping,
satellite navigation, telecommunication and even astronomy. It may not be surprising
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that optical frequency combs also found their way into molecular spectroscopy, where
they formed an appealing combination with Fourier transform spectroscopy: dual-comb
spectroscopy.

Fourier transform spectroscopy is a technique which originally relies on a mechanical
interferometer to convert optical frequencies down to the audio to lower radio frequency
region. It allows recording of broadband spectra spanning at virtually any optical
frequency a detector can be manufactured. In contrast to a dispersive spectrometer, it
uses a single photodetector harnessing its full sensitivity range. When the interferometer
is scanned, incident fields are interfering on the detector and an electrical signal is
produced whose Fourier transform yields the optical spectrum. The resolution of this
classical spectrometer depends on mechanical parts making it very large and hard to
operate at high resolution as they have to be moved a large distance with high precision.
The movement speed of these mechanical parts finally limits the recording speed of the
instrument.

Dual-comb spectroscopy allows overcoming these mechanical limitations. It preserves
the benefits of having a single photodetector and the possibility to harness its full
sensitivity range but allows improving the recording speed and facilitates high resolution
measurements considerably. The dual-comb technique utilizes that optical frequency
combs of slightly different mode spacing will generate a heterodyne beat signal when
combined on a photodetector. The theoretical recording speed of this technique is
only limited by the linewidth of the sample, which can be as high as 120 GHz for
a liquid sample and is far beyond the recording speed of state of the art analog to
digital converters. A similar statement can be made for the maximal resolution of this
technique: the resolution depends solely on the laser parameters as mode spacing and
line width, techniques as interleaving allow pushing these limits further to even higher
resolution

By combining these advantages with the fact that a frequency comb is a train of (po-
tentially ultra-short) pulses in the time domain, this technique can be extended beyond
linear spectroscopy. Nonlinear spectroscopy, for example, allows highly resolved spec-
tra, recorded with sub-Doppler resolution, to be acquired using two photon excitation.
Multi-photon transitions allow entering different wavelength regions which can not or
only with immense effort be reached by conventional sources, as for example the ultra
violet or the mid-infrared.

Especially the mid-infrared remains one of the most attractive spectral region due to
the possibility of accessing fundamental vibrational bands [7,18,19, (10| 11]. These transi-
tions allow deducing information about molecular structure or composition of arbitrary
substance mixtures. The large cross sections of these fundamental transitions concede
highly sensitive detection, which is important if the sample under scrutiny is very dilute
as e.g. in biological samples. Conventional Fourier transform spectroscopy is the usual
choice for mid-infrared spectroscopy as no detector arrays are available in this region and
most common sources provide broadband but incoherent light. The low brilliance of the



sources in combination with a mechanical interferometer leads to long acquisition times.
Dual-comb spectroscopy promises a significant improvement in terms of measurement
time and resolution in this spectral region. Yet the spectra taken in this region, using
dual-comb spectroscopy, are limited by poor stability of the available light sources or the
spectral span offered by these light sources in the mid-infrared.

Raman scattering is a different approach of to access fundamental vibrational bands, it is
an inelastic scattering process in which energy is exchanged between the incident light
tield and the sample under scrutiny. This exchange of energy shifts the frequencies of the
incident field by an amount determined by the transition energy structure of the sample.
Evaluating the frequency shifted light, reveals the fundamental transitions based on
their specific energies. In its coherent form as Coherent anti-Stokes Raman scattering,
it is widely associated as a non-invasive tool in chemical sensing and imaging (see e.g.
[12,13, 14, 15]). Coherent Raman scattering spectroscopy can be very fast and images
can be sampled at video rates. Such speeds come at the expense of spectral coverage.
The recorded images generally map a single Raman transition or very few transitions
simultaneously [16]. If the spectral coverage is chosen large, generally, a low recording
speed has to be tolerated [17, [18].

This thesis entwines these two fields: mid-infrared spectroscopy and Raman spec-
troscopy.

Before going in medias res, an introduction to ultra-short pulses, how they constitute
a frequency comb, the principals of dual-comb spectroscopy and adaptive sampling is
given in Chapter 2| It is supposed to review fundamental concepts underlying all con-
ducted experiments and also to establish a common ground in terms of notations.

In Chapter ?? the development and characterization of a broadband singly resonant
optical parametric oscillator, pumped by a commercially available Titanium Sapphire
laser source, as a tool, which potentially can provide few cycle ultra-short pulses tunable
over a large spectral span, for broadband dual-comb spectroscopy is documented. As
the spectral coverage of dual-comb spectroscopy for a given setup is only limited by
the detector sensitivity a broader spectral coverage of the used sources provides a
measurement time benefit as the source does not need to be scanned. The spectral
coverage of the optical parametric oscillator is limited by the gain and phase matching in
the gain medium. A different nonlinear effect termed supercontinuum generation can
produce an extremely broadband spectrum from a comparably narrow pump source. As
a nonlinear effect it is crucially dependent on the incident power and on the interaction
length between pump field and nonlinear medium. A waveguide holds promise to
ensure both at the same time. In a waveguide light is guided over a long distance
and the modal confinement ensures a high intensity. Supercontinuum generation was
demonstrated in the course of this thesis in two different kinds of waveguides, made from
silicon as well as chalcogenide glass. Under certain circumstances a supercontinuum
generated in such waveguides can lose coherence, hence the coherence properties of
the generated light were also taken under scrutiny by beat detection experiments with
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narrow band CW lasers. Finally, as the light emitted by the optical parametric oscillator
as well as the generated supercontinua are both not stabilized to constitute a frequency
comb, a first attempt of mid-infrared dual-comb spectroscopy has been made using a
special correction scheme termed adaptive sampling.

The experiments presented in Chapter {4|try to combine the two seemingly contradictory
parameters speed and spectral coverage in a Raman measurement. The combination of
Dual-comb spectroscopy with Raman scattering promises recording speeds similar to a
single line Raman measurement while, at the same time, a spectral coverage comparable
to the most broadband coherent Raman techniques. Starting from a basic CARS - coherent
anti-Stokes Raman spectroscopy - setup, different variants have been developed and
tested. Among them are the detection of the red shifted light and the detection of the
backward scattered light. The favourable recording parameters as potentially very fast
recording speeds and spectral coverage, suggested its use in an imaging setup. Still this
technique suffers from a dead time between consecutive measurements which is much
larger than the actual measurement time (it can be more than a factor 1000 larger). To
reduce this dead time, a new scheme is presented, which uses two laser systems with
highly different repetition rates and a heterodyne measurement technique to prevent
deterioration of signal quality. The heterodyne measurement implications were analysed
in detail. A differential detection scheme was furthermore set up to improve the signal
to noise ratio and effectively cancel noise.



Chapter 2

Fundamental technical and physical
concepts

2.1 The Frequency Comb

Being one of the central tools of the experiments conducted in the course of this thesis,
light sources generating ultra-short pulses, as the mode-locked laser, should be reviewed
here short. A passively mode-locked laser can emit a train of ultra-short pulses, with
repetition frequencies in the range from some Megahertz, for long-cavity systems [19],
of up to several Gigahertz for systems operating with a very short cavity [20] 21} 22,
23,124]. The produced pulses can have durations from picoseconds down to only a few
femtoseconds (e.g. [25, 26, 27, 28]). This chapter reviews the very basic concepts of
ultra-short pulses. It treats a single pulse as well as a train of pulses constituting an
optical frequency comb (see appendix for more detailed information). It also reviews
the principles of Fourier transform spectroscopy, dual-comb spectroscopy and adaptive
sampling.

2.1.1 A Single Ultra Short Pulse

Pulse Electric Field

A single pulse, for example from a mode-locked laser, can be described as a pulse en-
velope /I(t) with an underlying electric field (e.g. [29]). The pulse envelope +/I(t),
determines the shape of the pulse. The underlying field, oscillating at the carrier fre-
quency fp, introduces an important parameter: the carrier envelope phase Ag i.e. the
relative position of the field oscillations to the envelope. This common way of describing
an ultra short pulse is valid down to pulse durations of only some field cycles and
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even then it can be refined to give valid results [30]. Commonly a time dependent
phase term ¢(t) is added, to account for different phase effects caused ,for example, by
the interaction with a medium, a time delay or the above mentioned carrier envelope
phase:

E(t) = y/I(t)cos(27tfot + ¢(t)) (2.1)

As an observable, the electric field E(t) is always a real quantity but it is often more
convenient to write the field as an (complex) analytic signal E(t), which is done through
out this work. It can be obtained from a measured signal by combining it with its Hilbert
transform:

E(t) = E(t) 4 is (E(t)) = A(t)e?oteiolt) (2.2)

with the complex envelope function A(t) # /I(t), an exponential containing an oscil-

lating term at fy and a phase term e/¢(! ). Loss or gam in a material influences A(t) and
potentially the phase term. A gain and loss-less material does not change A(t) but the
phase term ¢/#(!),

2.1.2 The Optical Frequency Comb

At the output of a mode-locked laser a pulse exits the cavity every round trip time,
which is called the pulse repetition period T.p. It is defined by demanding that the pulse

(envelope) reproduces itself after the time Ty i.e. |/I(t + Trep) = /I(1).

This periodicity of pulses appearing at the output of a mode-locked laser can be mathe-
matically expressed, in the time domain, as the convolution of a Shah-distribution III,
with a spacing of Tp, and the field of a single pulse E(t) or, in the Frequency domain, as
the multiplication of a Shah-distribution and the Fourier transform of the electric field in
the time domain .# (E(t)) = E(w):

Ef)@II= Y  E(t—nTy)
F(E(8)Z (1) = 2 E(2rf) Z somf -2 _ A 23)
Trep . Trep 27TTrep

In Equation 2.3| the two degrees of freedom of an optical frequency comb can be read
of, the repetition frequency fep = 1/Tyep and a shift from zero frequency, the carrier
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envelope offset frequency feeo = A@/27Tep. The frequency of every comb mode f(m),
with mode number m, can then be expressed as the carrier offset frequency fe., and a
multiple of the repetition frequency f.,[31} 32]:

m Ag
= S 2.4
f(m) mfrgp + fceo Trep + 27‘[Tr€}7 ( )

using this equation allows to express the electric field of an optical frequency comb in
the well known frequency comb equation (e.g.[33]):

Z A(mfrep + fceo)eiZmp 127r (M frep=+feeo)t Z A ezZmp zZn(mfmp+fcgo)t (2.5)

m=—0oo

thus relating optical frequencies to two accurately measurable radio frequencies f., and
feeo- This ability to link an optical frequency via mixing with the frequency comb to these
two radio frequencies allows to determine the optical frequency under scrutiny to a very
high precision. This fact made the optical frequency comb to one of the major tools of
frequency metrology. On the other hand, controlling frep and fce, allows to generate light
of precisely known frequencies, which made the optical frequency comb a tool used in
various other fields beyond metrology - one of them being spectroscopy.
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2.2 Fourier Transform Spectroscopy

Infrared spectroscopy is one of the most commonly used analytic techniques nowadays.
Not only is it applicable to nearly all kinds of samples from liquids to gases to powders
or pastes (for example by attenuated total reflection [34} 35]]), it also offers good selec-
tivity and high sensitivity. It is based on the interrogation of molecular rotational and
vibrational transitions, which are highly specific for a certain functional group inside
a molecule. In the early days of infrared spectroscopy, the measurement devices have
been based on dispersive spectrometers working as a monochromator. This kind of
spectrometers have been too slow for various measurements, there was no possibility
to e.g. analyze the eluate from a chromatographic column, time resolved spectroscopy
or hyper spectral imaging. A CCD based dispersive spectrometer does not face the
problem of scanning but since the frequency bins are generally read out serially, the
acquisition of a single spectrum takes considerable time (milliseconds). CMOS detector
arrays, which in principle allow a parallel read out, on the other hand face the problem
of a lower sensitivity, a part of the active area is covered by an amplifying transistor for
every frequency bin. An additional problem is the lack of possibilities to produce CCD
or CMOS detectors in various wavelength regions.

The introduction of the Fourier transform technique solved several of these problems
at the same time. Offering a couple of advantages over the dispersive spectrometers in
various wavelength regions, it became the standard. A Fourier transform spectrometer
is not based on dispersive elements to gain a wavelength resolved spectrum but on
interference in the time domain yielding the interferogram. All the spectral elements are
measured at the same time. The frequency resolved spectrum is gained from the time
domain signal by Fourier transform, giving the name to this technique. It is a well know
technique which produced impressive results over the last five decades, nevertheless it
shall be discussed briefly in the following to recall the principles.

2.2.1 Conventional Fourier Transform Spectroscopy

A traditional Fourier transform spectrometer is based on an interferometric system,
which allows measuring the auto-correlation of the incident field. A very common
interferometer type is the Michelson interferometer (in the form of a Twyman-Green
interferometer) but several other interferometers with different setups exist. To illustrate
the process in more detail it shall be reviewed on the example of a Mach-Zehnder type
interferometer: light, of an arbitrary source, enters the interferometer hits a first beam
splitter and is separated into two paths. In one path an inserted stage is generating
a relative time delay T between the light fields in the two different pathways of the
interferometer. Finally the two paths are combined again in a second beam splitter and
the light intensity of the recombined beams is measured on a photodetector as a function
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of the relative time delay T.

The detector measures an intensity proportional to the absolute square of the combined
electric fields. As the detector bandwidth is much smaller than the optical frequencies,
the measured signal s(7) is low pass filtered, i.e. time integrated [29, 36, 37]:

5(7) o</°° dt |E(t+T)+E(t)\2:/_OO dt |E(t)2 + |E(t+ 7) + 2Re [E*())E(t + 7)]
(2.6)

The first two terms on the right side of the equation, |E(t)|* and |E(t + )|* are propor-
tional to the incident energy of the individual fields and do not change as a function of
the relative delay 7, in fact, as the integration is carried out they contribute only a dc
term. The mixing or interferometric term contains the spectral information encoded as
the auto-correlation of the incident field:

(T ) interferometric / dt Re [E()"E(t + )] 2.7)

The spectrum I(f) can be obtained from the interferometric term s(T)uter ferometric Via
Fourier transform, using the cross-correlation theorem:

I(f) x ﬁ(s(r)interferometric) & /_o:o dTeszTS(T)interferometric
o 7 (E* (1)) (E(t)) = E*(f)E(f) (2.8)

A problem Fourier transform spectrometers have to face is the dependency of their
resolution on the maximal value the time delay T between the interferometer arms
can attain. In a real world experiment the delay T can not take values from —oo to
+00 as demanded in the integral (see Formula 2.8). A limitation of T corresponds to
a multiplication of the signal s(T)iuter ferometric With a boxcar function. In the Fourier-
domain this leads to a convolution with a sinc-function. Its width is proportional to
1/ Timax and sets the instrumental resolution. To gain a high resolution the path difference
between the two interferometer arms has to get very large ([38]]), for example, a resolution
of 100 MHz requires a path difference of ~1,5m.

When carrying out the integral in Equation 2.6 it can be written as:

s(7)  Re (|A(r)|2ef2ﬂfr) (2.9)

The delay T is commonly introduced by a moving stage and can be parametrised as
T = t2v/c, with the stage speed v. Alternatively, a scaled frequency f = f x2v/c can be
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defined, where f is relocated to a different frequency band, much lower in frequency
than f. This down conversion depends on the moving speed of the mechanical stage
and usually down converts the optical frequencies into the audio range. Nevertheless, a
small down conversion factor d = 2v/c, defined as the ratio between the original optical
frequencies and the down converted frequencies, is desired as mixing to a low frequency
means long acquisition times.

The resolution in the optical domain Af,; is given by the resolution in the down con-
verted frequency domain 1/ Tyeguisition times the inverse of the downconversion factor
d=2v/c:

1 1 1 1
Afo;at - T—_ = Tacquisition - Ka
op

acquisition d

(2.10)

A large down conversion factor 4 hence leads to a longer measurement time for a given
optical resolution compared to a smaller down conversion factor. Since the stage in the
interferometer can not move arbitrarily fast, the minimal down conversion factor is (most
if the time) limited by the maximal speed of the stage used and, in most of all cases, this
leads to a downconversion to the audio frequency range.

Summing up above said: Fourier transform spectroscopy has some quite distinct advan-
tages e.g. being a naturally multiplexed measurement combined with a high geometric
throughput, giving it an edge over dispersive techniques in a lot of the frequency bands.
Nevertheless it also has to face some problems, of which some have been pointed out
above and are mainly connected to mechanical components. A mechanical stage is not
able to move at arbitrarily high speeds as well as not able to travel an arbitrary long
distance, limiting acquisition speed as well as resolution.

2.2.2 Dual-Comb Spectroscopy

Realizing that the mechanical part of the interferometer is, most of the time, the bottleneck
of this instrument allowed to develop new approaches, trying to improve the traditional
technique in aspects of acquisition time and resolution. One of this approaches is the
dual-comb technique. Two pulsed lasers, constituting two optical frequency combs, are
used in such a setup.

It takes advantage of the fact that the delay stage in a classical interferometer can be
replaced by a second laser system as indicated in Figure To introduce a varying time
delay 7 between the pulse pairs leaving the two lasers, the repetition rates of the two
lasers have a small frequency difference Af. In this way, the delay between the pulses in
the pulse pairs emitted increases from pulse pair to pulse pair linearly by the difference
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Figure 2.1: A Mach Zehnder interferometer with a mechanical stage, introducing a
varying time delay T between pulse pairs. The mechanical stage can be replaced by a
second comb with a slightly different repetition rate. This ensures a varying time delay
T between the pulse pairs emitted by both sources. B Time domain representation of
A. The sources generate two pulse trains, slowly sliding over each other, resulting in a
beating signal on the detector, which will detect the absolute square of the incident fields.
Due to its limited bandwidth the signals are low pass filtered. C Frequency domain
representation of A. The sources have different repetition rates, leading to a different
comb mode spacing. Mixing of the two fields generates sum and difference frequency
terms, of which only the difference term is measured due to the low pass characteristic
of the photodetector
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in the cavity round trip times:

1 1 - Af NAf
TP FA PSR R

Two pulsed lasers, for example, operating at 100 MHz and 100 MHz + 10 Hz have a time
delay increase from pulse pair to pulse pair of around one femtosecond. Equation 2.17]
can be used to parametrize T in Equation2.9/as T = Af/f2>>  o(t — nT), but it would
oversimplify the actual situation, as the two lasers can, for example, have a different
spectrum and different carrier envelope offset frequencies.

The Interferometric Signal

To accurately account for different laser operating parameters, the intensity on the
detector shall be considered again. The fields of the two lasers are called E;(f) and E,(t),
the respective slowly varying amplitudes A(t) and B(t) and the repetition periods Tep1
and Trepo:

I(t) = |E1(t) + Ea(t))* < Re (A(t) @ T (¢ — NTyep1)B(t) @ II(t — nTpp))  (2.12)

resolving the absolute square generates mixing terms between the two fields. Using
Equation 2.3/and Equation 2.5} isolating only the slowly oscillating term (i.e. the differ-
ence term) and dropping the fast oscillating terms (i.e. the sum frequency and the second
harmonic terms) leads to:

I( ) ZA* _lzn(fceon+nfrep fZB 6127'[ fceom+m(fr€p+Af))
o« ZZA B 127T fceom fceon (lfrep“‘(” l)Af))

o~ Ze 27l (frep+Af)t ZA B,_ 127T (feeom — feeon +1Af)t (2.13)

with I = n — m and the approximation that B(n — I) ~ B(n), which is true if n and m are
identical and gets worse with increasing difference between n and m. If now only case
m = n is taken into account and the carrier envelope frequency difference is defined as

Afeeo = feeop, — feeo, Equation simplifies to:

~ Z AnB;;eiZT[(AfceoJrnAf)t (214)
n
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The carrier of the product 3, A, Bj; is located in the radio frequency domain (c e("2/)),
whereas, the carriers of A, and B, are located in the optical domain (cx e(frer) and
o e(mfrepTAf))) The carrier of the (mixing-)product is therefore down converted from
the optical to the radio frequency range. The down conversion factor d = Af/ f (radio
frequency to optical frequency) is solely determined by the difference in repetition rate
Af between the two laser systems. Furthermore, the frequency coverage of the product
> u AuB; is compressed by d = Af/ f as well as offset from zero by A feeo.

The down converted signal is located in half of the frequency band, spanning from zero to
the repetition rate of the laser f,.,, which is referred to as the free spectral range, while the
frequency band from zero to the repetition rate of the laser f., is referred to as the base
band in the following. The signal repeats itself, in the frequency domain, with a spacing
of the laser repetition rate frep (in fact, it is shifted by frep + Af but frep + Af = frep). The
shifted copies of the base band signal arise from the summation over ! in Equation
i.e. the case when m # n (following the definition of / as | = n —m, if n > m copies
covering from f., to co are generated and from zero to —ccif n < m).

In an intuitive picture of the calculus made above, the difference Af causes one of the
pulse trains to slowly slide over the other. Pulse pairs are generated with a varying
time delay 7. These pulse pairs interfere on the photodetector and generate beating
signals as indicated in Figure 2.1[C. Pulse pairs arrive with nanosecond period compared
to the femtosecond time-scale of the optical signals, allowing the signal to be detected
using common electronics. The low pass filtering effect of the detector converts this
time-discrete signal in a time-continuous signal by filtering out harmonics beyond the
base band (i.e. above mentioned copies if n # m).

In the frequency domain, the down conversion can be understood by realizing that the
difference in repetition rate leads to a different comb mode spacing of the two combs. The
modes of the comb with the additional frequency Af, which can be positive or negative,
have a linearly increasing frequency difference to the comb without Af. This situation is
plotted in Figure 2.1D, the upper optical frequency comb is supposed to have a slightly
higher repetition rate than the optical frequency comb below; by frequency mixing these
two combs a difference and sum frequency spectrum is generated. The fundamental
and the up converted frequencies are, by far, beyond the response times of detectors
and contribute a DC term. Only the down converted spectrum is measurable. If not the
nearest neighbouring comb lines (m = n) are mixed but the next but one comb lines the
mixed signals are shifted in frequency (in this case m —n = £1).

Resolution

The achievable resolution, in a dual-comb experiment, can be deduced from Equa-
tion Assuming delta pulses i.e. A, = B, = 1 for all frequencies and taking into
account that an actual measurement will only last a given time interval Tyeasurement,
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which can be taken into account by multiplication with a boxcar functionIly,_ of
width Tyeasurement, leads to the intensity dependence:

I(t) e II(t — n(1/Af)) T1 (2.15)

Tmetlsurcment

Multiplication with a boxcar function in the time domain is equivalent to a convolution
with a sinc-function in the frequency domain. This gives the otherwise infinitesimally
wide spectral features of the shah-distribution a width determined by the width of the
sinc.

The resolution in the optical domain Af,,; is computed as the resolution of the down
converted spectrum A frr times the inverse of the down conversion factor:

1
Afopif = A]CRFE (2~16)

It can be obtained intuitively by realizing that during the measurement time Tieasurement =
1/Afrr, a certain number N of pulse pairs have been produced in the optical do-
main:

N =~ [TRFfrep} (217)

[...] stands, in this case, for round to next integer. The maximal time delay is calculated
as the number of pulse pairs times the increase in delay from pulse pair to pulse pair.
Finally the resolution calculates as the inverse of it:

1 1 1 1 1
Topt N1 Trpf(Af/f?) Trp d 218)

The resolution in the optical Af,y; in principle depends only on the measurement time
and the downconversion factor d. The (maximal) resolution is limited by the mode
spacing of the frequency combs and their line width. A spectral feature can not be
resolved when it is smaller than the mode spacing, e.g. if it falls between two comb
modes it is metaphorically speaking not seen. The comb line width limits the resolution
due to the fact that the frequency coverage of the product ) |, A,B}, is indeed compressed
by d = Af/f but not the width of the individual coefficients A, and B;;. A comb line
with a width of 10 Hz in the optical domain will also have a width of 10 Hz in the radio
frequency domain.
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Minimal Downconversion

To have the shortest acquisition time for a given optical resolution, the downconversion
factor supposedly should be as small as possible. However, the maximal signal band-
width appearing in the recorded signal should not surpass half of the sampling rate to
avoid aliasing [39} 40]. If the sampling rate of the digitization system used to record the
signal is supposed to be arbitrarily high, the maximal signal bandwidth is limited by the
optical sampling of the two pulse trains. Assuming that in Equation at least one
of the pulse trains consists of delta pulses (in this case B = 1 for all frequencies) allows
rewriting it to:

I(t) o< A(t) @ I(t — nTypp1 ) I (t — nTrep2) o f(t) TI(t — nTrep2) (2.19)

A multiplication of an arbitrary function f(¢) with a Shah-distribution leads to an evenly
sampled function, with a sampling frequency inversely proportional to the spacing of
the III. This sampling frequency is is the repetition rate of the laser systems (assuming
frep = frep + Af), which implies that the down converted signal can maximally fill out a
frequency band of half of the repetition rate without being aliased. If the signal has a
larger bandwidth, a part of it leaks into another free spectral range and is folded back.
Under these circumstances the folded comb lines can not be assigned unambiguously
anymore, except the comb lines are resolved and do not overlap with unfolded comb lines,
which allows to assign them using their known spacing fr.,. The down converted optical
bandwidth F,p; * d, has to be smaller or equal to half of the repetition rate f.,/2:

frep/z = FOPt * Ayin = Apin = fr6p (2.20)
2 Fopt

with the minimal downconversion factor d,,;,. For example, a spectrum spanning from
600nm to 800nm, corresponding to F,;r ~ 122,5THz of bandwidth, is supposed to
be down converted into a radio frequency bandwidth of 50 MHz (i.e. for a system
with 100 MHz repetition rate), which would allow a minimal downconversion factor of
approximately 4 x 10~7.

Dead Time

A small downconversion factor d is also advisable due to a problem particular to dual-
comb spectroscopy. Equation reveals this problem, the interferometric signal repeats
itself periodically with a frequency equal to the difference in repetition rate Af:

I(t) < II(t — n(1/Af)) (2.21)
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Figure 2.2: Two interferograms in time, separated by the refresh time 1/Af. If infor-
mation can only be gained in Tygpiing @ significant dead time is introduced between
consecutive measurements.

If not the full time span from perfect overlap to perfect overlap is used for Fourier
transform, a dead time is introduced between consecutive measurements, which is the
refresh time (Tefresn = 1/Af) minus the measurement time, often also called sampling
time Tgqmpling. The interferogram lasts a certain amount of time, which is (approximately)
proportional to the coherence time of the sample times the downconversion factor:
Teoherence * d. 1f the sample linewidth is large i.e. the coherence time short, then the
interferogram intensity falls of rapidly and fills only a minor part of the time between
perfect overlap to perfect overlap, such a case is depicted in Figure 2.2} the interferogram
vanishes into the baseline after the sampling time Ty p1ing, cOvering a minor part of
the time span between two consecutive interferograms introducing a dead time. For a
typical linewidth of a liquid sample of 120 GHz and a downconversion factor of 107°
the interferogram lasts ~8,33 us, whereas the time span from perfect overlap to perfect
overlap, for a system operating at 100 MHz and a downconversion factor of 107, is
10ms. A small downconversion factor aids in reducing the unwanted dead time, by
reducing the refresh time and pushing the ratio measurement time to refresh time into a
more favourable range.

Sample Interaction

So far, no effects due to interaction of the fields with a sample are taken into account.
As long as the interaction with the sample is linear it can be treated with the methods
well know from signal analysis (e.g. [41]]). The interaction in the time domain can be
treated as a convolution with a suitable impulse response function of the sample or
in the frequency domain as a simple multiplication with the corresponding transfer
function of the sample. Form Figure [2.3|it becomes clear that there are two possibilities
to probe a sample in a dual-comb setup. The sample can be placed in a single arm of the
interferometer or it can be probed by the combined beam.
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Figure 2.3: A and B possible placements of a sample in dual-comb spectroscopy. A a
single beam, B both beams transit the sample. C Frequency domain description of case
A. One beam experiences a transfer function different from unity. The other beam acts as
a local oscillator only. D Frequency domain description of case B. Both beams experience
a transfer function different from unity. The effect of the sample is more pronounced but
the shape of the transfer function, imprinted on the spectrum, is changed.

Either of the two possibilities has its own appeals. If the sample is probed by one beam
only as shown in Figure the data analysis is rather straight forward. If the sample
is probed by both beams as indicated in Figure on the other hand the sensitivity is
increased but the data analysis is more sophisticated.

For the first case, only a single beam transits the sample and experiences the transfer
function H(f) of the sample system which can be e.g. an absorption cell. The other arm
of the inferferometer remains unperturbed. The intensity on the detector therefore is
proportional to:

I[(f) =< E1(f)H(f) E2(f) (2.22)
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The second beam acts solely as a local oscillator down converting the field which probed
the sample. If now e.g. a comb line has been absorbed, no donwconversion can take place
and hence no comb line appears at this point in the base band spectrum as indicated in

Figure @F

If the second possibility is chosen and both beams transit the sample as depicted in
Figure[2.3D, both fields need to be multiplied by the transfer function H(f) of the sample.
Then the intensity on the detector is:

I[(f) =< Ex(f)H(f) E2 (f)H"(f) (2.23)

When both fields transit the sample, the interferometric signal on the detector has
a quadratic dependence on the transferfunction H(f), strongly enhancing the signal
changes due to the effects imprinted by the sample on the light fields. On the other
hand, data analysis is more difficult as the shape of the transfer function can be changed,
e.g. a Gaussian shaped transfer function is a factor of square root of two narrower as
seen by comparing Figure (linear dependence) and Figure (quadratic depen-
dence)

2.2.3 Adaptive Sampling

A real world frequency comb does not possess perfectly stability, comb lines are not
infinitely narrow, the frequency of the carrier is not infinitely precise defined etc. . To
account for fluctuations in the comb mode frequencies, the comb Equation [2.5|can be
modified by adding terms accounting for fluctuations. The analysis of noise in mode-
locked lasers and its effects on the laser behaviour in the time and frequency domain
is a wide field which has been explored carefully e.g. [42, 43| 44} 45, 146, 147, |48, 49],
in the following a heuristic way is chosen showing the noise contributions leading to
distortions in the recorded signals. Readers interested in a in depth treatment of noise in
mode-locked lasers, will find in the before mentioned references a good starting point.
In our Group, the development of the adaptive sampling scheme was pioneered by A.
Poisson, whos thesis provides detailed information about adaptive sampling[50].

Comb Fluctuations

To account for fluctuations in the carrier envelope phase slip the term d¢(t) is introduced
in Equation which can be e.g. caused by small fluctuations of the intra-cavity
dispersion e.g. by some air flow. To account for fluctuations in the repetition rate, the
term 0T (t) is introduced, which can be caused e.g. by small changes in the cavity length
e.g. by small vibrations of the cavity mirrors. d¢(t) and 6T (t) are both time dependent
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Figure 2.4: A Flow in the frequency domain. All modes move in the same direction by
the same amount. B Breathing in the frequency domain. Modes move to or away from a
certain frequency. The amount of movement is determined by the distance to this point.

for clarity the time dependence will not be written out in the following i.e. d¢(t) = d¢.
Including these terms will modify Equation

E() = A e rfer)
n
— A(t) Z eizn((A4’+5‘/’)(frep+‘5frep)+”(frep+5frep))t (2.24)

n

Expanding and sorting the terms in the exponent, motivates the following approxima-
tion:

Aq’frep“‘nfrep + (Sqofrep + néfrep + Afpéfrep + 5(P5frep

2.25
R AQfrep + Nfrep + 6@ frep + 1 frep (2.25)

The first terms are the carrier envelope frequency A¢frep = fceo and the repetition rate
frep- The following two terms are related to fluctuations in the carrier envelope phase slip
and to fluctuations in the repetition frequency. The last two terms are small compared
to the first four terms and can be ignored without introducing a significant error. The
effects of 6 and & frep are quite different. Both move the comb lines but in a different
manner. Fluctuations of the carrier envelope phase d¢ move the whole comb up and
down in frequency as indicated in Figure2.4A. An up and down moving of the entire
comb without change of comb line spacing is referred to as flowing. On the other hand
the fluctuations in the repetition rate J f;., do not induce this flow but the comb mode
spacing changes, depending on the mode number n. The whole comb is moving away
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from or to some specific frequency, which can but does not need to be zero as indicated
in Figure 2.4B, this kind of behaviour is referred to as breathing. It is important to keep in
mind that this very intuitive picture is mathematically not correct, to observe a movement
of the comb lines, small windowed portions of a long time trace would have to be Fourier
transformed, in the sense of a short-time-Fourier-transform or a wavelet-transform. This
leads to a poor resolution in the frequency domain, masking the movement of the comb
lines or, if the time window is taken small, the comb lines themselves. Applying these
simplifications to Equation and taking the mixing term between the two fields in
the usual way, however with this modifications included yields a result very similar to
Equation 2.14} but additional terms accounting for laser fluctuations appear, the indices
mark each laser i.e. E;(t) corresponds to the electric field of the first laser and E;(t)
corresponds to the electric field of the second laser:

I(t) . Al(t)Aé(t) ZeiZn(Afcgo—l—nAf)tei27r(5fceo+n(5f)t (2.26)

with 8fceo = 6¢1frept — 6@2frepz and 6f = S frep1 — O frep2- Equation implies that only
relative fluctuations between the two optical frequency combs lead to distortions.

There are two possible paths to deal with this distortions. One way is to stabilize the laser
systems in a very stringent way pushing these fluctuations beneath a tolerable amount.
What sounds straight forwards proves to be a demanding challenge e.g. for a highly
resolved spectrum the timing jitter introduced by the laser fluctuations has to be lower
than the atomic unit of time. This kind of stability is very hard to reach and only recently
development in this direction has been made [51} 52].

Error signals

The other path to follow is letting the lasers run freely and record all fluctuations simul-
taneously to the measurement and then employ a software based correction scheme to
compensate for the fluctuations [53, 54} 55, 56, 57]. To record the fluctuations between
the two laser frequency combs each of them is combined separately with a CW laser
operating at a wavelength covered by the laser frequency comb spectrum. The beats
between the laser frequency combs and the CW laser are detected on a photodetector. If
only the nearest neighbour to the CW mode is taken into account i.e. the comb mode
with mode number ncyy, the beat has a frequency appearing in half of the base band. The
mixing term between CW laser, with the envelope of the CW laser A (t), and optical
frequency comb can then be written as:

I (t) 12 1o e A1,2A;:kw (t)eiZH(Afceo+nCWfrep+(5fceo +Vlcw(5f—fcw)t (227)
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This mixing term contains information about fluctuations of a single frequency comb
mode. If the CW laser is not perfectly stable as assumed in the calculus above, the
fluctuations of the CW laser also flow into this signal. As perfectly stable lasers do not
exist in this world, this poses a major problem. The demands on the CW laser stability
would be at least as high as the demands concerning the stability of the frequency comb
itself. Thereby the stability problem has only been shifted from the optical frequency
comb to the CW laser.

Examining Equation nevertheless reveals that only relative fluctuations between
the two optical frequency combs lead to distortions. To retrieve the relative fluctuations
between the two optical frequency combs, the beat notes of the two laser frequency combs
and the CW laser, are mixed in a radio frequency mixer. By doing so the contribution
of the CW laser is cancelled out and only the relative fluctuations of the two optical
frequency combs are gained, elegantly circumventing the need for an ultra stable CW
laser. The signal after the mixer 5(¢)cw1 contains a up and a down mixed term of which
only the down mix s(t)cw1 should be considered in the following;:

S(t)CW1 1S Al (t)A; (t)Ajweizn(AfCGOJr(nCWfrepl7mCWfrep2))tei27'((5fceo+(nCW5frepl7mCW5frep2))t
(2.28)

with ncw and mcw as the mode numbers of the nearest neighbouring modes of the two
optical frequency combs to the CW laser. Recording the beat frequencies of the individual
optical frequency combs against the CW laser and mixing them to cancel contributions
of the CW laser, additionally acted as a very narrow band filter isolating only one comb
mode from each optical frequency comb. Technically it is indeed possible to replace the
detection of the beat signal between a CW laser and the optical frequency comb with
some very narrow band filters (e.g. [55]). For a common optical frequency comb a pass
band of some hundred megahertz at best is needed, usually it is supposed to be even
smaller. This proves to be quite challenging in the optical domain, taking the tremendous
bandwidth of an optical signal into consideration.

To achieve a perfect correction of the recorded interferogram a correction not only at
one point i.e. one CW laser wavelength is sufficient but a second point has to be used.
Intuitively, after correcting at one point, the comb in the radio frequency domain does
not flow in frequency but it still can exhibit a breathing behaviour. The second correction
signal is gained in the same way as the first one, as a beat against a CW laser followed
by radio frequency mixing. The wavelength of the second laser obviously has to be
different yielding a second correction signal which shall be called s, (t) whereas the first
correction signal shall be called s1(t) = s(¢)cw1. The only difference between s;(t) and
s2(t) following Equation are the mode numbers ncy1 2 and mewy 2.



22 2. Fundamental technical and physical concepts

Adaptive Correction

The actual correction can be done using a soft or hardware based scheme. In the course
of this thesis only software based correction is used. In the first step of the software based
correction scheme the interferogram signal, i.e. the dual-comb signal s(t);, is corrected
by multiplication with the complex conjugated normalized correction signal:

§(t)int ~ S(t)int ’51( ) i~ Z elZTE(?’lAfrgp—Afcw)teZZTE(TZ(Sfrep—(Sfcw)t (229)
n

s1(t)]

condensing ncw1frep1 - mcw1frep2 to Afcw and nCWléfrepl — MmMcw1 5frep2 to 5fCW Exam-
ining Equation reveals that there is no dependence anymore which causes a flowing
of the radio frequency comb. The fluctuation terms remaining are the ones, which cause
a breathing of the comb. To remove the contributions of f.p, the second correction
signal sy (t) it is corrected by the first correction signal s (f):

§(1)y s2(t) s1(t) o 27 (Afewi=Afewa)t pi2m(8fewi—dfewa)t o pi27(Afew1—Dfew2)t pi2d ()

(2.30)

The first frequency term of Afcwi1 — Afcwp is constant over time, it is the beat of the CW
lasers with the neatest comb modes of the unperturbed comb. Therefore any deviation
from the constant frequency A fcw — Afcwo is caused by the second term d fewy — 6 fewa,
which describes the phase noise ®(f) introduced to the signal by fluctuations of the
repetition rates.

The second step in the correction of the interferogram makes use of the fact that this
phase noise term can also be expressed as a timing jitter. Intuitively this can be seen by
considering a harmonic signal with a single frequency. Without any phase noise or timing
jitter the signal has a certain value a(t) at a certain point in time #(. Phase noise ®(t) shifts
the instantaneous frequency of this signal. The, now frequency shifted, harmonic signal
has a different value aphasenoise(t), if probed at the same instant of time #y. On the other
hand if the original harmonic signal is not shifted by a phase noise term in instantaneous
frequency but the signal is sampled at a slightly different instant in time t( + 6t again
a value atimingjitter(t) different from the unperturbed signal is found. It is now possible
to find a timing deviation 6t for every ®(t) in a way that aypasenoise (t) = @timingjitter (t) is
true for every point in time. This changing between phase noise and timing jitter allows
to rewrite Equation to:

é(t)zOC Sz(t) ST(t) O<eizn((AfCWl7AfCW2)(f+(5t)) (231)
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Assuming that this signal §(), is sampled in evenly spaced time intervals, for example,
in a way that always the zero crossings of 5(t), are sampled, if the timing jitter Jt is zero
for all times. A non zero timing jitter causes $(t), to have a non zero value when sampled.
In this case it is also possible to think of an unperturbed signal and a disturbed sampling,
sampling the signal not at evenly spaced time intervals but at time intervals modulated
by the timing jitter. Coming from this unevenly sampled signal to an evenly sampled
signal corrects for the timing jitter. To do so the timing jitter is extracted from the second
correction signal making use of Equation With this information the interferogram
is interpolated on an evenly spaced timing grid compensating for the timing jitter Jt.
After applying the two correction steps a perfectly corrected signal free from distortions
caused by either of §¢ or 6t is obtained.
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Chapter 3

Linear Mid-Infrared Spectroscopy

Fundamental vibrational molecular transitions are located in the spectral band from
about 2 to 20 um, the spectral region of the mid-infrared to far infrared. Mid-infrared
radiation covers the spectral band from about 2 to about 10 ym. It is a region of very
high interest as nearly all molecules have strong fundamental vibrational transitions in
this frequency band. Linear spectroscopy in this band promises a high sensitivity as
fundamental transitions offer cross-sections much larger than their overtones in the near
infrared or visible range. This fact makes mid-infrared spectroscopy a good candidate
when only very small quantities of the sample under scrutiny are present. This can be, for
example, trace gas sensing or medical/biochemical applications where huge quantities
of e.g. protein sample are hardly available. The transitions in the mid-infrared are highly
specific for a given functional group (e.g. [58]) as indicated in Figure Different
functional groups have different transitions, especially the low wavenumber region
from about 1200 to 200 cm ™! is highly characteristic which gave rise to its name: the
fingerprint region. Another band of special interest is the wavelength band around 3 ym
corresponding to 3333 cm~!. Strong transitions of carbon hydrogen, hydrogen nitrogen,
hydrogen sulphur and oxygen hydrogen bonds are located in this region. These are
characteristic bonds for biological molecules like lipids, peptides and carbon hydrates,
making it a very interesting region for biochemical or medical applications. Taking
spectra in a linear manner allows for easy quantitative analysis of the spectrogram which
is a problem for nonlinear techniques as for example coherent Raman scattering.

The mid-infrared spectral band is a spectral region which is hard to enter because light
sources and photonic tools are much less evolved than in the visible or near infrared.
Nevertheless, in the recent years a huge effort was taken to approach this wavelength
region. For a long time only low brilliance light sources where available for spectroscopy
in this wavelength region as for example Nernst glowers or the Globar glower. Light
sources made from ceramic material, heated by electric current, radiating black body
radiation rich in mid-infrared light. These sources are very broadband but neither is the
brilliance of this sources high nor is the emitted radiation coherent. The development of
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Figure 3.1: Transitions of selected functional groups in the mid-infrared. Especially the
region from 1500 cm ! to 500 cm ! is highly specific.

sources emitting high brilliance coherent light in the mid-infrared allowed transferring
coherent measurement techniques developed in the visible and near infrared to the
mid-infrared frequency band.

The new sources are multifaceted ranging from lasers producing radiation directly in
the mid-infrared, which are based on transition metal doped chalcogenide glass, as
for example Crt2 doped ZnSe ([59, 160, 161} 62]) or rare earths ions as Thulium and
Holmium ([63) 64, 65, 66} 67]), over semiconductor quantum cascade lasers ([68, 69, 70])
to techniques using nonlinear optical conversion processes to downconvert visible or
near infrared radiation into the mid-infrared wavelength regime either using difference
frequency generation ([71}, 72} 73]]) or optical parametric oscillation ([74} 75} 76} [77]).

All of this techniques have their own charms. In our case nonlinear optical downconver-
sion using an optical parametric oscillator was chosen as the most suitable light source.
The reasons leading to this decision are the need for a as broad as possible spectral
coverage, a wide tuning range of the source and the possibility of generating ultra-short,
ideally chirp free, pulses. Ultra-short pulses emitted from an optical parametric oscillator
allow to harness nonlinear processes in the mid-infrared, for example broadening the
spectrum generated in the optical parametric oscillator to achieve an octave spanning
spectrum, which can be used to e.g. build a self-referenced optical frequency comb in the
mid-infrared using common techniques.
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3.1 Mid-Infrared Optical Parametric Oscillator

Related Article[78]:

Few-cycle, Broadband, Mid-infrared Optical Parametric Oscillator Pumped by a
20-fs Ti:sapphire Laser

S. Chaitanya Kumar, A. Esteban-Martin, T. Ideguchi, M. Yan, S. Holzner, T. W. Hiinsch, N.
Picqué, and M. Ebrahim-Zadeh

The optical parametric oscillator system described in this section was developed in cooperation
with the ICFO-Institut de Ciencies Fotoniques in Spain. In charge of the development of the
system were Suddapalli Chaitanya Kumar and Adolfo Esteban-Martin in the group of Majid
Ebrahim-Zadeh. The calculations as well as the setup of the systems was done in Spain then the
characterization and testing of the system was done at the Max-Planck Institut fuer Quantenoptik,
in Germany. My own contributions are: re-Setup of the optical parametric oscillator at MPQ
together with S. Chaitanya Kumar, A. Esteban-Martin, T. Ideguchi and M. Yan. Setup of the
required experimental apparatus for the temporal and spectral characterization of light generated
by the optical parametric oscillator together with S. Chaitanya Kumar, A. Esteban-Martin, T.
Ideguchi and M. Yan. Edited and discussed the manuscript.

The key idea behind the optical parametric oscillator is nonlinear frequency conversion,
e.g. of visible or near infrared light to mid-infrared light, with the aid of a parametric
process. The, most commonly used, parametric process is the second order nonlinear
response of a medium to the electric field of the incident light. This medium typically
is a nonlinear crystal of which lithium niobate is a common material. It can be doped
with up to ten percent magnesium oxide to prevent photorefractive damage, which
can occur at the high intensity achieved by ultra-short laser pulses and/or due the
to cavity enhancement [79, 80]. A nonlinear crystal in a type one or type two phase
matching configuration only allows for a broadband phase matching and hence an
effective broadband down conversion when it is very thin. The problem of a very thin
(short) gain medium is a low gain for a given pump intensity. To overcome this problem,
the fact is harnessed that lithium niobate can be poled and by this a periodically poled
crystal of lithium niobate (PPLN) can be manufactured [81) 82]. This allows efficient
nonlinear conversion over a wide bandwidth [83, 184, [85].

For an optical parametric oscillator different configurations of the cavity are possible, a
triply resonant, a doubly resonant or a singly resonant system. The triply resonant system
is resonant for pump, signal and idler. In the doubly resonant system, both signal and
idler light generated in the nonlinear downconversion process are resonant in the optical
parametric oscillator cavity. In the singly resonant case only one of them is resonant in the
optical parametric oscillator cavity. Under the prospect of an as broad as possible output
spectrum in the mid-infrared having a doubly resonant optical parametric oscillator
cavity is appealing. The doubly resonant system can offer a very large gain bandwidth
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Figure 3.2: A Autocorrelation of the pump source (Synergy from Femtolasers) B Spec-
trum of the pump source (Synergy from Femtolasers).

in the vicinity of degeneracy [86, 87, 188]. The drawback of this approach is that the
system has to be degenerate or near degeneracy, meaning that it can not be tuned easily
i.e. for tuning the pump wavelength has to be changed. A singly resonant optical
parametric oscillator cavity does not face this problem. It can be tuned continuously over
the gain bandwidth of the system gain. Depending on the gain medium and the cavity
design the system can have a considerable tuning range. Without the need of a tunable
pump source, common pump sources can be employed. To gain an as broad as possible
output spectrum a broadband pump source is used, in this case a broadband Titanium
Sapphire oscillator. Such a pump source provides broadband ultra-short pulses which, if
dispersion is compensated properly, allows for the generation of ultra-short broadband
pulses in the near to mid-infrared in an optical parametric oscillator [74,[75].

3.1.1 Optical Parametric Oscillator Setup

The setup of the optical parametric oscillator is outlined in Figure It is a singly
resonant system with a linear, standing wave cavity. As nonlinear gain medium a
periodically poled lithium niobate crystal is used and as pump source an ultra-short pulse
Titanium Sapphire laser. A detailed description is given in the following sections.

Pump Source

As already mentioned the optical parametric oscillator is pumped by a Titanium Sapphire
ultra-short pulse oscillator (Synergy from Femtolasers) delivering pulses of sub-twenty
femtoseconds pulse duration with an average power of 1 W at a repetition frequency of
100 MHz, corresponding to a pulse energy of 10n]J. Dispersion acquired on the pump
beam path is precompensated by a pair of chirped mirrors (Layertec). To find the
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right amount of precompensation, different values were tried and for every value an
interferometric autocorrelation was taken at the position of the crystal. As best value
-160 fs? was found, yielding the interferometric autocorrelation plotted in Figure .
It does not show any indication of distortions caused by higher order dispersion, the
baseline is flat and no ripples in front and back of the interferometric signal are present.
Figure depicts the spectrum of the pump source, it is smooth with no indication of
any pedestal or ripples. The two side-bands left and right of the main peak are Kelly
side-bands [89, 90], which are parasitically generated and usually appear at the zero
dispersion transit or close to the zero dispersion transit of the intra-cavity dispersion
of the laser system. Being a problem as they limit the maximal spectral bandwidth of a
laser system in the first place, their appearance indicates that the laser system produces
the shortest possible output pulses or broadest spectrum, making a good observable
for the health of the laser system. The spectrum spans about 40nm (FWHM) at a
central wavelength of ~790 nm corresponding to more than 640 cm ! spectral coverage
(FWHM).

Nonlinear Crystal

After dispersion compensation the Titanium Sapphire light is focused, with a 75 mm lens
through cavity mirror M1, in the gain medium, with a beam-waist of 50 yum. The gain
medium is a one millimeter thick magnesium oxide doped periodically poled Lithium
niobate chip. As indicated in the inset of Figure 3.3 the poling is not isotrop, the chip has
four different poling zones corresponding to interaction lengths of 250 ym to 1000 ym
increasing in 250 ym steps. The crystal can be moved vertically to chose the desired
interaction length. Inside of the different interaction zones, the poling is also not isotrop
but has a fan out structure continuously increasing the poling period from 19 to 23,3 ym.
The fan out structure allows to optimize the gain bandwidth of the optical parametric
oscillator.

Cavity Mirrors

The cavity by itself is a standing wave cavity built from two concave mirrors M1 and
M2 and four plane mirrors M3 to M6. The mirror coating is designed to have high
transmission at the pump and the idler wavelength, 90 and 80 percent respectively but
a high reflectance of more than 99 percent at the signal wavelength. All mirrors have
a chirp for dispersion control of the signal light. The intra-cavity dispersion is tuned
close to zero for the wavelength region from 1000 to 1200 nm and from minus 600 to plus
200 fs? from 1200 to 1600 nm.
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Figure 3.3: Schematic of the femtosecond optical parametric oscillator. L1 and L2 lenses;
M1 and M2 curved cavity mirrors; M3 to M6 flat cavity mirrors; LPF low pass filter;
PPLN periodically poled Lithium niobate.

Optical Parametric Oscillator Cavity

The optical parametric oscillator supports two different beam paths inside of the cavity.
If the prism P1 is moved out of the beam, mirror M5 acts as the end mirror of an axillary
cavity used for alighment. When running in the axillary cavity alignment is simplified but
dispersion control and wavelength selection is reduced. This becomes noticeable as the
optical parametric oscillator tends to run on more than one spatial mode and has several
peaks in the output spectrum. The high gain due to GW /cm? level intensities involved
in the pump focus of a femtosecond optical parametric oscillator allows higher order
modes to cross the threshold relatively quick. Even more important, while pumping
at the Titanium Sapphire wavelengths, the large parametric gain bandwidth of the
periodically poled lithium niobate crystal allows oscillation at two or more different
central signal wavelengths simultaneously and hence associated spatial mode issues can
arise. Finally, non-phase-matched processes generate all kind of different wavelength
contributions.

When moving prism P1 into the beam the optical parametric oscillator operates in the
normal mode, with prisms P1 and P2, both made from SF11, in the beam path and
mirror M6 as end mirror. When the prisms P1 and P2 are inserted into the beam path
the output spectrum of the optical parametric oscillator is cleaned up and a well defined
smooth output spectrum is generated. The prisms select the centre wavelength of choice
by introducing losses to other oscillating wavelengths and higher order modes while
compensating for dispersion at the same time. Finally, as the optical parametric oscillator
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becomes more sensitive to alignment by introducing the prisms into the beam path,
careful alignment allows to sustain a TEM00-mode, which is free of higher order mode
contributions. The idler light leaves the cavity through mirror M2 and is collimated with
the lens L2. The following long pass filter LPF finally removes all remaining pump light
and the tiny amount of signal light leaking through the mirror M2

Characterization Setup

Characterization of the output, the generated idler light, of the optical parametric oscilla-
tor is done using either a commercial Fourier transform spectrometer (VERTEX70 from
Bruker) or a self-built interferometric autocorrelator. The Fourier transform spectrometer
is used to verify the tuning capabilities and the spectral span of the optical parametric
oscillator. Temporal characterization of the optical parametric oscillator is done with a
self-built interferometric autocorrelator, employing hollow-cube-corner retro-reflectors, a
broadband Pellicle beam splitter and an Indium Gallium Arsenide photo diode operating
as a two-photon-detector.

3.1.2 Spectral and Temporal Characterization of the Parametric Oscil-
lator

Spectral Characteristics and Tunability

In Figure spectra taken with an interaction length of 500 ym and 250 ym are de-
picted. Spectral distortions are caused by absorption of the mid-infrared light in the
laboratory atmosphere. Clearly, the supported bandwidth of the 250 ym interaction
zone is significantly larger than for 500 ym interaction length, as an example: 225nm
(407 cm~1) bandwidth for 250 um interaction length as compared to 113nm (114cm™1!)
bandwidth for the 500 ym interaction length (measured for an Idler spectrum centered
around 2350 nm (4255 cm~!)). Better phase matching in the shorter interaction length is
the reason for the broader nonlinear gain bandwidth.

The drawback of having an interaction length of as short as 250 ym is a considerably
reduced tuning range of the optical parametric oscillator (approximately a factor of two
compared to the 500 ym interaction length), Figure shows the tuning capabilities
of the optical parametric oscillator as the power at different wavelengths. The central
wavelength using the 500 ym interaction length can be tuned over a range of more than
1550 nm (1467 cm 1), generating spectra, which can cover a band from 2000 to 4500 nm
(2222 cm ™! to 5000 cm ™).

At zero detuning wavelength, corresponding to approx. 2300 nm (4347 cm 1), the output
power exceeds 50 mW. At the edges of the tuning range the output power still is above
30 and 20 mW for the high and low frequency cut off respectively, falling of rapidly for
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central wavelengths smaller than ~2000 nm (5000 cm~!) and wavelengths larger than
3725nm (2684 cm™1).

Temporal Characteristics

The 500 ym interaction length offers the best trade-off between tuning ability and spectral
bandwidth of the generated output spectra. When the broadest bandwidth is needed i.e.
the shortest pulses, the 250 ym interaction length prevails within its limited tuning range.
To characterize the output pulses in the time domain, an interferometric autocorrelator is
used, utilizing a Pellice as broad band low dispersion beam splitter. The autocorrelation
is measured as the two photon absorption current in an Indium Gallium Arsenide
photodetector [91, 92, 93]. The pulse duration of the output pulses employing the
250 ym interaction length is approximately half of the pulse duration employing the
500 ym interaction length. On the short wavelength side at 2626 nm (3808 cm™1), the
optical parametric oscillator, using 500 ym interaction length, produces pulses with
64 femtoseconds or 7,4 cycles (see Figure 3.5|right). When using the 250 ym interaction
length the pulse duration drops to 32 femtoseconds corresponding to 3,7 cycles (see
Figure 3.5|left). A sech? shape of the pulses is assumed and the standard parameter of
1,897 is used for deconvolution in order to calculate the pulse duration 7,5,

Nty

Tpulse = m 3.1)

with N as the number of fringes larger in (normalized) amplitude than 0,5 and tg = A/c
as the temporal distance between two consecutive fringes at the central wavelength
A. The short pulse duration at 2626 nm (3808 cm ™ !) indicates a very good dispersion
compensation of the optical parametric oscillator at this wavelength. Adjusting the
two prisms inside of the optical parametric oscillator cavity to optimize the dispersion
compensation might lead to even shorter pulses at these wavelengths. As displayed in
Figure the pulse duration slightly increases for different central wavelengths of the
optical parametric oscillator. The very short pulse durations in the wavelength range
at 2240 nm (4464 cm~!) should be considered carefully as the laboratory atmosphere
partially absorbs at this wavelength (the absorption is manly attributed to water vapour).
The strong wings of the autocorrelation shown in Figure already indicate this when
being compared to the autocorrelations taken at 2626 nm (3808 cm~1!) (Figure ),
which shows no wings for the 500 ym interaction and only very minor wings, caused
presumably by third order dispersion, for the 250 ym interaction length.
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3.1.3 Summary Mid-Infrared Optical Parametric Oscillator

For dual-comb experiments two optical parametric oscillators have been constructed
with matching parameters. Both are tunable from 2180 nm to 3730 nm central wavelength
(2680 cm™1) to (4587 cm™1)), spanning more than 1550 nm (1467 cm™ 1) tuning range
and covering a wavelength band from about 2000 to 4500 nm (2222 cm ™! to 5000 cm™1).
Their spectra are virtually identical in shape and span. This is also true for the generated
output pulses concerning their duration. The output power is similar for both systems
over the tuning range as well as the pump threshold of about 700 mW pump power.
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3.2 Mid-Infrared Photonics

Despite of the broad spectral coverage of the optical parametric oscillator described
in Section most of the time an even broader spectral coverage is desired. To gain
more bandwidth, the gain medium in the optical parametric oscillator would have to
be even shorter. Shortening the crystal improves phase matching but at the expense of
gain, which sets a lower limit to the crystal thickness. Similarly laser systems operating
directly in the mid-infrared are limited in spectral coverage by the gain bandwidth of
their corresponding gain medium. One possibility to attain a broader spectral coverage
is harnessing supercontinuum generation, which holds promise for the most extreme
spectral broadening in the low-field regime.

Supercontinuum generation was first reported in bulk material [94]95]. Only high power
laser sources delivering short pulses in the millijoule range could be used, as the peak
intensity needed to be above the threshold of self trapping. Efficient broadening could
only take place during a longer nonlinear interaction of the pump beam and the material.
It was ensured by the self trapping, which provides the needed guiding of the beam. This
changed with the advent of optical waveguides, especially fibers and thereof photonic
crystal fibers, which did not only provide guiding but also allowed, for the first time, a
precise engineering of the waveguide dispersion. Using these fibers made it possible
to generate high brightness supercontinua [96, 97, 98]. Since then supercontinuum
generation using these fibers found widespread interest as well as broad application in
numerous fields e.g. in spectroscopy, pulse compression and frequency metrology, where
it became one of the key ingredients in the development of the optical frequency comb.
The advantage of photonic crystal fibers over other fiber types is the precise control of
the modal confinement and the waveguide contributions to the dispersion, through the
geometrical shape of core and cladding.

Usually, such fibers are made of silica, which prohibits their use in the mid-infrared as
it does not transmit well in this wavelength range. Several non oxide based materials
offer good transmission together with other beneficial attributes. One of these materials
is silicon, it has a wide transmission range, up to 7um (1428 cm~!),and a high nonlinear
refractive index (see e.g.[99]). An additional benefit of silicon are the already existing,
well developed techniques from chip production in CMOS. Finally, silicon is stable under
ambient conditions, a waveguide made from silicon will stay as is, if not damaged
mechanically. Another very interesting set of material are chalcogenide glasses. In
chalcogenide glasses oxygen is replaced by one of the other chalcogenides sulphur,
selenium or tellurium. Due to their lower phonon energies these materials offer a very
broad transmission range in the mid-infrared, surpassing the transmission range of
silicon. Their nonlinear refractive indices are also high (e.g. [100]) but their linear
refractive indices are lower (around two for the chalcogenide glasses compared to ~3,4
of silicon). The lower refractive index contrast does not allow an as strong modal
confinement as in silicon. In the course of this thesis supercontinuum generation has
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been done in waveguides made from silicon and in waveguides made from chalcogenide
glass. The results as well as the used methods are discussed in the following sections,
tirst for silicon and then for chalcogenide waveguides.

3.2.1 Silicon Mid-Infrared Photonics

Related Article[101]]:

An octave spanning mid-infrared frequency comb generated in a silicon nanopho-
tonic wire waveguide

B. Kuyken, T. Ideguchi, S. Holzner, M. Yan, T. W. Hiinsch, |. Van Campenhout, P. Verheyen, F.
Leo, R. Baets, G. Roelkens, and N. Picqué

Contribution: The waveguide described in this section was developed in cooperation with the
Ghent University. In charge of the development of the waveguide was Bart Kuyken in the
group of Roel Baets and Gunther Roelkens. The calculations as well as the fabrication of the
waveguide was done in Ghent. The experiments concerning supercontinuum generation as well
as the investigations concerning the coherence of the generated supercontinuum was done at the
Max Planck Institut fuer Quantenoptik in Germany. My own contributions are: Setup of the
required experimental apparatus for supercontinuum generation and it’s characterization as well
as the actual generation and characterization of the supercontinuum together with B. Kuyken,T.
Ideguchi and M. Yan. Discussion of the manuscript.

Silicon Waveguide Parameters

The used waveguide consists of a rectangular silicon photonic wire sitting on an 2 ym
thick silicon dioxide layer on top of a thick supporting silicon waver as illustrated in
Figure[3.6/A. Thereby three sides of the silicon wire are cladded by air and one by silicon
dioxide. The wire measures 390 times 1600 nanometers in cross section and is 10 mm
long. In order to ease in- and out-coupling into the waveguide, it has an adiabatic taper
towards the facets, widening the waveguide from 1600 nm to 3000 nm.

Due to the high refractive index contrast between cladding and core material the modal
confinement is very strong as indicated for the quasi TE mode shown in Figure [3.6B,
where the modal distribution for an in-coupled wavelength of 2400 nm (4166 cm™") is
shown (calculated using Mode solutions from Lumerical Solutions, Inc.). The strong
confinement leads to a strong contribution of the waveguide to the overall dispersive
properties of the system and can be engineered by changing the geometry of the waveg-
uide. The dispersion of the system is shown in Figure (calculated by Bart Kuyken).
The dispersion is crossing zero at a wavelength of 2180 nm (4587 cm™!). Strong modal
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Figure 3.6: A Sketch of the silicon on insulator (S5iO,) waveguide. B Modal distribution in
the waveguide for an incoupled wavelength of 2400 nm. C Dispersion of the waveguide
as a function of the incoupled wavelength.

confinement in combination with the high nonlinear refractive index of silicon lead to a
high nonlinear parameter defined as (see e.g. [102]) :

_ 2nfona(fo)
T cAcsf(fo) 6.2

with fj as the central pump frequency, 1, as the nonlinear refractive index of the waveg-
uide material and A,fr as the effective mode area. In the case of the very strongly

confined mode at 2300 nm (4347 cm ') this parameter 7 can be as high as 38(Wm) ! as
compared to e.g. a highly nonlinear photonic crystal fiber having a nonlinear parameter
of y ~ 1(Wm)~L.

Silicon Waveguide Supercontinuum Generation Setup

The waveguide is pumped by the optical parametric oscillator described in Section 3.1}
tuned to a centre wavelength of 2290 nm (4366 cm ™), close to the zero dispersion wave-
length of the waveguide, delivering pulses of about 70 fs with an average power of 35 mW.
The setup used to couple these pulses into the waveguide is depicted in Figure For
in-coupling and out-coupling to the waveguide short focal length chalcogenide lenses
(Thorlabs C037TME, focal length 1,87 mm, numerical aperture NA = 0,85) were used.
Because of the bad mode match between free space and waveguide the alignment of
the lenses for in- and out-coupling is crucial and thus two picomotor actuated Xx,y,z
translation stages (Newport 562 Ultralign) were used for the positioning of the lenses in
the front and back of the waveguide. Nevertheless, the coupling loss was around -12 dB
for each lens which is caused by the already mentioned mode mismatch between the
quasi TE mode in the waveguide and the TEMO00 mode in free space. The peak power
in the waveguide under this conditions was 225 W. The spectral broadened light can be
either sent into a commercial Fourier transform spectrometer (VERTEX70 from Bruker)
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Figure 3.7: Experimental setup for supercontinuum generation and characterization.
Mid-infrared light generated in the optical parametric oscillator is coupled into the
waveguide with high NA chalcogenide lenses. The lenses are mounted on stepper motor
actuated x,y,z stages. Light exiting the waveguide can either be send into a commercial
Fourier transform spectrometer or into a home build beat detection unit. The beat
detection unit is comprised of a CW source which is combined with the light under
scrutiny on a beam splitter (~ 90 to 10). The combined beams are dispersed with a
grating, spatially filtered with a slit and finally shined onto a subtitle detector. The
grating in combination with an aperture acts as a spectral filter limiting the incident
radiation on the detector to the region of interest.

or into a self built beat detection unit, to measure the coherence properties of the gener-
ated supercontinuum. The beat detection unit allows to measure the beat between the
broadened light from the waveguide and a CW source which can be either a CW optical
parametric oscillator (Argos from Aculight) in combination with an InGaAsSb detector
or a free running Er-doped Fiber laser (Koheras from NKT Photonics) in combination
with an extended-InGaAs detector.

Supercontinuum Spectral Characterization

As the main purpose of the experiment was to gain more spectral bandwidth, spectral
investigations were done first and, if the generated spectrum was found to be suffi-
ciently broad, the coherence of the spectrum was probed by taking beat notes of the
supercontinuum against CW lasers. A supercontinuum generated in the waveguide
is shown in Figure . The input spectrum, located around 2290 nm (4366 cm™!) is
plotted in blue whereas the generated supercontinuum is shown in red. The light blue
bar at the bottom of the graph indicates the -30 dB limit measured from the spectral
maximum. The supercontinuum spans from 1540 nm (6493 cm~!) down to 3200 nm
(3125 Cm_l), covering 1,055 octaves in the mid-infrared. Between 3440 and 3580 nm
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Figure 3.8: A to D Beat notes between optical parametric oscillator and supercontinuum
with two different CW sources (a CW optical parametric oscillator and a CW fiber laser)
E Supercontinuum generated in the waveguide (red) and fundamental light (blue); the
light blue bar marks -30 dB from the maximum, the vertical colored lines the position of
the corresponding beat notes.

((2906 cm 1) and (2793 cm 1)) another peak rises above the -30 dB limit. The peak on the
short wavelength end of the spectrum at 1600 nm (6250 cm 1), in the normal dispersive
regime of the waveguide, indicates dispersive wave generation which also explains the
very sharp cutoff at short wavelength. The main contribution to the central part of the
supercontinuum, between -30 and -40 dBm in Figure 3.8, is assumed to be self phase
modulation.

Supercontinuum Coherence

After gaining such a broadband spectrum the coherence of the spectrum was taken under
scrutiny. Soliton dynamics can, under certain circumstances, be very sensitive to noise
and thereby the generated spectrum can lose coherence. Generally the faster the higher
order soliton evolves the lower the influence of background noise and the better the
coherence of the generated spectra. As Figure [3.6/indicates the pump wavelength is in
the anomalous dispersive regime of the waveguide, in vicinity to the zero dispersion
wavelength. Therefore the in-coupled short pulse forms a higher order soliton in the
waveguide. The order can be estimated to be ~6,3 and the fission distance to ~0,74 mm
([103]]). Thus indicating a rather fast evolution of the soliton, holding promise for good
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coherence properties of the output spectrum.

To investigate the coherence properties of the generated spectra, beat notes are taken
between narrow band CW lasers and the supercontinuum generated in the waveguide.
To exclude that the coherence of the pump light is already corrupted in the downcon-
version process of the femtosecond optical parametric oscillator (see Section [3.1), light
directly from the femtosecond optical parametric oscillator is guided in a beat detection
unit and the beating against a CW optical parametric oscillator (Argos from Aculight) is
recorded using a radio frequency spectrum analyzer (FSL 9 kHz to 3 GHz from Rohde
und Schwarz). The resolution and video bandwidth of the spectrum analyzer are set
to 10kHz for all beat notes shown. The CW optical parametric oscillator itself has a
linewidth of 60 kHz (in 10 s measurement time; from datasheet). Figure depicts
the recorded beat note of the CW and femtosecond optical parametric oscillator, it shows
a beat note having a width of around 80kHz at -3 dB. The beat note is slightly wider
than the line width of the CW optical parametric oscillator, indicating that the linewidth
of the femtosecond optical parametric oscillator is on the same order as the CW optical
parametric oscillator as the beat note is the convolution of the line-shapes of both lasers.
The result is in congruence with other free running laser systems in terms of the linewidth
[104]. With the knowledge of the coherence of the input spectrum, the supercontinuum
could be characterized. To do so beat notes of the broadened light from the waveguide
and the CW optical parametric oscillator are taken at 2420 nm (4132 cm 1), rather close
to the pump wavelength of the waveguide and at 2580 nm (3875 cm 1), further apart but
still comparably close to the pump wavelength of the waveguide. The outcome of those
two beat note experiments is plotted in Figure and Figure in dark blue and
purple. Both lines have a width comparable to that of the femtosecond optical parametric
oscillator measured before the waveguide, indicating no or only very minor degradation
of coherence in the supercontinuum generation process at these wavelengths. Close to
the seed wavelength self phase modulation is the dominant broadening effect, which is
always coherent and can mask coherence loss due to other effects taking place simulta-
neously. However, coherence degradation is more severe further away from the pump
wavelength. A beat note experiment at a wavelength far away from the pump is hence
more sensitive to coherence degradation. Changing to a different CW laser a beat note is
recorded at a wavelength not present in the input spectrum, far away from the pump
source. This beat note is taken at 1586 nm (6305 cm™!) using a narrow band CW fiber
laser (0,1 kHz linewidth in 100 ys measurement time) and is plotted in Figure 3.8B. It also
shows a width comparable to the width of the femtosecond optical parametric oscillator
itself, indicating no or only very minor coherence degradation even at this wavelength
very far away from the pump wavelength of the waveguide.
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3.2.2 Chalcogenide Glass Mid-Infrared Photonics

Contribution:The waveguide described in this section was developed and manufac-
tured in the Australian National University by the group of Barry Luther-Davies. It
was brought to the Max Planck Institut fuer Quantenoptik by Bart Kuyken. My own
contributions are: Setup of the required experimental apparatus for supercontinuum
generation and it’s characterization as well as the actual generation and characterization
of the supercontinuum together with B. Kuyken and M. Yan.

Despite of all the positive aspects of silicon photonics, mid-infrared photonics done in
chalcogenide glass has found a huge interest recently, owed to the promises of chalco-
genide glass to provide even broader spectra than silicon photonic waveguides. In
chalcogenide glasses oxygen is replaced by one of the three other chalcogenides, sulphur,
selenium or tellurium. Due to their high atomic mass the corresponding vibrational
energies are low and the long wavelength transmission range is significantly extended
into the mid-infrared, up to 11 um (909 cm~!) for sulphur, around 16 yum (625cm™!)
for selenium and even beyond 20 ym (500 cm 1) for tellurium [105, 106,107, [108]. The
chalcogenide elements are covalently bound to network formers such as e.g. Arsenic,
Germanium, Gallium or Phosphorus. The relative mixing ratio of these elements can vary
within certain borders, allowing to tune the optical properties of the material [109, [110].
This allows for production of waveguides and hence the use of this materials for e.g.
supercontinuum generation [111},112} 113]. The nonlinear refractive index of this mate-
rial is of the same order as silicon (e.g. [100]) but the linear refractive index (~3,4 for
silicon and around 2 for chalcogenide glasses) does not allow a modal confinement as
strong as in silicon. Hence the nonlinear parameter <y (see Equation is lower for
chalcogenide glasses [114) 115, 116]. On the other hand the different linear refractive
index of the material demands for a different waveguide geometry which does not allow
an as high modal confinement as in silicon. The benefit of a larger mode in the waveguide
is easier in- and out-coupling due to a better mode match between the free space and the
waveguide mode.

Chalcogenide Glass Waveguide Parameters

The waveguide used in this experiment is a ridge waveguide, fabricated out of a
Geq1,5A5245¢e64 5 using a top down process. The waveguide measures 4 ym in width
in the centre and 46 mm length, 50 percent of the 2,5 ym thick Gejq 5A5245¢4 5 was etched
away, to from a 1,25 ym high ridge on a 1,25 ym thick Gej; 5454564 5 layer (Figure ).
The waveguide has a 10 nm overcoat of fluoropolymer, to protect it from the laboratory
atmosphere to avoid degradation.

For in and out-coupling of the chalcogenide waveguide the same setup is used as for
the silicon waveguide (see Figure [3.7). The femtosecond optical parametric oscillator
from Section [3.1]is used to pump the waveguide and chalcogenide lenses mounted on
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Figure 3.9: A Sketch of the chalcogenide waveguide. B Modal distribution in the waveg-
uide for an incoupled wavelength of 2290 nm C Dispersion of the waveguide as a function
of incoupled wavelength for TE and TM mode.

picomotor actuated stages for precise alignment are used. One difference to the silicon
waveguide experiment is the addition of a half-wave plate into the beam path before the
waveguide. As depicted in Figure the polarization is tilted by 90 degrees compared
to the mode field of the silicon waveguide in Figure The field distribution shown in
Figure is calculated for a centre wavelength of 2290 nm (4366 cm 1) as used in the
experiments.

Figure is a plot of the waveguide dispersion for a quasi TE and a quasi TM mode
(calculated by the group of Barry Luther-Davies). The fact that quasi TE and quasi
TM mode have a slightly different dispersion inside of the waveguide allows to tune
the dispersion by rotating the polarization of the incident light and thereby changing
the TE and TM contributions to the propagating mode in the waveguide. Figure
also indicates that the pump wavelength is in the negative dispersive regime of the
waveguide. Therefore, a short pulse injected into the waveguide forms a, possibly
higher order, soliton and experiences the evolution of this soliton e.g. soliton fission and
dispersive wave generation just like in the silicon waveguide. Similarly to the silicon
waveguide spectra were taken and the coherence of the outgoing light of the waveguide
was tested. The chalcogenide waveguide is longer than the silicon waveguide to account
for lower nonlinearity. The soliton evolution inside of the chalcogenide waveguide is
slower than in the silicon waveguide due to the lower nonlinearity and therefore the
possibility of coherence degradation in the chalcogenide waveguide is higher than in the
silicon waveguide.

Supercontinuum Spectral Characterization

To generate the broadest spectra utilizing the chalcogenide waveguide, the half wave
plate is rotated slightly to get a mixture of the TE and TM mode in the waveguide. A
spectrum generated in this way is plotted in Figure [3.10jA. The central pump wavelength
is 2290 nm (4366 cm ') and the power delivered by the femtosecond optical parametric
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Figure 3.10: A Supercontinuum generated in the chalcogenide waveguide. The light
blue bar marks -30 dB from the maximum. B Beat note between the supercontinuum and
a CW laser at 1586 nm.

oscillator is 51 mW. The coupling losses for in and out-coupling are about -10 dB in total
i.e. -5dB for each coupling step (in- and out-coupling are assumed to have the same
efficiency). The generated spectrum spans from around 1600 nm to 3860 nm ((6250 cm 1)
to (2590 cm 1)), which corresponds to 1,27 octaves at a -30 dB level indicated by a light
blue bar in figure The spectral span is very sensitive to the polarization of the
incident light. Therefore, turning the half wave plate has a strong influence on the shape
and the spectral coverage of the output spectra.

The long wavelength side of the supercontinuum is moderately modulated which can
indicate soliton fission and subsequent soliton self frequency shifting. The short wave-
length part of the supercontinuum first falls of sharply in power at around two microme-
ters which is a sign for dispersive wave generation. After a power decrease of about 20 dB
a pedestal forms from 1,6 to 2 um ((6250 cm ™! to 5000 cm 1)) which is heavily modulated.
One possible explanation for this strong modulation can be optical wave breaking, which
can generate fine, strongly modulated structures in the spectrum [117,[118,[119].

Supercontinuum Coherence

Because of the already pointed out fact, that the chances for coherence degradation in the
chalcogenide waveguide are higher than in the silicon waveguide, the coherence of the
generated supercontinuum was probed by beat detection between the supercontinuum
and a free running Er-doped CW Fiber laser (Koheras from NKT Photonics).

Therefore, the generated supercontinuum was coupled into a fiber and overlapped with
the CW laser using a fused fiber beamsplitter. The beat of the two fields was detected
in a differential detection scheme, using a balanced InGaAs photo detector with fiber
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coupled ports to which the output ports of the fused fiber beamsplitter are connected
directly. The wavelength of the CW laser is 1586 nm (6305 Cm_l), a value where at
a centre wavelength of 2290 nm (4366 cm ') no light is produced in the femtosecond
optical parametric oscillator.

As mentioned before using a CW laser with a wavelength far away from the pump
wavelength eases detection of coherence degradation, as it tends to be more severe
further away from the pump. To improve the signal to noise ratio of the measurement
the wave plate in the setup is rotated slightly to increase the signal power in the short
wavelength region (see inset of Figure [3.10B, it is recorded with an optical spectrum
analyzer (AQ6375 Yokogawa 1200-2400 nm) as it offers much faster refresh times and a
larger dynamic range than the Fourier transform spectrometer from Bruker facilitating
alignment significantly). The outcome of such a beat detection experiment is depicted in
Figure [3.10B, video and resolution bandwidth of the radio frequency spectrum analyzer
(FSL 9 kHz to 3 GHz from Rohde und Schwarz) are set to 10 kHz. The plot in Figure
shows a clearly visible beat note with a width comparable to the beat note measured
before coupling into the waveguide (see Figure 3.8A), indicating no or only very minor
coherence degradation occurring in the waveguide.

3.2.3 Summary Mid-Infrared Photonics

The experiments conducted in order to broaden the spectrum of the femtosecond optical
parametric oscillator are summed up here. With both waveguides, made from silicon
and from chalcogenide glass, a supercontinuum was generated spanning more than one
octave. The supercontinua did not suffer from coherence degradation for the silicon as
well as for the chalcogenide waveguide proven by beat detection experiments between
narrow band CW lasers and the generated supercontinua. Such supercontinua can
therefore be used to conduct coherent spectroscopy in the mid-infrared, such as e.g.
dual-comb spectroscopy, covering a huge spectral band despite the limited spectral
coverage of the optical parametric oscillator used as pump source for the waveguides.
Moreover since the spectra generated span more than one octave, such supercontinua
can potentially be used to measure the carrier envelope drift of the supercontinuum
itself. Using the right feedback or feed forward technique, this would allow to make a
self referenced optical frequency comb out of the supercontinua which is located in the
mid-infrared, where such sources can be rarely found.
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3.3 Mid-Infrared Dual-Comb Spectroscopy

Contribution: Layout and setup of the system as well as experimental work and data
analysis.

To employ the femtosecond optical parametric oscillator or the supercontinuum gen-
erated in a waveguide for (linear) dual-comb spectroscopy the source has to be, as
the name already indicates, a frequency comb. A demand not fulfilled by neither the
supercontinuum nor the femtosecond optical parametric oscillator.

One problem encountered is that the carrier envelope frequency of the femtosecond
optical parametric oscillator is not determined by the carrier envelope frequency of the
pump source solely. The femtosecond optical parametric oscillator is locked tightly to
the repetition rate of the Titanium Sapphire laser used as pump source, due to the fact
that a parametric process is harnessed and no energy is stored inside of the femtosecond
optical parametric oscillators gain medium. However the carrier envelope frequencies of
the fields Egj¢,q and Egp,r generated in the femtosecond optical parametric oscillator are
not determined unambiguously by the carrier envelope frequency of the pump.

Energy conservation demands the sum of the signal frequency f¢ny and the idler
frequency f,, to be equal to the pump frequency fyump:

foump = fsignat + fidler (3.3)

However, Equation 3.3|does not determine the carrier envelope frequencies of the signal
feeo signai and idler fi., jgrer. Using the frequency comb equation (Equation [2.5) and the
fact that all fields are generated at the same repetition rate f., allows resolving fyump,

fsignal and fidler:

nfrep + fceo pump — kfrep + fceo signal + lfrep + fceo idler
(k +1— n)frep = fceo pump — feeo signal — feeo idier (3.4)

Equation shows that even for a fully stabilized pump source another degree of
freedom is needed to be measured and controlled which can be either the carrier envelope
frequency of the signal or idler.

It is possible to avoid the need for stabilization of the pump source - optical paramet-
ric oscillator system by using an adaptive sampling scheme (see Section [2.2.3). This
approach faces the problem, that in the mid-infrared narrow band lasers, needed to
generate a reference signal for adaptive sampling, are hardly available. The fact that the
femtosecond optical parametric oscillator is a singly resonant system offers the possibility
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to take the reference signal at the pump source wavelength, making use of the fact how
fluctuations of the pump source are transferred to the signal and idler.

The line width of signal Af; and idler Af; is given by [120, 121} 122]:

2

Ks,i
Afs,i = mAfPumP +

hwsli (KSK,')Z
Ps,i (Ks+Ki)2

(s +7; + 1) (3.5)

with the line width of the pump source Afpymp, the (cold) cavity round trip dissipation
constants for signal and idler «; ;, the average thermal photon number 7 ; and the output
power of signal and idler P;;. The first term on the right side of Equation (3.5|is the
contribution of the pump source to the line width of the optical parametric oscillator,
the second term is a line broadening effect due to a quantum mechanical phase dif-
fusion between signal and idler. The second term is usually small compared to the
tirst term, especially when the pump source is free running, and Equation can be
approximated:

2

~ Ks,i
Afs,i ~ (K5+Ki)2Afpump (36)

The system described in Section [3.1is singly resonant for the signal, which means that
the cavity round trip dissipation constant of the signal x; is very small and the cavity
round trip dissipation constant of the idler «; is very large as the mirrors of the optical
parametric oscillator are highly reflecting for the signal (more than 99 percent reflectivity)
and are highly transparent for the idler (more than 80 percent transmittance). This gives
rise to the assumption that pump fluctuations are nearly entirely passed to the idler.

Experimental Implementation

The reference signals for adaptive sampling are generated by beat note detection between
pump light and a narrow band CW laser. In order to generate these signals, pump light
is guided out of the optical parametric oscillator cavity after it passed through the
gain medium and the out-coupling mirror of the optical parametric oscillator. The
experimental setup is outlined in Figure The remaining pump light is guided out of
the optical parametric oscillator cavity and sent into two different beat detection units for
both optical parametric oscillators. In one of the beat detection units an Erbium doped
tiber laser (Koheras from NKT Photonics) lasing at 1586 nm which is frequency doubled
to 793 nm in a frequency doubling waveguide (from NTT electronics) serves as reference.
In the other, a home built ultra stable CW diode laser locked to an optical cavity, lasing
at 830 nm (developed by D.C. Yost) is used.
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Figure 3.11: Experimental setup of a dual-comb mid-infrared absorption experiment
with adaptive sampling. The output of the two optical parametric oscillators is combined
on a beam splitter (BS) and send through a gas cell filled with acetylene. Remaining
pump light is guided out of the optical parametric oscillators and send into beat detection
units to generate correction signals for adaptive sampling. For each optical parametric
oscillator, two correction signals are generated against two different CW sources. The
inset depicts the beat detection units in detail. Remaining pump light and the reference
light are coupled into a fused fiber optic coupler (FFOC) using a lens. The pump light is
band pass filtered (BPF) before in-coupling to minimize generated noise. The output of
the FFOC is send into a fiber coupled differential detector.
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The actual dual-comb experiment is an absorption experiment using a 700 mm long gas
cell filled with acetylene at ~1,6 Torr. To record spectra, the optical parametric oscillator
is tuned to a central idler wavelength of 2350 nm (4255 cm™1).

The signal of the photodetector after the gas cell and the signals of the beat detection units
are all sent into an electrical signal path which provides filtering and, when necessary,
amplification and mixing of the signals. After being manipulated accordingly the signals
are digitized with a commercial digitizer card (AlazarTech). The signal path for the beat
note signals as well as the dual-comb signal is depicted in Figure[3.12]

The signals from the beat detection units (Beat 793-1,2 and Beat 830-1,2 in Figure [3.1]]
and Figure 3.12)) are fed in a chain of low pass and notch filters in order to isolate a beat
signal between CW laser and the closest comb mode of a pulsed laser. It is located in
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the band from 0 to 50 MHz. At certain points a part of the signal is tapped off, either
for signal monitoring (using a -10 dB coupler and a spectrum analyser) or to feed it into
a stabilization scheme (using a -3 dB splitter) for the pump laser. Due to the fact that
stabilizing a frequency comb against two optical references is problematic ([123}124,[125],
only one of the beat note signals of a Titanium Sapphire lasers is stabilized against a
radio frequency reference. The stabilized beat note, is the beat note against the frequency
doubled CW fiber laser at 793 nm (Beat 793-1,2 in Figure[3.12). The signal is tapped off
with a -3 dB splitter and fed into a digital phase comparator, a frequency divider and
tinally into a proportional integral controller to control a piezo actuator inside of the
Titanium Sapphire lasers cavity.

Two beat notes against the same CW laser but from different Titanium Sapphire lasers are
mixed (Beat 793-1,2 and Beat 830-1,2 are receptively mixed) to reveal the relative fluctua-
tions between the respective comb modes of the two different lasers (see Section[2.2.3). In
order to bring the signals to the right level for the mixer one of them has to be amplified
to 7 dBm before mixing.

Group delay variation(s) in the signal path leads to incorrect results when the adaptive
correction is carried out. Therefore the signal path is designed to have a group delay
similar for all signals. To assure a flat group delay over the frequency range from 1
to 50 MHz, bandpass filters are avoided when possible, as bandpass filters introduce
high group delay which can be strongly modulated depending on the filter function
(e.g. elliptic or Chebyshev etc.). To examine the group delay of the signal paths as a
function of frequency, a simulation is set up using Genesys (Keysight). The group delay
is simulated form the input port to the mixer. The path with and without an amplifier is
calculated and overlaid in the inset of Figure The group delay variation is optimized
for maximal flatness over the band from 1 to 30 MHz by choice of components. For the
range from 1 to 30 MHz, the minimal group delay is around 33 ns and the maximal
is around 46 ns, comparably close for a coverage of nearly one and a half decades. A
better group delay match can be achieved if custom designed filtering or an equalization
network is employed. Nevertheless, the group delay mismatch is usually only some
nanoseconds for an input frequency in the range of 1 MHz to 30 MHz and maximal 13 ns.
In this range of group delay mismatch the effects of an adaptive correction should be
clearly visible.

To verify the results of the simulation, the group delay is measured at 20 MHz for a signal
path with and at 30 MHz for a signal path without an amplifier, using an aperture of
0,1 MHz. The group delay is determined to be 44,4 ns for the 20 MHz signal path and
42,4 ns for the 30 MHz signal path, which fits the calculated values of 44 ns and 43,5ns
for the 20 MHz and 30 MHz paths respectively very well.

The signal path of the beat notes against the 793 nm CW laser (Beat 793-1,2 in Figure
has very defined frequencies appearing, since Beat 793-1 and Beat 793-2 are stabilized
against a radio frequency reference at ~20 MHz and ~30 MHz. Therefore a bandpass
tilter can be used after the mixer to isolate the mixed reference signal for adaptive
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Figure 3.12: Adaptive sampling electric signal paths for the dual-comb as well as the
adaptive signals. The correction signals are send through a low pass (LP) and band stop
tilter (BS) to isolate a single beat note. At certain points signals can be tapped of via
-10dB couplers or -3 dB Splitters for signal monitoring and/or stabilization. Finally two
signal paths of two different sources (e.g. 793-1 and 793-2) are combined in a mixer. One
of the signals has to be amplified before mixing to ensure proper operation of the mixer.
Care is taken adjusting the group delay of all signal paths to the same value, which is
done by choice of components and time delay elements. The inset shows the group delay
of the adaptive paths with and without amplifier as a function of frequency.
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sampling.

In the signal path for the beat notes against the 830 nm CW laser (Beat 830-1,2 in Fig-
ure this is not the case. The frequencies appearing after the mixer are not stable
and drift in frequency over time. As all signal paths must have the same group delay, a
frequency independent time delay is introduced after the mixer and signal filtering is
done using software. For the 830 nm signal path, all appearing signals have to be lower
in frequency than 30 MHz in order to avoid too strong group delay differences between
the signal paths and attenuation due to the delay generator (Allen Avionics Pulse and
Video delay line V255Z050).

The signal path of the dual-comb signal contains only a low pass filter, a variable gain
amplifier and a frequency independent time delay for group delay matching. After
mixing, the adaptive signals and the dual-comb signal are digitized.

Adaptive Corrected Results

The adaptive correction is done entirely in software. The software follows the outline
given in Section Before correction or Fourier transformation of any of the recorded
signals, all of them are converted into analytical signals by combining the recorded signal
with its Hilbert transformed as explained in Equation The analytical dual-comb
signal is, in the first step, multiplied with the normalized complex conjugated reference
signal gained from the 793 nm CW laser. In a second step, the dual-comb signal is
interpolated on a new time axis using the phase information extracted from the 830 nm
reference signal. After correction, the dual-comb signal is Fourier transformed without
application of a windowing function.

To verify that the adaptive correction scheme is set up properly, light of the Titanium
Sapphire lasers is tapped out of the setup, before sending it into the beat detection units.
Using this light, an absorption experiment is done with Rubidium. Therefore the tapped
out light is sent through a 100 mm long Rubidium cell at 55 degrees Celsius. Figure
depicts the uncorrected and Figure the corrected spectrum, both show the whole
spectrum and a zoom into the D1 lines of Rubidium with a resolution of 795 MHz. In the
uncorrected spectrum no absorption lines are visible, on the other hand, in the corrected
spectrum clear strong absorption lines are visible. Indicating that the adaptive sampling
scheme is set up properly and that the instrumental error is small enough to see a clear
effect of the adaptive correction.

The Fourier transformed corrected signal, of the acetylene absorption experiment is
shown in Figure at a resolution of 795 MHz. Despite the adaptive correction the
spectrum shows clear indications of phase errors. Several reasons seem possible why the
adaptive sampling does not provide good correction under these conditions. One of them
is that assumptions about noise, so far, did not include the fact that the optical parametric
oscillator itself introduces noise. As an instrumental error as main source of spectral
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Figure 3.13: Uncorrected (A) and corrected (B) Rubidium absorption spectra and a zoom
in the D1 lines of Rubidium. As the carrier envelope frequency difference between the
two optical parametric oscillators is unknown an absolute frequency scale can not be
assigned. The frequency scale corresponds to the radio frequency scale times the inverse
of the downconversion factor.
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Figure 3.14: Dual-comb spectrum of acetylene with adaptive correction at a resolution
of 795MHz. As the carrier envelope frequency difference between the two optical
parametric oscillators is unknown an absolute frequency scale can not be assigned.
The frequency scale corresponds to the radio frequency scale times the inverse of the
downconversion factor. A the spectrum after correction. B the spectrum after correction
smoothed with a Savitzky-Golay filter to suppress excessive noise (3rd order polynomial
and 40 side points have been used for filtering).

distortions is ruled out by the Rubidium absorption experiment, fluctuations of the
mid-infrared optical parametric oscillator seem to be the most appropriate explanation
for spectral errors. Hence an adaptive correction based on the fluctuations of the pump
source is not be sufficient.

Summary Mid-Infrared Dual-Comb Spectroscopy

Summarizing what has been achieved so far: an adaptive correction scheme is imple-
mented for a mid-infrared absorption experiment and the correction is employed. The
adaptive correction scheme is designed to monitor fluctuations of the pump source and
correct them accordingly. No sufficient correction of the mid-infrared spectra can be
achieved. To rule out mistakes in the design of the adaptive scheme as primary source of
spectral distortions, absorption spectra are measured directly at the pump wavelength
and the adaptive correction is employed, improving the spectra significantly. This sug-
gests that the optical parametric oscillator itself introduces additional fluctuations which
can not be corrected with this setup. To solve this problem, several ways seem possible.
The most straight forward is improving the passive stability of the optical parametric
oscillator. Another possibility is to use a supercontinuum similar to the ones generated in
the silicon and chalcogenide waveguides in Section 3.2]and employ a common technique
to stabilize the drift of the optical parametric oscillator. This could be, for example, a
carrier envelope frequency measurement in a f to two f or f to zero scheme in combination
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with a stabilized pump source. So far the power of the generated supercontinuum is low,
especially for the silicon waveguide, making it difficult to be used in such a stabilization
scheme. The high losses of the waveguides are manly attributed to the low coupling
efficiency, which could be increased using mode-matching optics or a specially structured
waveguide facet [126| 127]. Finally by reducing the resolution the amount of spectral
distortion is reduced, this suggests experiments in the liquid phase as for example total
attenuated reflection or vibrational circular dichroism.



Chapter 4

Coherent Raman Spectroscopy

The advent of optical microscopy opened the gate to the world on the cellular level.
It unveiled fundamental processes and concepts underlying every living being. The
discovery of cells, bacteria etc. allowed gaining a solid understanding of vital functions,
diseases and their cures. Intense effort has been devoted, pushing further the limits
of this technique. Today superresolution, resolution beyond the Abbe diffraction limit,
and single molecule sensitivity can be achieved [128| 129,130} 131]. Nevertheless a lot
of microscopy techniques suffer from a common problem: the taken images provide
information about absorption or refractive index contrast but generally do not provide
information about chemical composition of the sample under scrutiny. This problem can
be circumvented by certain techniques as, for example, vibrational spectro-microscopy
or staining of the sample with a dye, responding to the effect under scrutiny. Membrane
intercalating dyes indicate potential changes in the membrane of different cells or even
cell organelles [132,[133] whereas certain dyes react to concentration changes of specific
entities in the the cytosol (e.g. dyes chelating certain ions and thereby changing their
fluorescent properties as used in calcium imaging [134, [135] 136]]). The most prominent
example are most likely Sulfonamide dyes, used to stain cells or bacteria for microscopy.
They proved to be the first chemotherapeutic substances against bacterial infection,
exhibiting a bacteriostatic effect by inhibiting folic acid synthesis in bacteria. This
discovery lead to the awarding of a Nobel prize[137] but also illustrates impressively the
problems associated with staining. The dyes in use interact with the sample, changing
the processes in the sample and, in the most extreme case, lead to cellular necrosis.
Additionally these dyes are highly specific to certain effects (v.s.) which is generally
considered a very positive property of these dyes. However on the other hand new dyes
have to be laboriously developed for new investigations.

Vibrational spectro-microscopy offers a solution to gain chemical information without
the need for external staining. It harnesses the intrinsic chemical specificity of vibrational
transitions. Different molecular building blocks have different vibrational transitions,
which are highly specific in transition energy. The direct way of using infrared light to
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examine the sample under scrutiny seems to be straightforward at first but proves to be
complicated on closer examination. Infrared light can not be focused down to a small
focal spot due to the large wavelength, limiting the spatial resolution. However, a high
spatial resolution is one of the key parameters of a microscope. Cell organelles are of
micrometer scale, too small to be imaged with long wavelength light using conventional
techniques. Another encountered problem are the strong absorption bands of water in
the infrared, making microscopy in this region not feasible, since, ordinarily, samples
are suspended in either water or a buffered solution containing water as the major
component.

A way to enter the field of molecular vibrations, circumventing the need for infrared
light, is Raman scattering. Despite the striking key points of Raman scattering - access to
fundamental vibrational bands without mid-infrared light - it has the problem of being
a notoriously weak effect [138]. The low cross-sections demand either a high power
or a long measurement time. Both are quite undesirable parameters for a microscope,
because either way the sample is turned into charcoal or has to hold still for a long time.
Changing from spontaneous Raman scattering to a stimulated and/or coherent Raman
process can solve this problem: coherent Raman scattering is orders of magnitude more
efficient than spontaneous Raman scattering, yields a collimated laser like beam, can be
used in 3D sectioning due to the nonlinear nature of the effect and, finally, the anti-Stokes
light generated is blue shifted compared to the pump wavelength eliminating problems
of a sample fluorescence background. Often applied techniques however, suffer from the
problem of broad coverage of Raman transitions and fast measurement being mutually
exclusive. Generally if the measurement is fast, which can be as fast as image acquisition
at video rate, it only allows for a very small coverage of Raman transitions, often only
a single transition [139} 140, [141]. Broad spectral coverage on the other hand comes at
the price of long measurement times [142]. The techniques presented in the following
sections overcome this hurdle and provide fast broadband measurements of Raman
transitions.
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Figure 4.1: Possible energy schemes for resonant and non resonant four wave mixing. A
Resonant CARS B Resonant two photon absorption C One possible non resonant four
wave mixing process.

4.1 Coherent Raman Scattering Theory

Raman scattering can generate red or blue shifted light called Stokes and anti-Stokes
shifted light respectively. Stokes and anti-Stokes light can be generated by a coherent
process, termed Coherent anti-Stokes Raman scattering CARS and Coherent Stokes
Raman scattering CSRS. Generally CARS is preferred as it is blue shifted compared to
the pump light avoiding (one photon) fluorescence. The following statements focus on
CARS but can generally be applied to CSRS with only minor changes. Subsequently
a short introduction into the theory of CARS is given. It follows the usual nonlinear
polarization approach adapted to a dual-comb experiment.

Coherent Raman scattering is a special light matter interaction. The response of the irra-
diated matter includes ,but is not limited to, information about fundamental vibrational
transitions. CARS is a four wave mixing process (third order intermodulation). In this
process three ingoing fields, oscillating at wyump, Wstokes aNd Wpyope, are coupled and gen-
erate a new field at a different frequency, oscillating at wears = Wpump — Wstokes T Wprobe
(see Figure ). If the difference in energy between two incident fields (wpump, Wstokes)
matches a fundamental vibrational transition, a coherent resonant excitation of this
vibrational transition is possible. The phase of the (individual) molecular oscillations is
correlated by virtue of the coherent excitation. The interaction of the third field oscillating
at wprope With this coherently excited molecules probes the molecular oscillations and
yields a laser like beam of light which has been up converted in frequency by the energy
of the molecular oscillation. The energy scheme is plotted in Figured.TA. The two steps,
generation of a coherent population in a vibrational level and production of blue shifted
light do not need to happen at the same time. They can be separated by a time 7 as long
as T is shorter than the states decay time.

When matter is subjected to a light field a polarization in the material is induced. If the
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light intensity is small enough, it can be modelled by an expansion of the polarization in
a power series of the incident field(s) (e.g.[143]):

P =eo(xWE; + xPE1Ey + ¥ E1E2E;5. ) (4.1)

In CARS, three incident light fields are coupled by the third order non linear tensor x(%,
which is the suitable response function of the material to the incident light:

3)

P X( EpumpEstokes Eprobe = X(3) EpumpEpumpEprove (4.2)
The very right of Equation 4.2 corresponds to the case that pump and Stokes are part
of the same ingoing field, as it can be the case when a broad band pulse is used. This
polarization acts as the source term of the CARS radiation. The nonlinear tensor (%)
not only contains elements responsible for CARS generation, but also all other third
order processes, such as two photon absorption or third harmonic generation. It contains
resonant and nonresonant contributions and can be expressed as [144]:

A
X(S)((Upump/ Wstokes) = Q — (Wpump —IZZ:ZES — il Raman)
+ ATy
wWrp — 2Wpump — L'y
+ xNg (4.3)

Q) represents the Raman transition frequency, wr, the two photon absorption transition
frequency, the I'; are the damping parameters and A; the transition strengths. The first
term describes the resonant Raman scattering, the second the resonant two photon ab-

sorption, both can be subsumed as the resonant contributions of X(S) and are termed
(3)

Xz in the following. The last term xygr accounts for all non resonant contributions
(corresponding energy schemes are plotted in Figure[4.1). For the nonresonant contribu-

tions multiple combinations and outcomes are possible, in Figure one possibility

is picked. In the following two photon absorption is not further considered. Then, Xg)

contains only the coherent Raman scattering tensor elements. Nonresonant contribu-
tions Xz(\eﬁ)z of x®) are generally a problem when detecting CARS, as they cover a wide

spectral bandwidth but do not contain desired information. Considerable effort has been

devoted in developing schemes eliminating the influence of Xg\?l)z on the Raman spectra

[145] 146, 147, 148, [149]. The nonresonant contribution is spectrally very broadband
and, as no real levels are involved, instantaneous on the time-scales experienced in the
course of this thesis. The resonant contributions on the other hand are fixed to given
Raman resonances and have a significant lifetime (picoseconds in the case of a liquid for
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example). This allows to separate Raman and nonresonant signal temporally (e.g. [150]),
which is also harnessed in the experiments conducted in this thesis.

As the conversion efficiency is low and the interaction length is generally short in the case
of tightly focused beams (i.e. no depletion of the incident beams), the induced polariza-
tion can be separated into a nonresonant and a resonant part and treated perturbatively
(see e.g. [151],1152,[153]):

P = Pr + Pnr

Pr /000 dQ) XR(Q)Eprobe(w - Q)A(Q)

Py / dQ) XNR(Q)Eprobe(w —Q)A(Q)

0

A(Q) = 0 deo E;ump (w)EStokes(Q + C(J) (4.4)
A(Q) is the probability to coherently generate excitation of the level with energy spacing
i) from ground state, which is the sum of all possible two photon combinations between
pump and Stokes field ending up in this level. It is the correlation function between the
pump field and the Stokes field.

It indicates that, either the difference between pump and Stokes has to match exactly
the transition energy or that at least one of them has to be broadband, as otherwise no
overlap is given and the correlation yields zero values. An additional effect which has
to be taken into account in a real experiment is spectral filtering, which is necessary
to isolate the CARS radiation from the fundamental light. It is shortly discussed in
Section

Equation[4.4]also indicates that a given pulse envelope with given bandwidth favours
some Raman transitions more than others, namely transitions with a small transition
frequency () are preferred and transitions with a large transition frequency () are at-
tenuated. The larger () gets the smaller the overlap is, limiting the maximally covered
band of Raman transitions in the experiment. Therefore the bandwidth of the pump and
Stokes fields limit the spectral coverage of the Raman transitions. It also has a strong
influence on the signal intensity for a given Raman transition. Figure 4.2|illustrates this
fact, it plots A(Q) for Gaussian pulses of different spectral bandwidths normalized to

unity and also | X gaman | for toluene overlaid with A(Q). A(Q), corresponding to a pulse
with the smallest spectral span (10 nm), is effectively zero at the wave numbers of the
Raman transitions (from approx. 500 cm~! to 1000 cm™!). Therefore, no excitation can
occur with such a pulse. For a bandwidth of 30 nm, A(Q) is non zero and an excitation
of the line at ~1000 cm~! can occur. A broader bandwidth of the pulse leads to a larger
excitation probability, which is proportional to X raman A(Q). The pulse with the largest
bandwidth (90 nm) maximizes this product.
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Figure 4.2: A(Q)) (in wavenumbers v, v = f % 100/¢ with c as the speed of light) calcu-
lated for Gaussian pulses centered at 793 nm. The spectral bandwidth FWHM of the
pulses increases in 10 nm steps from 10 to 90 nm. X Rrgman Was calculated for toluene using
Equation 4.3|and known parameters such as linewidth, relative line strength and line
position taken from literature [154].

In dual-comb CARS spectroscopy two separate pulsed laser sources are used to generate
CARS radiation. Both lasers have a slightly different repetition rate, leading to a varying
time delay T between pump and probe pulse produced by the two lasers. The three
ingoing fields Epump, Esiokes and Ep,ope are contained in the two ultra-short pulses of a
single pulse pair produced by the two lasers. E,;;p and Egyr,s shall be part of the first
pulse and will only be called Ejymp from now on. The field E,qp, describes the second
pulse. Coming back to Equation transitioning to the time domain allows to rewrite
the convolution into a simple multiplication and, if taken into account that E o, arrives
after E,,mp, separated by the time delay 7, it can be written as:

Pr(t, T) o Eprope(t = 7) % F (x(Q) x A(Q)) (£) (4.5)

This corresponds to the polarization generated by two pulses separated by time 7. If
A(Q) is taken to be one for all frequencies (i.e. .7 (Epump(w))(t) is a delta pulse), the
polarization corresponds to the probe field times the Fourier transformed of x, which is
an exponentially decaying oscillation in the case of Lorentzian line shape (i.e. the Fourier
transform of Equation@.3). E,p. samples this exponentially decaying oscillation in time
steps of T, a process very similar to a pump probe experiment. The signal s(7) measured
with a photodetector is then proportional to the time integrated, if the detector is slow on
the time scales of the optical frequencies (wpump, Wstokes, Wprove and ), absolute square
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of Equation

s(v) o [t [Epant = 0 |17 (x(€) < AO) (1) m

which is the convolution between the probe intensity and a term accounting for the
coherently generated excitation.

The effect differently shaped pulses have on the recorded signal can be deduced from
Equation4.6] A chirped pulse for example has a lower peak intensity but a larger overlap
in the convolution, this interplay between pulse intensity and overlap in the convolution,
for example, leads to distinct maxima in the signal measured against pulse chirp.

Giving a closer look at Equation 4.6|reveals that it is the pulse intensity envelope which
matters and not the field itself. Therefore, effects affecting the field but not the overall
shape of the pulse should have no influence on the signal, for example, the signal
should be independent of the carrier envelope phase shift, which affects the field cycle to
envelope position but not the overall intensity envelope. Indeed this turns out to be the
case.

Equation [4.6]indicates how the CARS signal and nonresonant background can be sep-
arated. The nonresonant background is instantaneous, it is only generated during the
interaction of a pulse with the sample. After the pulse transit, only the longer lived co-
herent excitation lives on. The nonresonant background caused by third order nonlinear
processes, is heavily dependent on the intensity inside the sample. During the overlap of
the two pulses the intensity is strongly increased leading to a strong non resonant spike
at T = 0. Windowing out this part of the signal leads to a strongly reduced nonresonant
background. Nevertheless every pulse generates a nonresonant background signal for
itself. It therefore shows up in the detected signal as a short spike appearing at the
repetition rate but suitable electrical filtering eliminates this contribution in the overall
signal. The combination of electronic filtering and software windowing of the recorded
signal leads to a nearly nonresonant background free signal. Finally, the two pulses are
interchangeable whichever comes first acts as pump and the following pulse acts as
probe.

Viewing dual-comb CARS as a pump probe experiment, offers a very intuitive expla-
nation. The first pulse generates a coherent excitation of a molecular vibrational level.
Coherently excited vibrating molecules cause a modulation of the materials bulk refrac-
tive index with the frequency of their vibrational motion. The second pulse of the pulse
pair feels this refractive index modulation, and depending on the slope of the refractive
index modulation, it is blue or red shifted. If the probe pulse is very short red and blue
shifted light is not generated at the same time, blue and red shift have a 7 phase shift
relative to each other. The probe pulse samples the refractive index modulation, which
follows the vibrational motion of the molecules. This process maps the time scales of
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molecular vibrations to a time scale determined by the speed of increase in delay in the
pulse pairs.

As a nonlinear process CARS is subjected to phase matching. For the CARS intensity one
can write [155]:

. Akl
Icars(t) &< Ipump(t) Tpump(t) Tprope(t) X2 sinc? (T)

Ak = kpump — kstokes + kprobe — kcars 4.7)

with the interaction length I and the wave vectors of the corresponding fields k;. If Ak
increases, the sinc function falls of rapidly and the CARS signal vanishes. To circumvent
this problem a special geometrical arrangement of the incident laser fields was chosen
in the early CARS experiments. Nevertheless, it turns out that in a tightly focused
beam the phase matching condition is also fulfilled. For a numerical aperture larger
than 0,2 the phase match increases monotonically to a maximum value [156, [157]. For
a numerical aperture larger than 0,3 the signal is effectively independent from phase
mismatch [158].

This is true for the forward scattered light but for the backward or epi direction the phase
matching is not fulfilled under tight focusing. For a single small scatterer the signal would
be emitted in a dipole pattern, in backward and forward direction with the same intensity.
As the number of scatterers increases the light emitted in forward direction undergoes
constructive interference but the light in backward direction undergoes destructive
interference. Therefore from a bulk material no backward scattered light should be
emitted. For backward scattered light to be detected from the bulk the interaction length
[ has to be small, then Equation 4.7| yields a non zero value despite a large Ak, or the
scattering object has to be small enough to prohibit complete destructive interference, this
also includes sharp discontinuities e.g. the walls of a cuvette. Finally forward scattered
light can be (linearly) scattered to propagate in the backward direction.
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Figure 4.3: Experimental setup for dual-comb CARS spectroscopy. The power of the
beams can be adjusted individually using a combination of A/2 plate and polarizer.
The polarizations are set orthogonal. The beams of two ultra short pulse lasers are
combined on a beam splitter (BS) and subsequently spectrally (long pass) filtered. The
combined beams are then focused with a lens into a cuvette, filled with the sample
and collimated after the sample again with a second lens. Short pass filters after the
sample remove remaining fundamental light. The blue shifted radiation is finally focused
onto a photodetector (PD). Each laser repetition frequency is stabilized against a radio
frequency signal with a proportional integral controller and an analog mixer used as
phase comparator.

4.2 Coherent Anti Stokes Raman Dual-Comb Spectroscopy

Related Article[159]:

Coherent Raman spectro-imaging with laser frequency combs

T. Ideguchi*, S. Holzner®, B. Bernhardt, G. Guelachvili, N. Picqué, and T. W. Hiinsch
t These authors contributed equally to this work

Contribution: Layout and setup of the system as well as experimental work together with T.
Idequchi. Discussed the manuscript.

To enter the field of coherent Raman experiments, spectroscopy in forward direction was
chosen as a starting point, motivated by the simplicity of the setup, excluding as much
error sources as possible. After the spectroscopy experiment was set up successfully, it
was first rebuilt to detect CSRS instead of CARS. Finally, it was rebuilt again to detect
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backward scattered CARS. The setup strongly reassembles e.g. the setup of a dual-
comb absorption experiment. Two ultra short pulse laser sources are overlapped in a
broadband beam splitter and sent through the sample. The setup is outlined in Figure
and described in detail in the following.

Laser Sources

Two Kerr lens mode locked Titanium Sapphire lasers (Synergy, Femtolasers) are used as
sources. The repetition rate of the sources is close to 100 MHz at an average power of 1
to 1,3 W, corresponding to 10 to 13nJ pulse energy. The pulses have a duration of under
20fs, usually about 17 fs, corresponding to a peak power of 440 kW at the worst (13 n]
and 20 fs) and around 670 kW (13nJ and 17 fs) at the best possible condition for a sech?
shape.

These lasers were chosen for several reasons: they offer a smooth spectrum, a high power,
short pulses and a centre wavelength where the majority of possible samples is transpar-
ent. CARS is a nonlinear process which has a quadratic and a linear dependence on the
intensities of the pump and the probe respectively. A short pulse with high pulse energy
increases the signal significantly, but the same holds true for the nonresonant background.
XNR is large if the laser wavelength is close to a resonant electronic transition. At a central
wavelength of the laser system of ~ 790 nm, the closest electronic transition for most
samples is a two photon transition. The excitation maximum of these transitions is still
rather far away from the wavelength region of the laser systems [160]. If a (strongly)
conjugated system is involved (e.g. Anthracene or Naphthacene), two photon transitions
can become strong and so will the nonresonant background (e.g.[161]) but such strongly
condensed systems are rarely encountered. Additionally in the prospect of a biological
sample a long wavelength laser system is beneficial as multiphoton absorption is one
major cause of sample damage [162, [163| 164]. Similarly a short pulse allows lower
average power on the sample, reducing the (linear) damage caused by a high average
power on the sample [162].

Laser stabilization

A drift of the laser repetition rate is avoided by first setting it to the desired value using
a picomotor actuated mirror in the cavity and consecutively locking it to a hydrogen
maser, using a piezo actuated cavity mirror. The correction signal is generated in a
common way from an analog mixer used as a phase frequency detector between the
repetition frequency and the hydrogen maser signal. This error signal is then fed into a
proportional integral controller connected to the intra cavity piezo mirror. At the exit
of the laser, in the housing a thin glass plate reflects a small part of the laser power on
a wide bandwidth photodiode where the repetition frequency is measured. It allows
locking to a harmonic of the repetition rate, usually the 10th harmonic. This lock does
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Figure 4.4: Bode plots of the phase of the stabilization scheme. The dashed line indicates
90 degrees phase shift. A 50 Ohm isolation resistance B A(Q)) 10 Ohm and 1 uF parallel.
The strong modulations at very low frequency are a measurement artifact of the Network-
Analyzer used.

not influence a single spectrum as the locking bandwidth is by far too small to act on
the (microsecond) time scale of a single acquisition. The maximal correction takes place
at a frequency scale of kilohertz to, at best, tens of kilohertz. Figure .4 plots the phase
transfer function of the locking system, including the piezo. The addition of a RC filter
(at around 10 kHz) to introduce a pole in the transfer function pushes the 90 degree phase
transition, ultimately limiting the locking bandwidth, to higher frequency (Figure [4.4B).
Nevertheless, it is found that adding such a filter does not improve the quality of the
recorded spectra. The lock prohibits a drift of the laser and thereby a possible change
in the difference in repetition rate Af and, finally, a drift in the downconversion factor.
The stabilization is never changed during all coherent Raman scattering experiments
and always used if not stated differently. It is only explicitly shown in Figure 4.3|and left
away in the following schematics of coherent Raman scattering setups for clarity.

Beam Path

The laser power is controlled individually for each source as each beam traverses a
half wave plate and a polarizer before they are overlapped in a Pellicle beam splitter,
which provides broadband capabilities as well as a minimum amount of dispersion.
The polarization of both beams is linear but orthogonal to each other in order to reduce
background signals. Whereas this suppresses interferometric background, the fast
depolarization of the molecules ensures that the CARS signal is mainly unharmed. Since
CARS has a cubic dependence on the peak intensity of the pulses on the sample, they are
desired to be as short as possible. In order to precompensate the (second order) dispersion
accumulated on the beam path from the laser sources to the sample, a matched pair of
chirped mirrors (Layertec) is used.
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Separation of the CARS signal from the fundamental beams is ensured, in a first step,
by optical filtering with a low pass filter (ET750LP Chroma Technology) in front of
the sample, cutting off the spectrum at wavelengths shorter than 750 nm. The light is
consecutively focused inside a 5 mm long, sample filled cuvette and collimated again,
using lenses with a focal length of 20 mm. A mixture of four different organic solvents is
used as sample: toluene, nitrobenzene, perfluorobenzene and nitromethane. The average
power on the sample is 300 mW per beam. Fundamental light is finally stripped of with
a short pass filter (3RD740SP Omega Optical Inc.), letting only the blue shifted CARS
radiation with a wavelength shorter than 740nm pass. The isolated CARS radiation
is focused on a home built amplified photo diode. To eliminate signals caused by
fundamental light, nonresonant background etc. the signal is low pass filtered to a
band smaller or equal to 50 MHz, a combination of a low pass filter (BLP-50+ Mini
Circuits) and notch filter (NSBP-108+ Mini Circuits) is used to suppress the strong signal
at 100MHz. This signal filtering also ensures that the signal is not aliased. Before
digitization the signal is amplified to the most favourable voltage level for the digitizer
(ATS9462 Alazartech) with a variable gain amplifier (DHPVA-100 FEMTO Messtechnik
GmbH). The very same setup can also be used to detect CSRS. For this purpose only the
optical filtering has to be changed. The right choice of filtering is crucial for CSRS as
well as for CARS. It determines the minimal measurable Raman shift, if the signal is not
shifted far enough, from one filtering edge to the other it simply does not appear on the
detector and hence is not measurable. The filtering chosen to record CARS is a 750 nm
low pass (ET750LP Chroma Technology) and a 740 nm short pass (3RD740SP Omega
Optical Inc.), setting the low frequency cut off the Raman frequency to ~180cm ™. The
maximum measurable Raman shift on the other hand is given by the maximal laser
bandwidth of ~1666 cm~1. If the filtering is implemented the maximal bandwidth is
reduced as the spectral bandwidth decreases, thus for the chosen filtering the maximal
bandwidth reduced to ~1400 cm~!.

Recording Parameters and Data Processing

To choose the recording parameters in such a way that a minimal measurement time
is achieved, an optical bandwidth from zero to the highest Raman frequency has to
be fitted into half of the baseband. The maximal occurring Raman frequency is given
by the maximal laser bandwidth and is around 50 THz. Following Equation the
minimal downconversion factor can be calculated to one million, which sets the maximal
difference in repetition rate to 100 Hz, for the given laser system. A lower difference in
repetition rate leads to a longer measurement time but an increased signal-to-noise ratio
as the number of sampling points increases. To improve the signal clarity (i.e. suppress
spectral leakage) a triangular window function is applied to the recorded data. The
desired resolution of the Raman spectra is 4cm~! (120 GHz). A significantly higher
resolution is not necessary for a liquid sample as the lines are broadened by 90 GHz
to 120 GHz [165, [166]. Improving the resolution only leads to noise being added to the
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spectrum without gain of additional information. Using equation yields a radio
frequency resolution of 120 kHz, which converts to a minimal recording time of 15 ys,
including a factor of 1,8 accounting for the window function. In addition to experiments
with the above calculated parameters, experiments with a difference in repetition rate of
5Hz are conducted to increase the signal-to-noise ratio. Under this circumstances the
measurement time increases to 295 us for the same resolution, again including a factor of
1,8 for the window function.

At the time of overlap between the pulses of a pulse pair a strong, non resonant signal
is generated, masking the weaker signals generated due to the coherent molecular
excitation. It is characterized by a strong, asymmetric peaked signal, which is owed
to the nonlinear origin of the signal. When the pulses are not temporally overlapping
anymore, signal is generated only by the long lived coherent excitation. It decays with a
time constant given by the molecular coherence time, which is, in the case of a liquid
sample ~10 ps. Data acquisition is triggered by the non resonant strong asymmetric
peaked signal and a data array is recorded corresponding to the maximal memory size of
the acquisition system (~4 million points). For signal analysis the samples corresponding
to the overlap of pump and probe pulses are discarded and a windowed portion of a data
set is Fourier transformed. The window width is given by the desired resolution, which
is the inverse of the measurement time for a boxcars window. For different window
functions the broadening of the lines has to be taken into account and the measurement
time taken accordingly longer (e.g. 1,8 times longer for a triangular window function
i.e. the Bartlett window [167]). Excluding the overlap region of the pulses efficiently
eliminates the non resonant background. Before the Fourier transform is performed the
data is zero padded fourfold. Where not stated otherwise this data processing scheme
was used for all data.

CARS Spectra

The Fourier transform of the signal yields the spectra depicted in Figure The two
spectra are taken with 100 and 5Hz difference in repetition rate. The signal-to-noise
ratio is high for both spectra, measured for the most intense line at 1000 cm ™!, which
is a blended line from toluene and nitrobenzene. It amounts to 200 for the spectrum
taken with 100 Hz difference in repetition rate and to 1000 for the spectrum taken with
5 Hz difference in repetition rate. It is slightly more (0,5dB) than the increase in sampling
points \/2_0 ~ 4,5 would let expect and might be attributed to a slight drift in the laser
parameters (e.g. poynting or power).

Coherent Stokes Scattering CSRS

The same setup can also be used to measure CSRS instead of CARS. Only the positions
of the short and the long pass filter have to be swapped and the values of the filters have
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Figure 4.5: CARS spectra taken with different A f and a mixture of four different solvents
toluene, nitrobenzene, nitromethane and perfluorobenzene A CARS spectrum taken with
Af = 100Hz and a recording time of 15 us. Energy per pulse: 3n] B CARS spectrum
taken with Af = 5Hz Hertz and a recording time of 295 us. Energy per pulse: 3nJ.

to be adapted. Figure depicts the changed setup. Only the filters are interchanged
in position and the filters cut off wavelengths are changed to a 825 nm short pass filter

and a 850 nm long pass filter, covering a Raman transition range and from 400 cm ! to
1400 cm ™1,

In Figure a CSRS spectrum is plotted taken with a difference in repetition rate
of 10Hz and a resolution of 120 GHz, corresponding to a measurement time of 150 us,
including the windowing factor. The sample is neat toluene. The signal-to-noise ratio is
comparable to the one of (forward collected) CARS.

Backward Scattered CARS

Similarly the backward directed CARS signal can be detected using a slightly rebuilt
setup. For backward detection the forward propagating beams (CARS and fundamental)
are sent into a beam block. The backward scattered CARS signal is reflected from the
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Figure 4.6: A Experimental setup for backward CARS detection. B Experimental setup
for CSRS detection, long and short pass filters changed positions compared to the CARS
setup. C Backward detected CARS spectrum taken with Af = 10Hz and a recording
time of 150 s D CSRS spectrum taken with Af = 10 Hz Hertz and a recording time of

150 us.
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Resolution | Measurement Time | Spectral Span | signal-to-noise
This work | 4 cm™! 15us 1200 cm ! 200
This work | 4 cm™! 295us 1200 cm ! 1000
[168] 20cm™! more than 80s 800 cm ! 50
[169] 5cm ™t 20ms 400 cm ™! 10
[170] 6cm™! 4s 300 cm ™! 800

Table 4.1: A comparison between of the measurement parameters of the technique
presented with literature values.

long pass filter positioned in front of the sample and then send onto a photodetector.
Figure sketches the altered beam path. As the filter a 750 nm long pass is used. The
difference in repetition rate is set to 10 Hz and the resolution to 120 GHz. Toluene is
used as sample. Reducing the thickness of the cell from 5 to 1 mm increases the signal
strength. To account for an overall lower signal intensity the photodiode is replaced with
an avalanche photodiode (Thorlabs APD120A2). No backward CARS radiation should
be produced in a bulk sample but under the tight focusing condition the focal spot is
very small and hence the Rayleigh length short. If it is short enough to produce non
zero values in Equation 4.7, backward CARS can be detected, which is the case for the
conditions of this experiment. Figure shows a plot of the backward collected CARS
signal, the Raman transitions are clearly visible in the spectrum.

Summary Coherent Anti Stokes Raman Dual-Comb Spectroscopy

The use of a dual-comb type of measurement to generate and detect coherent Raman
radiation is demonstrated. Raman spectra can be detected within a very short measure-
ment time between 15 us and 295 us, limited by the desired resolution only. Similarly
the resolution can be increased by increasing the sampling time. The recorded spectra
have an excellent signal-to-noise ratio of 200 and 1000 for the most intense line, which is
more than enough to clearly identify the components of the mixture used as a sample.
The spectral coverage is solely limited by the bandwidth of the laser source on one hand
and on the chosen spectral filtering on the other. Under the current conditions a spectral
coverage from 200 to 1400 cm ™! is achieved.

In a slightly altered setup CSRS can be detected, with a sample (toluene) not generating
red shifted background signals as one photon fluorescence, the signal-to-noise ratio is
comparable to the signal-to-noise ratio achieved with CARS. Finally, backward scattered
CARS radiation can be detected, which is an important aspect if a strongly scattering
sample is used, as e.g. in a microscopy setup using a tissue sample. The striking
point of these measurements is the good balance between all measurement parameters:
resolution, measurement time, spectral span and signal-to-noise ratio. Table4.1compares
measurement parameters with literature values to illustrate above said.
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Figure 4.7: Different possible combinations for heterodyne detection A Mixing of the
interferometric CARS signal and CARS solely generated by the probe beam. B Mixing of
the interferometric CARS signal and nonresonant signal generated by the probe beam. C
Mixing of the interferometric CARS signal and fundamental light of the probe beam.

4.3 Concentration and Power Dependence of Dual-Comb
Coherent Anti Stokes Raman Spectroscopy And Het-
erodyne Detection

Contribution: Layout and setup of the system as well as experimental work together with M. Yan
and T. Ideguchi.

Theoretical Considerations

When using power sensitive and/or diluted samples, the power and concentration
dependence of nonlinear effects can become a problem. A (biological) cell for example
will be damaged easily with too high incident power (average and peak power), while
the cytoplasm mainly consists of water and other not Raman active substances. As
Equation .7 indicates, CARS has a cubic dependence on the incident intensity and a
quadratic dependence on ), which contains N the number of molecules, therefore giving
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the CARS signal strength also a quadratic dependence on the molecular number. For
diluted samples and low intensity incident light these scaling laws become a significant
problem as the CARS signal falls off rapidly. A way to change this scaling laws and
increase the signal of interest is heterodyne detection. The weak optical signal of interest
is mixed with a strong local oscillator generating a strong optical beat signal containing
the information of the weak input signal. In the case of CARS, besides the CARS field
generated by the two lasers, several possible strong fields exist or are generated to
heterodyne with.

Figure [4.7) sketches three different heterodyne mixing possibilities. In Figure #.7A
the CARS field generated from the two different laser systems (Ecars; generated by
Epump and Ep,op.) heterodynes with the CARS field generated by a single laser system
(Ecarssingle; generated by Ep,qp,). Figure depicts another possible combination: the
CARS field generated from the two different laser systems (Ec ors; generated by Epmp
and E,pe) and the non resonant background generated by the probe laser (Exg; gener-
ated byE ). Finally Figure @F sketches a third possibility, the CARS field generated
from the two different laser systems (Epump and E,op.) can also be mixed with funda-
mental light of the probe laser. The pump pulses have no temporal coincidence with the
detection and therefore yield no useful heterodyne signal. Which of the first two possibili-
ties (see Figure[4.7]A and B) prevails depends on the intensity of the respective heterodyne
tield. It is usually the non resonant background field as it tends to be much stronger than
the CARS field. Both combinations lead to the same power dependence on the pump
and probe fields, a linear dependence on the pump and a quadratic dependence on the
probe:

2 2 2 2 2
S o« Ecars EcaRssingle < XCARS (Eprobe |Epump| ) ( probe |Eprobel ) < XCARS Lpropelpump

2 2
S < Ecars ENR & XCARS XNR (Eprobe | Epump| > ( probe |Eprobel ) X XCARS XNRI,%mbeIpump
(4.8)

If the non resonant background is generated by the same molecules as CARS (which
shall be called NcaRrs), xnNr has the same dependence on the molecule number as xcars
and the concentration dependence will be quadratic (xcars(Ncars)XNr(Ncars) o
(Ncars)?). This is not a necessity, the heterodyne signal can show an either linear
or quadratic concentration dependence, according to the dependence of xnr on the
molecular type. For example, in a binary mixture of a Raman active (Ncars) and a
Raman inactive (N,;;) sample both samples can generate a non resonant signal. Reducing
the Raman active sample by adding more Raman inactive sample therefore has no effect
on XNR (Ncars + Ny stays constant) and the power dependence is linear.

When fundamental light is present, it generates the dominant signal term as it is generally
much stronger than the non linearly generated fields. Then the power and concentration



4.3 Concentration and Power Dependence of Dual-Comb Coherent Anti Stokes
Raman Spectroscopy And Heterodyne Detection 73

300

Toluene

250
50:50 Toluene and iso-Propanole

iso-Propanole

'E

£

Y

2 150

C

i)

2

8_ 100

2

(o)
50 -
o |
50 E 1 | 1 | 1 | 1

600 800 1000
Wavelength [nm]

Figure 4.8: Dispersion of three different solvents, toluene, a 50:50 mixture of toluene and
iso-propanole, DMSO and iso- propanole as a function of wavelength. The dispersion
values have been calculated using Sellmeiers equations.

dependence is significantly altered:

2
S o< Ecars Eprobe X XCARS (Eprobe ‘Epump‘ > <E;robe> & XCARSIprobeIpump (4.9)

This leads to a linear dependence on the pump and the probe intensity as well as a linear
dependence on xcags i-e. a linear dependence on the molecular number.

The above considerations suggest that heterodyne detection with fundamental as well
as nonlinearly generated light is possible. It can be distinguished by its power and
concentration dependencies.

Experimental Setup

To asses the different possibilities of heterodyne detection the setup described in Sec-
tion [4.2|is used for power and concentration dependence experiments. Two different
configurations are implemented: heterodyne detection with the nonlinearly generated
fields and heterodyne detection with fundamental light.
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To ensure that no other effects are influencing the measurement a sample has to be
chosen which does not change optical properties on dilution. Toluene - iso-propanole
mixtures, for example, exhibit a concentration dependent dispersion property. To avoid
a concentration dependent dispersion, a three component mixture is chosen, consisting
of a 50:50 mixture of toluene and iso-propanole which is mixed with dimethylsulfoxide
(DMSO). Figure 4.8|illustrates that the dispersion of this mixture is approximately the
same as the dispersion of DMSO over a wide bandwidth. Another possible combination is
a solvent and its deuterated analogon as e.g. benzene and deutero-benzene or chloroform
and deutero-chloroform. The influence of a concentration dependent dispersion can be
investigated in detail using Formula 4.5/and Formula

Heterodyne Detection with Nonlinearly Generated Fields

First heterodyne detection with nonlinearly generated fields is examined. Therefore the
750 nm long pass filter in the setup (see Section [4.2) is replaced with a 760 nm long pass
to ensure no fundamental light is present on the detector. To measure the concentration
dependence the 50:50 toluene and iso-propanole mixture is diluted with DMSO. The
signal intensity is determined for the Raman transition of DMSO at 680 cm L.

A log-log plot of this dependence is (linearly) fitted and a slope of 1,96 determined, as
illustrated in Figure .9JA. This confirms that no heterodyne detection with fundamental
light is done and a quadratic dependence on the probe and a linear dependence on the
pump intensity can be expected. To prove that this is the case, a power dependence
measurement is conducted on neat DMSO. In Figure [4.9B, a log-log plot is used again
to plot and fit the outcome in order to determine the corresponding slopes. It resulted
in a slope of 1,03 for the pump and a slope of 1,97 for the probe light. A result in good
congruence with the theoretical prediction. Which of the nonlinearly generated signals
serves as heterodyne field cannot be deduced in this way. DMSO has a high linear
refractive index, hence it can be assumed that the third order nonlinear susceptibility is
also high according to Wangs rule ([171]]), leading to a strong nonresonant background.
The same argument holds true for toluene. Mixing toluene and DMSO should hence not
significantly influence the amount of the generated non resonant background radiation,
since the number of molecules generating a non resonant signal stays approximately the
same or even increases. Following this train of thought the CARS signal generated by the
probe alone is then the heterodyne field, as the concentration dependence is quadratic.
Nevertheless this is just an hypothesis only an experiment can substantiate.

Heterodyne Detection with The Fundamental Field

To take heterodyne detection with the fundamental light under scrutiny, in the setup
the 760 nm long pass filter in front of the sample is replaced by a (slightly tilted) 750 nm
long pass. Using fundamental light as the heterodyne field increases the signal-to-noise
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ratio of the measurement by almost a factor of 2 compared to the measurement with
the nonlinearly generated fields (always determined for the strongest line of toluene at
~1000cm~!). The concentration dependence of the signal is measured using the same
mixture of toluene and iso-propanole diluted with Dimethylsulfoxide and the outcome
is plotted in Figure on a log-log scale. The graph is (linearly) fitted and a slope of
1,19 is determined, indicating a linear dependence on the concentration as predicted by
Equation Also the power dependence is determined on neat DMSO, which is plotted
in Figure [4.9D. The fits to the graphs yield slopes of 1,05 and 1,02, which again is in very
good agreement with the prediction.

Summary Concentration and Power Dependence of Dual-Comb Coherent Anti Stokes
Raman Spectroscopy and Heterodyne Detection

Using these heterodyne techniques allows to efficiently change the power and concen-
tration dependence of the recorded signal. Heterodyne mixing with the nonlinearly
generated fields is exploited in Section 4.5} it allows to elegantly decrease the dead time
in between interferograms with a minimum of signal loss. Heterodyne detection using
fundamental light is interesting when only small quantities of sample are present, as it
is the case for most biological samples. Additionally, it allows to make a quantitative
statement about the concentration of a certain specimen as a linear dependence on the
molecular number is given. Without heterodyne conditions an intensity proportional sig-
nal is measured, which contains the square of xcars. Due to the appearing mixing terms,
concentration analysis is getting more complex with a larger number of specimen.
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Figure 4.10: Experimental setup for differential coherent Raman Stokes and anti-Stokes
spectroscopy. SPF short pass filter; LPF long pass filter

4.4 Differential Coherent Raman Spectroscopy

Related Article (in preparation):
Differential femtosecond coherent Stokes and anti-Stokes Raman spectroscopy
T. Ideguchi, S. Holzner, M. Yang, G. Guelachvili, T. W. Hinsch and N. Picqué

Contribution: Layout of the experiment together with T. Ideguchi. Setup of the system and
experimental work together with T. Idequchi and M. Yang. Discussed the manuscript.

Based on the description of CARS and CSRS given in Section[4.1, CSRS and CARS should
have a 7t phase shift with respect to each other. It indicates that CARS has a maximum
in intensity when CSRS has a minimum and vice versa. If these two signals have the
phase shift a differential detection of both should be possible. A scanning Michelson
interferometer is set up and a Raman experiment is conducted. The Raman signals are
measured in a differential detection scheme. A differential detection scheme is generally
a preferable setup, as not only the signal is increased by a factor of two but also common
noise is cancelled, which can be a major contribution in the signal-to-noise ratio (e.g.

[172]).

Experimental Setup

Figure sketches the experimental setup used for the differential detection experiment.
One of the Titanium Sapphire lasers described in Section 4.2| (Synergy-20UHP, Femto-
lasers, 20 fs pulses, repetition frequency of 100 MHz, central wavelength at 793 nm and
an average power of 1,1 W) is used as light source. A scanning Michelson interferometer
generates pairs of pulses with a linearly varying time delay, emulating a dual-comb
experiment, but excluding effects due to e.g. slight differences in the laser parameters.
The home-built Michelson interferometer consists of a pellicle beamsplitter and two
hollow cube corners, one of them being mounted on a motorized linear translation stage.
The beam of a narrow-line width continuous-wave Ytterbium-doped fiber laser (Rock,
NP Photonics) at 1040 nm (9615 cm™!) is passed through the Michelson interferometer
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together with the Titanium Sapphire beam. The interferogram of such a monochromatic
source is sinusoidal and its zero-crossings serve as clock frequency to sample the Raman
interferometric signal at evenly-spaced optical retardations. At a speed of the linear
stage of 5cm /s, the clock frequency is around 96 kHz. At the output of the Michelson
interferometer, in the beam path of the Titanium Sapphire laser, a pair of chirped mirrors
(Layertec) precompensates roughly and two fused silica wedges precompensate finely
second-order dispersion of the optics. A combination of long pass and short pass filters
(750 and 835nm, 13333 and 11976 cm ') before the sample limit the spectral bandwidth
of the pulses to improve rejection of the fundamental beam in the detection of the red-
shifted and blue-shifted signals. Using a lens of 8 mm focal length, the pulses are focused
in the liquid sample (neat hexafluorobenzene), in a 1 mm long cuvette. The total incident
average power at the sample is 260 mW. To collect the blue-shifted anti-Stokes radiation,
a short pass filter (750 nm- 13333 cm 1) is placed in front of one of the two Si photodiodes
of a 125 kHz-bandwidth auto-balanced photodetector (Nirvana, Newport). The beam
reflected by the short pass filter is filtered by a long pass filter (835nm- 11976 cm™!)
and focused onto the second photodiode of the balanced photodetector. Tilting the
filters makes it possible to tune their cut-off wavelengths and to optimize the balanced
detection. The signal of the differential photodetector is low pass filtered and sampled
at a rate determined by the clock frequency (96 kHz) by a 16-bit data acquisition board
(Alazartech). The phase shift between red and blue shifted light slightly depends on the
dispersion of the incident pulses. A chirped pulse introduces an additional phase shift
between Stokes and anti-Stokes. In practice, fine tuning of the phase-shift is achieved by
simultaneously monitoring the Stokes and anti-Stokes interferograms and optimizing
the amount of dispersion with the translation of the wedges in the beam path before the
sample.

Recorded Interferograms

Figure displays the measured interferograms corresponding to Stokes (Figure[£.11[C),
anti-Stokes (Figure [4.11IB) and differential (Figured.1TA) signal. They are displayed as
a function of the measurement time, which can be converted to the optical delay by
division with the downconversion factor d = 2v/c. The interferograms are measured
within 4 s: they result from the averaging of 100 interferograms, each measured within
40ms. The three interferograms are acquired sequentially, first one or the other pho-
todiode is blocked and then the balanced detection is employed. Each interferogram
comprises 4096 samples. A maximum optical delay of 14 ps leads to a spectral resolution
of 120 GHz, corresponding to a measurement time of ~42 ms, taking the used triangular
window function into account. As expected, similar interference patterns are observed
for the Stokes (Figure[4.1T[C) and anti-Stokes (Figure[4.11B) interferograms. Each inset in
Figure is a zoom into the corresponding interferogram trace. The opposite phase
in the two interferograms appears in the comparison of the interferogram traced in

Figure 4.T1B and Figure {.T1[C. The differential interferogram is shown Figure A. The
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Figure 4.11: Interferograms of the A differential signal between Stokes and anti-Stokes
signals B anti-Stokes signal (CARS) and C the Stokes signal (CSRS). The dashed lines in
B and C indicate the respective alternative type of scattering (e.g. CARS for CSRS). In A
the dashed lines correspond to CARS (purple) and CSRS (red).
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enhancement of the signal-to-noise ratio is already obvious in the comparison of the
interferograms: the differential interferogram exhibits more pronounced interferometric
modulation for short optical delays and is free of the low frequency noise that dominates
the Stokes and anti-Stokes interferograms for longer optical delays.

Differentially Measured Spectra

Fourier transformation of the interferograms reveals the spectra. They are plotted in
Figure corresponding to the differential, the anti-Stokes and the Stokes shifted signal.
To suppress nonresonant contributions, the interferograms are time windowed before
Fourier transform, which excludes the small optical delays. The spectral span covers
about 1300 cm ! with a resolution of 4cm~! (120 GHz) using a triangular window func-
tion. In all spectra, three Raman lines of hexafluorobenzene are observed at 369, 442 and
559 cm~ 1. Stokes and anti-Stokes spectra exhibit low-frequency narrow-linewidth noise
that could not be assigned to spectral transitions. Such noise is efficiently suppressed
in the differential spectrum. The signal-to-noise ratio of the strongest hexafluoroben-
zene transition at 559 cm ™! is determined as the intensity of the line divided by the
root-mean-square noise in the 800-1000 cm ! region (SNRx = X(559cm 1) /(X (200 —
350cm~1))). The signal-to-noise ratios calculate to 770, 470 and 1520 in the Stokes,
anti-Stokes and differential spectra, respectively. Therefore the enhancement of the
signal-to-noise ratio due to differential detection is around 2. Investigating the noise in
the 200 - 350 cm ! region reveals that, for the same intensity of the 559 cm ™! line, the
root-mean-square values of Stokes anti-Stokes and differential detection calculate to 1,
2,1 and 0,28. The differential measurement technique seems to be particularly efficient in
suppressing low-frequency common noise due to the femtosecond laser.

Summary Differential Coherent Raman Spectroscopy

Using a differential detection proved to increase the signal-to-noise ratio considerably.
It can be attributed to the cancellation of common noise on the detectors, which is
originating from the laser source. This capability of noise cancellation may prove to be
particularly important if femtosecond fiber lasers are used, as these usually exhibit a
noise spectrum which is broader (and extending towards higher frequencies) than that
of solid-state mode-locked lasers. The possibility of a differential detection also clearly
shows the 7t phase shift between Stokes and anti-Stokes.
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Figure 4.12: Raman spectra of the differential spectrum between Stokes and anti-Stokes
interferogram signals (A), anti-Stokes signal (CARS) (B) and Stokes signal (CSRS) (C).
The differential spectrum shows a improvement of the signal-to-noise ratio. It accounts
to more than a factor of two which is owed to the cancellation of common noise by the

differential detection.
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4.5 Asymmetric Coherent Anti Stokes Raman

Related Article (in preparation):
Heterodyne dual-comb coherent anti-Stokes Raman spectroscopy
M. Yan, C. Lafargue, S. Holzner, T. W. Hinsch and N. Picqué

Contribution: Layout and setup of the system as well as experimental work together with M. Yan
and C. Lafargue.

A significant problem of dual-comb CARS spectroscopy is the dead time between consec-
utive interferograms. The measurement time is generally much shorter than the refresh
time between the interferograms. If the molecular decay time is smaller than the separa-
tion between two consecutive pulses (i.e. 1/(frep)) a dead time is introduced, in which
no useful information can be gathered (see Section [2.2.2). The molecular decay time is on
the scale of picoseconds, typically ~1/120 GHz = 8,3 ps for a liquid sample. The time
gap between perfect overlap of two pulses to the next perfect overlap is, in the case of
about 100 MHz repetition frequency, 10ns. It takes 1/Af for the delay between pulses of
a pulse pair to reach this value. This yields a ratio of useful to wasted time of 1200 or a
duty cycle of ~0,1 percent, which is doubled if a two sided interferogram is used to 0,2
percent. For a single acquisition this is not a problem but if the experiment needs more
than one consecutive measurement, this dead time significantly slows down the data
acquisition. This can be the case if averaging is needed for signal-to-noise improvement
or in imaging. To reduce the dead time in between the bursts, different techniques can
be deployed. For example, a rapid variation of the difference in repetition rate as in
[173] can be used. This technique is implemented using an intra cavity piezo to rapidly
change the repetition rate of the laser system. It resulted in a reduction of the refresh
time by a factor of 50, but the gained spectra are not stable in the sense that, at the time
of recording the difference in repetition rate is not always exactly the same. Thereby
the spectral axis is changed from shot to shot, which leads to a breathing motion of the
spectra (see Section [2.2.3). Most likely this is caused by the very rough implementation
in combination with a piezo not suited for this purpose (the piezo is rather slow see
Section[4.2) therefore a step signal leads to overshoots).

Another approach is to replace both lasers with high repetition rate laser systems, increas-
ing the repetition frequency while keeping the desired downconversion factor constant
by appropriately adjusting the difference in the repetition rate. Using a laser system
with, for example, 1 GHz repetition rate instead of 100 MHz improves the duty cycle
(DC = Tyotecular & Af = Tyotecutar Af?/ f ), by a factor of 10 to ~1 percent. This process of
increasing the repetition rate can be kept on: 10 GHz leads to ~10 percent and 100 GHz
to a duty cycle of almost 1. For a duty cycle of one the repetition rate has to match the
desired optical resolution, i.e. a 120 GHz repetition rate is needed for a desired optical
resolution of 120 GHz. In this case the interferogram fills half of the refresh time 1/2Af.
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Apart from the technical difficulties in realizing a laser system with such a high repetition
rate (recent new developments are pioneering for such systems e.g. [?,[174], but they
are still far from being turn-key), another fundamental problem arises. This approach,
while straight forward, faces the problem that CARS is a third order nonlinear process
and hence dependent on the intensity cubed. If a laser system with e.g. 10 times higher
repetition rate would be used but otherwise same parameters (e.g. pulse duration and
average power) the peak intensity of the pulses would be 10 time lower and the CARS
signal decreases by a factor of 1000.

This severe loss of CARS signal can be mitigated by using one high and one low repetition
frequency laser. The usage of the word asymmetric in all of this thesis refers to this
asymmetry in repetition rate if not stated explicitly different. In our case a 1 GHz and a
100 MHz laser system is used. If a high fe, and a low f;.p, repetition laser are used, with
the high repetition rate being an even multiple of the low repetition rate i.e. frep, = 71 frep,,
the pulses of both lasers overlap for every pule of the low repetition rate laser and every
nth pulse of the high repetition rate laser. If the high repetition rate is slightly detuned
frep, + Af = nfrep, + Af every pulse from the low repetition rate laser an and every
nth pulse of the high repetition rate laser do not overlap perfectly anymore but have a
small delay relative to each other. This delay is T = (1/n)(Af/ f?). The system, high
and low repetition rate laser, behaves similarly to two low repetition rate systems with a
difference in repetition rate of Af/n. Since the pulses of the high repetition rate system
appear ten times more often T has to grow only to 1/ fy.p, and not to 1/ f.p, compared
to the case when two low repetition rate system are used. Therefore the time between
perfect overlap to perfect overlap is shortened by 1/n.

The relative timing between two 100 MHz systems and a GHz and a 100 MHz system
is illustrated in Figure In the case of two 100 MHz systems, with repetition rates
of 100MHz and 100 + Af MHz corresponding to the two blue traces in Figure the
delay between the pulses of a pulse pair has to grow to 10ns for the a perfect overlap to
occur. In the case of a 100 MHz and a 1 + Af GHz laser, corresponding to the red and
the bottom blue trace in Figure starting from perfect overlap the delay between the
pulses of a pulse pair has to grow only to 1ns for the next perfect overlap to occur again.
Therefore, interferograms appear 10 times more often for a 100 MHz and a GHz system
compared to the use of two 100 MHz systems.

Experimental Realization

Figure outlines the setup of the asymmetric CARS setup, which ,in principle, is the
normal CARS setup but one of the laser systems is replaced with a high repetition rate
system. One source is a mode-locked Titanium Sapphire laser (Taccor from Giga optics)
which delivers femtosecond pulses at a repetition rate of about 1 GHz. These pulses are
spectrally centred at 810 nm (12345 cm 1) with an initial pulse duration of about 40 fs
and a chirp of ~450 fs?. After being compensated by two chirped mirrors (Layertec),
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Figure 4.13: The relative timing between two MHz systems, at repetition rates 100 MHz
and 100 + Af MHz, and a GHz system with repetition rate 1 + A f GHz. Every pulse of
the two MHz systems forms a pulse pair while for a MHz and a GHz system only every
tenth pulse of the GHz and every pulse of the MHz system form a pulse pair. T indicates
the delay between pulses from the 100 MHz and the 1 4+ Af GHz system.

the pulse duration is compressed to 15 fs (measured using the SPIDER-system from
Venteon). The second laser is another Titanium Sapphire mode-locked laser (Synergy-
20UHP, Femtolasers) operating at a repetition rate of about 100 MHz. It has a pulse
duration of 20 fs and the central wavelength at 795nm (12578 cm™~1). After combining
the two laser beams on a beam splitter, a chirped mirror compressor (Layertec) is used to
pre-compensate second order dispersion induced by the optical components of the setup.
The combined beams are focused with a lens of 20 mm focal length in a liquid sample
inside a 1 mm long cuvette. The maximum available incident powers at the sample
are 590 mW from the pump laser and 610 mW from the probe laser. Spectral filters
are applied to isolate the CARS signal together with the heterodyne field. A long-pass
tilter (ET750LP, cutoff 750 nm; Chroma Technology) is placed before the sample and a
short-pass filter (3RD740SP, cutoff 740 nm; Omega Optical Inc.) is used after the sample.
The anti-Stokes radiation is forward-collected and focused on a silicon photodiode with
a bandwidth of 100 MHz. The output signal of the photodiode is low-pass filtered to
50 MHz to avoid aliasing, and then amplified and digitized with a 16-bit data acquisition
board (ATS9462; Alazartech) at a sampling rate of 180 MS/s.

Asymmetric Recorded Interferograms

A recorded interferogram trace, consisting of evenly spaced consecutive interferograms,
is plotted in Figure for the case of two low repetition frequency systems (blue) and a
high and a low repetition frequency laser (red). The downconversion factor 4 is the same
for both cases and the respective differences in the repetition rates are 50 and 500 Hz. The
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Figure 4.14: A Experimental setup for asymmetric dual-comb CARS spectroscopy. B
Interferogram traces recorded in an asymmetric (red) and conventional way (blue).
Clearly the asymmetric trace shows an increase in the number of interferograms or in
other words a reduction of the dead time. C A zoom into one of the interferograms.
Again the interferogram recorded in an asymmetric way is red and the conventional is
blue. Both interferograms have the same oscillatory period on the same decay constant.
The interferogram recorded in an asymmetric way shows less pronounced fringes and
an increased noise at longer optical delay.
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respective refresh rates are then 20 and 2 ms, clearly showing the improvement in dead
time. In the asymmetrically recorded trace 10 times more interferograms appear, but with
a reduced signal strength. In Figure a zoom into an interferogram recorded with
identical (blue) and strongly different repetition rate (red) lasers is plotted. Both traces
have the same oscillation frequency, in this case benzene was used as sample with only
one Raman transition, and the same decay time but in the interferogram recorded with
asymmetric repetition frequency systems the interferogram fringes are less pronounced
and the interferogram is more noisy. It is the direct consequence of the fact that the high
repetition frequency laser has almost ten times less pulse energy and peak intensity.

Asymmetric Recorded Spectra

Fourier transformation of such two interferograms leads to the spectra plotted in Fig-
ure The graph plotted in blue is the Fourier transform of the interferogram employ-
ing two similar repetition frequency lasers and the one in red is the Fourier transform
of the interferogram recorded with strongly different repetition frequencies. In this
case a mixture of four different solvents: perfluorobenzene, nitrobenzene, toluene and
nitromethane serves as sample. The difference in repetition rate is set to 10 and 100 Hz
for the identical and asymmetric repetition frequency systems respectively. The spectra
extend over a range from 200 cm ™! to 1400 cm ! and have a resolution of 8 cm !, taking
the employed triangular window function into account. In this direct comparison the
loss in signal intensity becomes more apparent than in the interferograms. The signal-
to-noise ratio for the blended line at 1000 cm ™1 is 915 for the spectrum gained with
similar repetition frequencies and 86 for asymmetric repetition frequencies. This factor of
10,6 between the signal-to-noise ratios of both schemes is slightly worse to what can be
expected under the assumption of a heterodyne detection from the reduced peak power
of the GHz system compared to the MHz system.

Power Dependence

To clarify which of the lasers acts as pump and which as probe, a power dependence
measurement is taken. As sample benzene is used as it has only one Raman transition in
the band covered by the laser systems, which facilitates data analysis significantly. Pump
and probe intensity are varied and the peak hight of the Raman transition in benzene
is measured in dependence. In this way two data set have been obtained. They are
plotted as a function of the respective pulse energies on a log-log plot in Figure
titted and the slope determined. Two data sets are shown with blue and purple circles
for pump and probe respectively and the according (linear) fits in orange and red. The
slope determined for the pump power dependence is 1,06 which agrees very well with
the predicted slope of 1 (see Equation4.8). For the probe a slope of 2,45 is determined.
The reason for this discrepancy is that besides the heterodyne signal (the second term
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Figure 4.15: CARS spectra gained by Fourier transform of an interferogram recorded in
an asymmetric way (red) and in a conventional way (blue). The sample was a mixture
of four different solvents: toluene, nitrobenzene, nitromethane and perfluorobenzene.
Both spectra have been normalized to unity. The red spectrum has a higher noise than
the blue spectrum, nevertheless the transitions can be assigned clearly.
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Figure 4.16: Dependence of the CARS signal on pump (blue squares) and probe (purple
circled) power and linear fitting functions (respectively orange and red line). Slopes of
1.07 and 2.49 indicate linear and quadratic dependence on the pump and probe power.
As sample neat benzene is used.
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on the right of Equation 4.10) the signal not containing any heterodyne contribution is
generated (the first term in Equation 4.10):

S & X¢ars pump Iprove + Xcars (Xcars + XNR) pump Dyope (4.10)

If I0p. becomes small the contribution of the first term becomes significant and the
power dependence deviates from the predicted slope of 2.

Summary Asymmetric Coherent Anti Stokes Raman

The approach of taking one high and one low repetition rate laser system allows to
increase the duty cycle while at the same time avoiding the nonlinear penalty in power
dependence of the signal by using a heterodyne detection. This is an influential factor
if dual-comb CARS is used e.g. in an imaging setup where the dead time significantly
reduces the applicability of this technique.
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Figure 4.17: Experimental set-up for dual-comb CARS spectro-microscopy. The focusing
lens is replaced with a NA = 0,45 microscope objective and the cuvette holding the
sample with a microcapillary plate, mounted on a x,y stage, compared to the CARS
spectroscopy setup. A chopper wheel can be inserted into the beam path to reduce the
average power. OD filter, optical density filter.

4.6 Coherent anti Stokes Raman Imaging

Related Article[159]:

Coherent Raman spectro-imaging with laser frequency combs

T. Ideguchi*, S. Holznert, B. Bernhardt, G. Guelachvili, N. Picqué, and T. W. Hiinsch
t These authors contributed equally to this work

Contribution: Layout and setup of the system as well as experimental work together with T.
Idequchi. Discussed the manuscript.

The very fast acquisition times for a single interferogram, e.g. ~15 us as described in
Section 4.2} allow spectrally resolved imaging.

Experimental Setup

Only minor changes to the setup described in Section 4.2/ have to be made, it is outlined
in Figure The laser sources and the filter setup are identical: two 100 MHz sources
at ~17 fs pulse duration, a long pass filter (Chroma Technology, ET750LP) before the
sample and a short pass filter (Omega Optical Inc., 3BRD740SP) after the sample to strip off
the fundamental light. The focusing lens is replaced by a microscope objective (Olympus
LCPLN20XIR, NA = 0,45), focusing the incident beams to a focal spot of 1,9 ym diameter
with a Rayleigh length of 3,4 ym. The cuvette is replaced with a micro capillary plate with
25 ym diameter holes and a thickness of 500 ym filled with a mixture of equal amounts
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of perfluorobenzene, nitromethane and toluene. It is positioned on a x-y stage (Thorlabs,
MLS203), which raster scans the sample in 1 ym steps. The signal is measured with a
home built amplified silicon photodetector. Then electric signal is amplified to the most
favourable input voltage range for the digitizer by a wideband variable gain voltage
amplifier (FEMTO Messtechnik GmbH, DHPVA-100) and digitized with a 180 MS/s,
16-bit data acquisition board (Alazartech, ATS9462).

The difference in repetition frequency is set to 50 Hz and the incident laser power to
380 mW. To reduce this high average power a chopper wheel can be inserted into the
beam path. Depending on the closed to open ratio of the chopper wheel the average
power reduces, e.g. if this ratio would be 2 percent the total average power on the sample
is reduced to 2 percent of the incident power. The chopper wheel is synchronized to the
acquisition by taking linear dual-comb interferograms from the other exit of the beam
splitter as trigger for the chopper wheel controller. The controller allows giving a certain
phase offset to the chopper signal and hence to time the opening of the chopper in the
incident beam with the acquisition. Opening the window of the chopper only close to
the perfect overlap of the pulses reduces the average power without any loss of CARS
signal intensity. The reason is that only close to the perfect overlap useful information
can be gathered, the larger the duty cycle (see Section the larger the opened time
of the chopper has to be. In this case the duty cycle is less than 1 percent, closing the
window of the chopper at times apart from the perfect overlap therefore means no loss
in information.

CARS Image

For this measurement no chopper wheel is inserted into the beam path as the image
is acquired. The sample, a micro capillary plate, withstands a high average power
easily. Nevertheless this technique is tested in the same setup with the acquisition of
a single spectrum with and without chopper. The two acquired spectra are found to
be identical. Using the stage, a 45 times 45 ym image is acquired. Each pixel (1 px =
1 x 1 ym) has a measurement time of 12 ys which leads to a resolution of ~300 GHz,
including the triangular window function used. Due to the dead time between the
interferograms the total acquisition time is 40,5 s for the whole image. Fourier transform
of the interferograms leads to a spectral cube. Each pixel corresponds to an entire
spectrum spanning from ~180cm™~! to ~1400 cm ™! (see Figure . Despite the very
short measurement time of a single pixel the Raman transitions are clearly visible in the
spectrum. They can be assigned unambiguously to the used sample mixture. For an
imaging setup this high signal-to-noise ratio is more than sufficient, making a further
reduction of the measurement time possible.
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Figure 4.18: Spectral image of a capillary plate with holes filed with a mixture of equal
amounts of (perfluorobenzene, nitromethane and toluene). For each of the 2025 (45x45)
pixel positions a spectrum is acquired within 12 us and a windowed resolution of 10cm 1.
The spectrum shown on the bottom corresponds to pixel (21,16). Each element of the
spectral cube may be plotted as an image similar to the four displayed ones. An image
corresponds to the spectral intensity at a fixed wavenumber for all pixels. It provides
information about the spatial distribution of a compound. A distinguishable spectral

signature allows identification of a given compound as indicated.

Summary Coherent anti Stokes Raman Imaging

This technique combines fast acquisition with a broad spectral coverage and a good
spectral resolution. Generally these are features hard to combine in a coherent Raman
scattering microscope. Most fast acquisition techniques feature a good spectral resolution
but are limited to a single Raman transition or a couple of transitions [139, 140, 141],
whereas this technique allows to cover a band of ~1200cm~!. On the other hand,
broadband techniques usually suffer from long acquisition times (50 ms for
180cm ™! in compared to 1200 cm~! and 12 us for this technique). The acquisition
time of this technique could be improved further if the asymmetric CARS technique
described in Section[4.5]is employed. Broadening of the fundamental light might make it
possible to cover the entire band from 0 to 4000 cm-1 and thereby cover all fundamental
molecular transitions (except for hydrogen fluoride).
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Chapter 5

Conclusion

In the framework of this thesis two different approaches of investigating molecular vibra-
tional transitions have been explored. They are based on either the direct interrogation
of molecular transitions in the mid-infrared or on the nonlinear response of molecules to
visible/near infrared light in the form of coherent Raman scattering. In this chapter the
results of these efforts are summarized.

The first experiment to mention is the development and characterization of two singly
resonant optical parametric oscillators. Those oscillators emit nearly transform limited
few cycle pulses in the mid-infrared, harnessing ultra-short pulse Titanium Sapphire
lasers as pump sources. They allow not only linear techniques to be exploited but also
nonlinear techniques as well. The output spectrum is smooth over the whole tuning
range of more than ~1500 nanometers, which allows a total spectral coverage from ~2000
to ~4500 nanometers. The output power is in the range of milliwatts to tens of milliwatts,
more than enough for linear spectroscopy in this region and even enough to enable
nonlinear frequency conversion, spectral broadening and nonlinear spectroscopy.

To allow efficient nonlinear broadening of the spectrum as long as possible nonlinear
interaction with a suitable medium is needed. In a waveguide light is guided efficiently,
strongly confined and a specific dispersion can be engineered, making it a perfect
candidate for supercontinuum generation. Oxide based materials as the omnipresent
silica are not transparent in the mid-infrared, forcing different materials to be used. The
possibility of mid-infrared supercontinuum generation using silicon and chalcogenide
glass waveguides was demonstrated. The generated supercontinua span more than an
octave for both waveguides. As supercontinuum generation can be sensitive to noise,
the coherence properties of the generated supercontinua were tested and found to be
excellent.

Concluding the experiments around direct mid-infrared spectroscopy, a first attempt of
linear dual-comb spectroscopy using the two optical parametric oscillators was made.
As neither the pump sources nor the optical parametric oscillators are stabilized optical
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frequency combs, an adaptive sampling scheme was set up, monitoring the fluctuations
of the pump sources rather than the fluctuations of the optical parametric oscillators. It
was found to be not sufficient to generate a perfectly corrected spectrum.

Experiments using Raman scattering offer an access to molecular vibrational transitions
without the need for mid-infrared light; in its coherent version as CARS, Coherent
Raman anti-Stokes scattering, it is the second cornerstone of this thesis. Starting out
from a very simple spectroscopy setup, different experimental realizations have been
investigated, which all work outstandingly well. The spectra generated can be recorded
within microseconds with a resolution limited by the natural linewidth of the sample
and a spectral span covering ~1200cm ™!, including a significant part of the highly
characteristic low wave number region. With some minor changes, the setup also proved
to be able, to detect the red-shifted radiation CSRS, coherent Stokes Raman scattering,
and backward scattered CARS radiation as well.

The Raman experiments conducted suggested a heterodyne mixing between the CARS
signal generated by the two different lasers and either fundamental or nonlinearly
generated fields. It was taken under scrutiny by power and concentration measurements.
They proved the assumption of heterodyne detection to be true, depending on the
experimental conditions a mixing with either fundamental or nonlinearly generated
tields can be chosen.

The possibility to detect CARS as well as CSRS inspired a setup laid out for differential
detection of CARS and CSRS, taking advantage of the 180 degree phase shift concerning
the instant of their generation. The differential detection increased the signal-to-noise
ratio by more than 3 dB which is attributed to common noise cancellation.

A major obstacle of dual-comb CARS is the dead time between consecutive measurements
which was conquered by an asymmetric dual-comb scheme. Two laser sources of strongly
different repetition rates, 100 MHz and 1 GHz, are used to decrease the unwanted dead
time. Together with a heterodyne detection scheme a strong nonlinear signal decrease
can be avoided, while the dead time could be reduced by a factor of 10, a signal loss of
just one order of magnitude was observed despite the strong nonlinearity of the CARS
signal.

Fast acquisition times allow optical imaging of a sample. A proof of principle experiment
has been done using a micro-capillary plate filled with different common laboratory
solvents. The technique demonstrated its capability to produce images with excellent
chemical resolution, clearly allowing to distinguish between different chemical specimen
due to the broad coverage of Raman transitions. It combines, without loss, the advantages
of the spectroscopy setup, such as high signal-to-noise ratio, broad spectral coverage
and a good resolution, with spacial resolution, which, in this case, was only limited by
the resolution of the mechanical stage. The introduction of a controlled chopper wheel
allowed reducing the average power to values in the single digit milliwatt range without
loss of signal intensity.



Chapter 6

Outlook

Since the tools and techniques presented in this thesis are very recent developments
they still face challenges and limitations. In this chapter an outlook to the, possible,
tuture development of these tools and techniques is given, on how to improve their
capabilities, how to solve associated problems and also attention is drawn to possible
future experiments.

Following the same order as in the previous chapter, the first limitation which comes to
mind are the stability issues of the optical parametric oscillators. The first and easiest
way to tackle this problem is improving the passive stability of the systems. None of
the systems is equipped with an acoustic cover. A shielding with acoustically isolating
material can reduce fluctuations significantly, in combination with a separated crystal
housing the stability will improve even more. Finally, a small laminar gas flow around the
crystal not only improves stability further but also prohibits dust and other environment
contaminants to settle on the crystal.

Apart from passive stability active stabilization of the system optical parametric oscillator
- pump laser is possible. The pump source, a mode-locked Titanium Sapphire laser, can
be locked using common techniques, as f - 2 f stabilization, harnessing commercially
available components as photonic crystal fibers and crystals. The remaining free parame-
ter, the carrier envelope frequency of either signal or idler, can be stabilized using a piezo
actuated mirror in the optical parametric oscillator cavity and a parasitically generated
signal, for example the sum-frequency of signal and pump light.

Also, the supercontinua generated in the waveguides can be used to develop a measure-
ment and stabilization scheme of either signal or idler carrier envelope phase. A f to two
f scheme in the mid-infrared for example could be developed, which can serve as a blue
print for different mid-infrared systems.

If no stabilization is employed, the optical parametric oscillator is very well suited
for liquid phase experiments. One can imagine a waveguide setup which combines
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spectral broadening with sampling. For example a waveguide which broadens the pump
spectrum in a first section and probes a sample in a second section, designed to have a
strong evanescent field probing in a manner similar to attenuated total reflection.

Also the optical parametric oscillator by itself is well suited for liquid phase experiments.
A possible candidate is vibrational circular dichrosim, which can reveal the structure of
different protein samples in their native environment.

Concerning the Raman experiments a straight forward improvement is an extended
coverage to the band from ~0 to 4000 ¢~ 1. Tt can be achieved by sending the Titanium
Sapphire light into a photonic crystal fiber to broaden spectrally and compress the
broadband spectrum afterwards [176), 177]. To cover the full band a broadening of a
factor ~2,5 is needed. First rudimentary experiments in this direction have been made,
using only 5 millimetres of photonic crystal fiber, which was already sufficient to broaden
the ingoing spectrum by more than a factor of two.

Using a more sensitive detector such as a photomultiplier or an avalanche photodiode
could allow to reduce the power on the sample in the imaging setup. A fast optical
switch like an acousto-optical modulator additionally gives more control over the open to
closed ratio of the beam, again reducing the average power on the sample. A differential
detection scheme allows lowering the power on the sample further; as the signal-to-noise
is increased an overall lower signal level could be tolerated.

An asymmetric dual-comb scheme employing one high and one low repetition rate laser
system on the other hand can reduce the dead time between consecutive measurements
significantly. In combination with a rapid variation of the difference in repetition rate
this might enable video rate imaging.

Finally, CARS can be combined with several different linear or nonlinear techniques to
gain even more information. A prominent example of those techniques is two photon
excited fluorescence spectroscopy which has be demonstrated recently [178]



Chapter 7

Appendix

7.1 List of Abbreviations

The following abbreviations and definitions are used thorough out the thesis with the
following meaning, if not stated explicitly different.

number of round trips of the pulse in the laser cavity
(t) | pulse temporal phase

(w) | pulse spectral phase

® g | convolution of f and g

II(¢) | I distribution or Dirac comb

€ (f) | Hilbert transform of f

Z(f) | Fourier transform of f

(&) | Step function

SO
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Figure 7.1: The effect different terms of the spectral phase expansion have on the electric
field of a short pulse. Two pulses are plotted, one of them experienced the phase term
(blue) the other one is unperturbed (red). A The carrier envelope phase slip B The group
delay C The group delay dispersion D The third order dispersion

7.2 Dispersion And Phase

The phase transfer function of a material is often unknown in detail or nonlinear, a Taylor
expansion is generally used to account for different phase effects. It seems natural to
do this expansion in the time domain but it is normally not done. Not only is it hard to
measure intensity versus time, which is needed to determine the phase term precisely but
it is also more revealing to have a look at the terms of the Taylor series in the frequency
domain. In the frequency domain the different expansion orders have their own names
and physical quantities can be assigned to them.

2 3 i
gl =+ e -0+ G w0 w0+ T w0+ R
(7.1)

The zeroth order is called carrier envelope phase, the first order group delay, the second
order group delay dispersion and the third order third order dispersion. The effects of the
different terms of the Tailor expansion on an initially unperturbed pulse are illustrated
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in Figure|/.1

The carrier envelope phase shifts the relative timing of the electric field compared to the
envelope but does not change the shape of a pulse. In Figure the electric field of
two pulses having a carrier envelope phase shift of approximately 7 is shown.

The effect of the second term on the pulse depicted in Figure[7.1B, the group delay means
a shift in time of the pulses.

The group delay dispersion (GDD), sometimes also called second order dispersion or
often only dispersion, is the first term to change the duration of the pulse in time. Its
effect is illustrated in Figure[7.IC. For a phase with all terms being zero except the first
two a pulse has its maximally short duration, which is given by the Fourier transform of
its spectrum and is therefore often called transform limited. A GDD different from zero
means that different wavelength elements of the spectrum arrive at different instants in
time, stretching out the pulse. The GDD therefore spreads out the pulse in time but does
not change its shape.

The fourth term, often called third order dispersion, not only spreads out the pulse but
is the first term to change the shape of the pulse in time. It e.g can create ripples in the
front or tail of the pulse as shown in Figure[7.ID.
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7.3 Carrier Envelope Phase

If higher order dispersive terms are not compensated perfectly, a pulse circulating inside
the cavity of a mode locked laser does not look identical after one round trip inside of
the laser cavity. During the round trip in the laser cavity, the envelope travels slightly
slower than the carrying field. The reason is simply that group velocity v¢so,, and phase
velocity vpy,s, are not equal. Therefore the relative timing of the carrying field to the pulse
envelope changes. In terms of phase: the pulse acquires a certain amount of additional
phase shift with each round trip in the laser cavity. This additional phase is called the
carrier envelope phase slip [179] and can be expressed as the carrier frequency times the
difference in round trip times of the carrier field and the envelope in a cavity of length
leavity modulo 27t:

1 1 1 1
A = wolcavity — mod [27t] = wolcavity — — mod [271]
Ugroup  Uphase ntwit Uphase

(7.2)

Every round trip the circulating pulse acquires the phase shift Ap. Ag is assumed to
be constant, i.e. no influence of noise or similar is taken into account. Equation also
indicates that for a laser using Kerr lens mode locking, even with perfect compensation
of material dispersion in the cavity, the Kerr lensing introduces a phase shift, which is
unavoidable as it ensures pulsed operation. A pulse with Ag equaling zero is nevertheless
possible, therefore Ag has to be a multiple of 271. Including this additional phase shift,
the field of the pulses exiting the laser cavity can be written:

E(t) — A (t)eiwotei2ﬂ(qoo+nA(p) (7.3)

with n as the number of round trips. ¢ is a phase determined on the start up of the laser.
It is a constant phase offset, which is assumed to be zero without loss of generality.
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7.4 The Shah Distribution

The properties of the I1I distribution are reviewed here shortly. There are three important
features of the III distribution concerning its use to describe a frequency comb.

The first important property is that the III distribution is its own Fourier transformed,
making it one of the two invariants under Fourier transform.

The second properties of the III distribution comcernes its convolution with an arbitrary
function I(t). It creates a periodic repetition of this function, with a repetition period Trep
as depicted in Figure[7.2A:

I(t) ® HI(t — nTyep) Z/ VIE=T)5(t —nTrp)dt = Y 4 /1(t—nTyp)
n=—oo n=—oo (74)

The third property is sampling. If a function and the III distribution are multiplied, the
function is sampled in evenly spaced intervals given by the spacing of the III distribution,
as plotted in Figure [7.2B:

V1ot = ZF&t—nTNP i,/l(nnep) (7.5)

n—=—0o0 n=-—0oo

A Gaussian envelope sampled at precisely evenly spaced points reproduces the structure
of an optical frequency comb. The comb generated this way nevertheless is always
a harmonic comb, meaning that one comb line or comb modes coincides with zero
frequency, as shown in Figure[7.2B.
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Figure 7.2: 111 distribution convolved with a Gaussian function in time and its Fourier
transformation. A Time domain representation. A train of evenly spaced pulses with the
spacing T is generated. B Fourier transformation of A, a III distribution multiplied with
a Gaussian function. The Gaussian is sampled at evenly spaced frequency intervals (red
circles).
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7.5 The Optical Frequency Comb and the III Distribution

To complete the physical picture the carrier field underlying the Gaussian envelope and
the phase terms have to be added. Due to the carrier envelope phase shift from pulse to
pulse the whole comb is shifted in frequency. If this shift is not by chance a harmonic or
subharmonic of the repetition frequency fr.p = 1/Tep, no comb mode is lining up with
zero frequency. The distance in frequency of the nearest comb mode to zero is called
the carrier envelope offset frequency f..o. The frequency shift can be understood when
evaluating the convolution of the III distribution and the electric field including the
carrier envelope phase and the oscillating term:

E(t) ® T = / E(t—7) > 6(t—nT)e?™90rmi9)gr = N E(t - nT)ei27(9otnig)

n=—oo n—=—oo

(7.6)

It produces a pulse train resembling the ideal pulse train plotted in Figure[7.3/A. A train
of evenly spaced pulses in time with a certain slip between envelope and carrier field
from pulse to pulse. How such a pulse train constitutes a frequency comb becomes
clear when changing from time to frequency domain. Simple Fourier transformation of
Equation[7.6 and use of Poisson’s sum rule leads to:

= 27T e 27tm A
FE(HZ(1II) = E(w § 27mn(Ag—wTrep) — E _ s
(t).7 (110) (w) e Ty (w) g 5(w Ty Trep)

n=—oo

m=—oo

(7.7)
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Figure 7.3: A Frequency comb in time and frequency domain. A Time domain repre-
sentation. The pulses are separated by the round trip time T,y = 1/ fr.p. Consecutive
pulses have a different phase relation between carrier field and envelope. It is altered by
the amount of carrier envelope phase acquired during one round trip of the pulse in the
laser cavity Ag. B Frequency domain representation. In the frequency domain, a train of
pulses with repetition period T, forms a comb of evenly spaced modes, separated by
frep = 1/ Trep. Due to the carrier envelope phase slip A from pulse to pulse the whole
comb is offset from zero frequency by a certain amount fcgo.
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