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Glossary

CEO carrier-envelope offset.
DFG difference frequency generation.

EC enhancement cavity.
EOM electro-optic modulator.

EOS electro-optic sampling.

FRS field-resolved spectroscopy.
FTIR Fourier-transform infrared.

FWHM full-width-at-half-maximum.
HITRAN high-resolution transmission molecular absorption.

IC input coupler.

IPDFG intra-pulse difference frequency generation.
LOD limit of detection.

MCT mercury-cadmium-telluride.

MIR mid-infrared.
NIR near-infrared.

PCF photonic crystal fiber.



Glossary

ppb parts per billion.
ppm parts per million.

ppt parts per trillion.

SFG sum frequency generation.

SNR signal-to-noise ratio.




Abstract

Mid-infrared spectroscopy is a multifaceted approach to investigate the vibrational
and rotational modes of molecules. Analyzing gas-phase samples in conjunction with
novel technologies with high spectral resolution, especially frequency combs, enables
high specificity. This is possible due to the longer coherence time of the resonant
emission of gases compared to liquids. However, in the mid-infrared range, time-
integrating frequency-domain spectroscopy suffers from limitations related to the dy-
namic range and noise figures of the detectors. In our group, it was recently demon-
strated that field-resolved spectroscopy (FRS) analyzing the coherently emitted field
by molecules excited by a few-cycle infrared pulse strongly mitigates these limitations,
enabling a new sensitivity regime for liquid-phase samples.

In the present work, we explored the sensitivity potential of FRS for gas-phase en-
sembles, employing our octave-spanning (19.6-41.1 THz at the -30-dB-level), ultrafast
mid-infrared source. Exploiting the time-resolving ability of electro-optic sampling, we
measured the electric field of the molecular response in the background-free wake
of the excitation, which increases the sensitivity compared to time-integrating spec-
troscopy. To push the sensitivity limit further, we increased the effective interaction
length with the sample by employing an octave-spanning, mid-infrared enhancement
cavity using reflective input coupling. Furthermore, we benchmarked the sensitiv-
ity of state-of-the-art time-integrating spectroscopy using an FTIR spectrometer and
gaseous samples.

For FRS, we found a limit of detection of 1.9 ppb for methanol samples for an av-
eraging time of 83 s and a sample cell length of 45 cm. We demonstrated an un-
precedented retrievable concentration dynamic range of more than seven orders of
magnitude. Improving this sensitivity by increasing interaction length with a multi pass
cell by another two orders of magnitude seems feasible.



For comparison, we benchmarked a commercially available Fourier-transform infrared
spectrometer and achieved a limit of detection of 818 ppb with a retrievable concentra-
tion dynamic range of 6.1 x 10 for an averaging time of 60 s and a sample cell length
of 14 cm. We demonstrate the broad spectral coverage of our laser source using sam-
ple mixtures consisting of acetylene, methanol, and methane. Thereby, we achieved
detection limits of 1.5 ppb (acetylene), 1.7 ppb (methanol) and 81 ppb (methane). In-
creasing the averaging time results in a detection limit of 913 ppt for methanol, but
further averaging reveals negative effects of drifts in the detection setup setting in af-
ter typically 300 s.

The time-domain evolution of the methanol emission uncovers that the three branches
are dominant at different time delays after the ultra-short pulse excitation. This was
used to explain the spectra obtained with the enhancement cavity, which we built to
increase the sensitivity. To this end, the peak sensitivity enhancement at 31 THz was
determined to be 11 with a wavelength dependent amplitude ratio greater than 5 at
18.5 THz and 37.5 THz, spanning more than one octave.

To conclude, we have demonstrated a limit of detection, which is unique for this broad
spectral coverage. In the future, the combination of FRS together with frequency
comb techniques promises unprecedented specificity and sensitivity for gas-phase
spectroscopy.
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1 Introduction

Linear infrared spectroscopy is a powerful technique for exploring the vibrational and
rotational modes of molecules [1]. It enables the investigation of a variety of sam-
ples ranging from proteins to trace gases, thus offering versatile fields of application
[1][2][3]. The oscillatory modes are bond specific and therefore provide information
about the molecular composition of the sample [4][5]. The current state-of-the-art
tool for broadband mid-infrared spectroscopy is the Fourier-transform infrared (FTIR)
spectrometer based on thermal sources, which enables measurements in the molec-
ular fingerprint region (15-150 THz frequency) [4][6]. It is relatively cheap, compact,
and necessitates small amounts of sample material [5]. There are widespread appli-
cations in industry, atmospheric science, or biomedicine [7].

A rapidly growing research area addresses the utilization of infrared spectroscopy in
clinical applications, e.g., breath analysis for potential disease monitoring or disease
detection using biofluids or breath [8][9]. Investigation of biological tissue, e.g., for
cancer detection, requires detailed knowledge of the stability of infrared molecular
fingerprints of individuals [5][10]. Detection of low-abundant components of blood
can potentially enable earlier disease detection [9]. Therefore, the spectroscopic
techniques need high sensitivity, but to probe multiple molecular types in parallel a
broad spectral coverage must be sustained [10]. FTIR spectrometers based on ther-
mal sources provide a broad spectral bandwidth, however, in the mid-infrared range,
time-integrating frequency-domain spectroscopy suffers from limitations related to the
dynamic range and noise figures of the detectors. In our group, it was recently demon-
strated that field-resolved spectroscopy (FRS) mitigates these limitations, enabling a
new sensitivity regime for liquid-phase samples [4].

Analyzing gas-phase samples in conjunction with novel technologies with high spec-
tral resolution, especially frequency combs, enable high specificity due to the long
coherence time of the bond-specific coherent emission [11]. This specificity advan-
tage is less pronounced for liquid biomedical probes, but methods allowing for their
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Introduction

transfer to the gas phase can be applied [12].

Field-resolved detection can be achieved by electro-optic sampling (EOS). For EOS,
a strong near-infrared (NIR) gate pulse is spatially and temporally overlapped with the
mid-infrared (MIR) sample pulse and focused into a nonlinear crystal. The resulting
NIR signal is measured by an ellipsometry setup and provides amplitude and phase
information of the sample field [13]. Exploiting the time-resolving ability of EOS, we
measure the electric field of this molecular response in the background-free wake of a
few-cycle excitation pulse. Due to this separation, the molecular response of excitation
powers that would saturate the detector are still detectable [14].

x60

Normalized EOS Signal

Figure 1.1: EOS trace for FRS. The main pulse excites molecular vibrations, which
re-emit light causing a molecular multi-oscillator beating signal in the
background-free wake of the excitation pulse (see inset). The free induc-
tion decay of gas-phase molecules extends over several picoseconds due
to the longer coherence time of the resonant emission as compared to
condensed-phase samples [11][15].

Figure[1.1]shows an exemplary sample trace measured using EOS. The time-domain
signal of the molecular response can be explained by the free induction decay after
an impulsive excitation by the few-cycle pulse. The main pulse at zero delay excites
molecular oscillations in the sample, which re-emit light at characteristic frequencies
causing multi-oscillator beating signals in the wake of the excitation. Analyzing the
coherently emitted field by molecules, separated from the strong excitation with high
intensity noise, grants higher sensitivity and detectable concentration dynamic range
[4]. The sensitivity can be increased further by enhancing the molecular signal via
longer interaction with the sample. Possible approaches are multi-pass cells and en-
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hancement cavities (ECs) [16][17].

The goal of this thesis is to demonstrate a new sensitivity and detectable concen-
tration dynamic range regime by FRS for gas-phase samples combined with broad
spectral coverage. In the future, the combination of FRS together with frequency
comb techniques promises unprecedented specificity and sensitivity in the gas phase
[11].

Outline of this Thesis

We present a quantitative comparison between an FTIR spectrometer and FRS in the
gas phase and investigate approaches for path-length-enhancement.

Chapter 2] encompasses the theoretical background of rotational-vibrational spec-
troscopy as well as linear infrared spectroscopy, e.g., FTIR spectroscopy and FRS.
Furthermore, a short introduction on ECs is given.

The experimental work is described in Chapter [3| Two sample preparation protocols
are presented to investigate the performance of the spectroscopic methods experi-
mentally in the gas phase. The reproducibility of the sample handling and the tight-
ness of the gas cell are verified and the parameters of the optical setups for the FTIR
spectrometer and FRS is presented. To increase the effective interaction length with
the sample and push the sensitivity limit further, we exhibit our octave-spanning, mid-
infrared EC setup with reflective input coupling using a diamond wedge.
Chapter [4] comprises the experimental results. For quantitative comparison of state-
of-the-art spectroscopy and FRS, we perform benchmark measurements using an
FTIR spectrometer considering the sensitivity and detectable concentration dynamic
range of gas-phase samples. Then, we explore the sensitivity potential of FRS, em-
ploying our octave-spanning (19.6-41.1 THz at the -30-dB-level), ultrafast mid-infrared
source and characterize its performance for gas mixtures [18]. We determine the de-
tection limits of FRS for different averaging times to identify the potential in terms of
sensitivity. Moreover, the time-domain evolution of the methanol signal is investigated,
which is necessary to explain the results obtained with the EC. To this end, the peak
enhancement is quantified experimentally using a methanol test sample and the sup-
ported spectral bandwidth is characterized.

Chapter [5| concludes the thesis and provides an outlook for future experiments.
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2 Theoretical Background

This section presents the theory behind gas-phase absorption spectra. The focus
is on infrared spectra resulting from vibrational and rotational levels within the same
electronic energy state. Moreover, the concept of linear infrared spectroscopy and
two methods to retrieve the complex sample response are presented, i.e., Fourier-
transform infrared spectroscopy and field-resolved spectroscopy. Finally, an approach
for path length enhancement using a passive optical resonator is introduced.

2.1 Rotational-Vibrational Spectroscopy

In contrast to atoms, molecules have internal degrees of freedom, namely those of
rotational and vibrational motion. The characteristic rotational and vibrational frequen-
cies are determined by the transition frequencies between energy levels of a single
molecule. Light stimulates these oscillations if its frequency corresponds to the transi-
tion frequency. All these oscillations together form the rotational-vibrational spectrum
of absorption/emission lines. Thus, sample-characteristic information about chemical
bonds can be gathered optically [19]. The absorption spectrum is most conveniently
investigated in the gas phase. In the condensed phase, high inter-molecular interac-
tion results in line broadening preventing the resolution of the rotational absorption
lines.

In general, the internal degrees of freedom for molecules include vibration and rotation
of all constituting atoms. When neglecting rotations, the simplest case of a diatomic
molecule can be approximated by a harmonic oscillator with the well-known energy
level separation [19]:

1
Evib,u = h(.d(V + 5) (21)
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Theoretical Background

where £ is the Planck constant divided by 2r and v is the vibrational quantum number.
Here, » denotes the eigenfrequency of the harmonic oscillator, which corresponds to
the transition frequency between subsequent energy levels.
A more realistic description is given by an anharmonic oscillator, which is charac-
terized by an asymmetric potential curve (also called Born-Oppenheimer potential).
This asymmetry emerges if the atomic distance is not comparable to the equilibrium
position. Reasons for the asymmetry are short-ranged repulsive terms preventing the
penetration of atoms or the dissipation of the molecules for large atomic distances. An
asymmetric potential results in non-equidistant energy levels. In general, these levels
are populated according to a Boltzmann distribution. At room temperature, population
of excited vibrational states is usually negligible and only excitation from the vibra-
tional ground state is to be considered [19].
Besides the oscillation of the inter-atomic distance, the molecule can rotate around
different axes, with quantized energy. Therefore, rotational energy states are added
to the level scheme, labeled with quantum number J. As the rotation period is typically
much smaller than the vibration cycle, each vibrational level is extended by a fine
structure of rotational states. Therefore, each purely vibrational transition is accompa-
nied by absorption lines resulting from transitions of a vibrational and rotational level
[19]. This results in an absorption spectrum plotted in Figure [2.1] for the example of
methanol. The absorption frequencies are defined by the energy difference between
the final and initial rotational-vibrational state.
Three different branches constitute the structure of a rotational-vibrational band: The
central absorption peak is called the Q-branch. The frequency of the Q-branch is the
fundamental eigenfrequency of the vibrational mode without any change in rotation
quantum number (AJ=0). On the lower frequency side of the Q-branch the rotational
lines form the so-called P-branch. These lines originate from transitions where the ro-
tational quantum number J is reduced by one, resulting in Av=+1 and AdJ=—1. On the
high-frequency side, the absorption lines are combined to the R-branch with Av=+1
and AJd=+1. The strength of all absorption lines is defined by the population of the
relevant initial state given by the Boltzmann distribution (illustrated by the line trans-
parency in Figure and the degeneracy of the energy levels.

Within the P and R-branch, the rotational lines are not evenly spaced. Asymmet-
ric line spacing is caused by the anharmonic potential and coupling between rotation
and vibration, resulting from interaction between the atoms inside a molecule. The
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Figure 2.1: a) Simulated methanol absorption spectrum for 1 ppm concentration.
b) Energy levels of rotational-vibrational states with line transparency indi-
cating the population of each level. The Q-branch at f=31 THz emerges
from the C-O stretch vibrational mode [20]. The P- and R-branch arise
from transitions with a change in rotational quantum number J. The spac-
ing of the rotational lines is not equidistant and the Q-branch is made up
of several lines lying closely together.

coupling results in energy terms dependent on both quantum numbers making the
lines non-evenly spaced, which also affects the Q-branch. In the harmonic case,
the Q-branch is one single line. However, with different rotational line spacing the
Q-branch is made up of multiple lines lying very close to the fundamental vibrational
frequency. In the energy level picture these arise as the energy difference between
levels with AJ=0 is not equal anymore [19]. In the time domain, when excited with an
ultrashort pulse, the fact that the P and R-branch lines have different spacings cause
beating features at different time delays (see Chapter [4).

17



Theoretical Background

Additionally, the rotational lines possess a substructure. This substructure originates
from the lifted degeneracy of the rotational levels. In the case of methanol, the three
principle axes of inertia are not equal, which introduces additional quantum numbers
for the energy. These quantum numbers cause a splitting of the rotational lines for
each rotational quantum number J [19].

In general, the appearance of infrared spectral bands depends on the symmetry of the
molecule, which defines the molecule-specific selection rules. A transition is infrared
active if a periodic change of a dipole moment is possible. For example, only certain
carbon dioxide modes are infrared active and all nitrogen modes are infrared inactive.
For some infrared-active modes, the transitions with AJ=0 are forbidden. Then, only
the P and R-branch are visible in the absorption spectrum. An example is the fun-
damental mode of CO [19]. In the case of methanol, the Q-branch is allowed by the
selection rules (see Figure [2.1).

2.2 Linear Infrared Spectroscopy

Infrared spectroscopy is a well-established and powerful technique for the investiga-
tion of a variety of samples ranging from proteins to trace gases, thus serving various
fields of application [1][2][3]. The general scheme for infrared spectroscopy is shown
in Figure[2.2] Infrared light interacts with a sample and the transmitted light is ana-
lyzed in terms of the different spectral components. Using this scheme, information
about the molecular composition of the sample can be obtained.

The investigation of complex molecular samples, e.g., in biomedical applications,

Broadband Wavelength-
infrared resolved
source analysis

Figure 2.2: lllustration of linear infrared spectroscopy. A broadband light source illumi-
nates a sample and the transmitted light is analyzed wavelength-resolved.
Using this scheme, information about the molecular composition of the
sample can be deducted from the complex sample response function.

requires a broadband light source, because different molecular species have different
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Linear Infrared Spectroscopy

spectral features, over several octaves in the MIR [1][4][2]. The relevant frequency
region depends on the sample investigated.
In order to identify and quantify the sample constituents, we have to determine the
response of the molecular sample to the incident light. For a linear interaction, the
electric field after traversing the sample Es(w) results from multiplication of the macro-
scopic complex sample response function Fl(w) by the incident electric field ER(w) in
the frequency domain.

Es(w) = H(w) - Er(w) (2.2)

The complex response function contains the amplitude and phase information of the
sample. Two common ways to determine this response function are described in the
following section.

2.2.1 Fourier-Transform Infrared Spectroscopy

FTIR spectrometers are widely used devices and sometimes even interchanged with
infrared spectroscopy [3]. They are by now highly engineered, optimized and commer-
cially available. In the following paragraph, the basic theory behind the FTIR spec-
trometer is introduced and its advantages as well as disadvantages are discussed.

In an FTIR spectrometer, the wavelength-resolved analysis (see Figure[2.2) is realized
using an interferometer. We will consider a Michelson interferometer (see Figure [2.3).
Here, a beam splitter splits the input MIR light into two arms. Then, each beam un-
dergoes path-dependent phase and amplitude changes. Afterwards, the beams are
recombined and interfere depending on their mutual phase. In the simple example
of equal optical path lengths, they interfere constructively at the detector [21]. The
delay t changes the group delay, i.e., the linear spectral phase, and thus the inter-
ference signal at the detector is modified. If we then scan over different delays, an
intensity interferogram is recorded directly in the MIR. This can be achieved using an
MCT detector, which suffer from bad noise figures. As the linear phase shift caused
by the group delay is wavelength-dependent, the incident spectrum is obtained as the
Fourier-transform of the intensity interferogram.

We will examine the case of a non-dispersive, i.e., symmetric setup, where the sam-
ple is placed after the interferometer (see Figure [2.3). From this FTIR spectrometer
geometry, the sample response function is determined as follows: For slow detectors,
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MIR light source

MCT detector

BS

Figure 2.3: Symmetric Fourier-transform infrared spectrometer using a Michelson in-
terferometer. Usually a thermal source sends MIR light to the interfer-
ometer. One interferometer arm is temporally delayed changing the inter-
ference at the output. While scanning over different delays, a mercury-
cadmium-telluride (MCT) detector measures the intensity interferogram.
The spectral information results from a Fourier transformation of the inter-
ferogram. In the case of a symmetric FTIR spectrometer the sample cell
is placed before or after the interferometer.

the measured signal with an impinging electric field Eg/s(t) for a reference (R) and
sample (S) measurement, respectively, is written as the time integral:

S x /Eé/s(t)dt (2.3)

AT

with the measurement time per delay point, AT. The reference scan refers to the
sample container being empty. Then, the measured intensity from the input field
Er/s(t) is stated as:
FTIR 1 1 2
Sr/s (1) [EER/S(t) + EER/S(t —7)]°dt (2.4a)
AT
1
_ / JUEZs(t) + 26ws(1) Brys(t — 7) + ERys(t — 7)]dt
AT

The first and third term describe the background signal impinging on the detector.
Taking into account that the integration time AT is much bigger than the delay <, we
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combine the two terms in S,..c. The second term represents the delay-dependent
interferogram and can be written as a time-domain convolution if we invert the time
axis (denoted by an upper index minus):

1
SERA(r) o St 5 [ [Brs(©)Frs(e — Dl (2.50)
AT
1
= Sback t 5 /[ER/S(t)ER/s(T — t)]dt
AT
1
= Shack + E(ER/S ® Eg/s)(7)

We neglect the delay-independent background term in the further treatment (see
Disadvantages on page [22). From basic Fourier analysis, a convolution in the time-
domain corresponds to a multiplication in the frequency-domain. The inverted time
axis results in the complex conjugate of the spectrum. Therefore, the Fourier-transform
of Equation results in the frequency domain signal:

Srys(w) = F{Srys(7)} o< |Erys(w)? (2.6)

After acquiring a reference and a sample scan, the sample response function is cal-
culated via the ratio:

F{Ss(1)}  |EsW)?  |Er()P-|HW)]?  + 2
F{SR(1)}  |BRW)]2 | Er(w)]? = |H()] &7

Therefore, spectral information of the sample absorption can be obtained from the am-
plitude of the complex response function retrieved from two subsequent scans with the
FTIR spectrometer. However, it does not provide dispersion (i.e. phase) information
on the sample. This can be solved by using a dispersive FTIR spectrometer setup,
where the sample is placed in one of the interferometer arms and the phase informa-
tion is therefore measured.

Advantages

The FTIR spectrometer is well-established in infrared spectroscopy, because it is
simple and robust. Moreover, it can be operated with incoherent light from a ther-
mal source, because temporal coherence necessary for interference is introduced by
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the beam splitter. Thereby, the two interferometer beams can interfere even if the
source emits temporally incoherent light. Thermal sources have the advantage of be-
ing cheap and small, combined with a broad spectral coverage.

When operating FTIR spectrometers with noisy room-temperature detectors, they can
still produce high-quality spectra because of two advantages:

* Fellget
 Jaquinot

Fellget’s advantage refers to that multiplexing improves the signal-to-noise ratio (SNR)
of the measurement if the detection is limited by detector noise. The reason is that all
wavelengths of the incident light are detected simultaneously. Therefore, the SNR for
a given measurement time is improved, e.g., compared to monochromators [21][22].
This is particularly important in the MIR range, where MCT detectors exhibit bad noise
figures.

Jaquinot’s advantage states that interferometric spectroscopy can provide a higher
light throughput than for example monochromators. The maximum aperture in in-
terferometers is limited by the mirrors as opposed to narrow slits employed for high
resolution in monochromators [22][23].

Disadvantages

In time-integrating detection, the excitation field is measured together with the sam-
ple signal at all times. Therefore, Fourier-transform spectrometers are affected by the
technical intensity noise of the excitation field in a delay-independent way. To avoid
these noise limitations, additional methods like fast scanning or balancing can be em-
ployed [16][24][25][26].

Moreover, state-of-the-art MIR detectors suffer from dynamic-range limitations caused
by saturation [4]. For samples with high absorption coefficients, all spectral compo-
nents of the source can be absorbed preventing quantitative conclusions on the sam-
ple. This prevents scaling of the MIR power, which would improve the sensitivity and
the range of measurable absorption. With higher MIR power, samples with high inter-
action cross section or large sample concentration can be analyzed and the sensitivity
is increased as more sample molecules can be excited.
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Linear Infrared Spectroscopy

To conclude, Fourier-transform spectroscopy, e.g., employing FTIR spectrometers,
have many advantages for example the possibility to use thermal sources. Employing
an FTIR spectrometer, it is possible to measure absorption spectra of a great variety of
samples ranging from proteins in the condensed phase to trace gases. Nevertheless,
they suffer from limitations related to the dynamic range and noise figures of MIR
detectors.

2.2.2 Field-Resolved Spectroscopy

In order to circumvent limitations of FTIR spectrometers resulting from noisy detec-
tors and the time-integrating nature of the technique, we employ field-resolved spec-
troscopy. We achieve field resolution via EOS [14][27]. In the following section, the
basics of EOS and the benefits for sensitive gas-phase spectroscopy are discussed.

Electro-Optic Sampling

Figure[2.4]shows a schematic of a typical EOS setup. Here, a sample waveform and a
short gate pulse are temporally and spatially overlapped and focused into a nonlinear
crystal, where the polarization of the gate pulse is changed due to the presence of the
sample pulse. After recollimation, an ellipsometer is used to analyze the polarization
state of the NIR light. The signal measured with the balanced diodes is proportional
to the sample electric field. In our case, the frequency shift in the nonlinear crystal
by the sample field is on the scale of the width of the gate pulse (see Equation [2.8).
Because the resulting EOS signal is only contained in the spectral overlap region of
the gate and SFG spectrum, the other frequency components of the gate pulse solely
contribute to noise. Using a suitable short-pass filter SPF, these components can be
removed to eliminate their noise contribution and improve the SNR of the measure-
ment [28].
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Figure 2.4: Electro-optic sampling setup for field-resolved spectroscopy. A variably
delayed sub-MIR-cycle gate pulse is temporally and spatially overlapped
with a MIR sample field at a beam combiner (BC). Both beams are focused
into a nonlinear crystal (GaSe). The generated sum-frequency radiation
cause a polarization change of the gate beam, which is measured by an
ellipsometer setup, consisting of a quarter-wave plate, a Wollaston prism
and balanced photodiodes. The short-pass filter (SPF) improves the SNR
as gate photons only contributing to noise are filtered out.

For the MIR frequencies considered in this work, i.e., 20-41 THz, EOS is best de-
scribed as a two-step process [27]. The second-order (x(?) interaction in a nonlinear
medium is described as a combination of sum and difference frequency generation
(SFG and DFG) [29]. For the thick detection crystals used in our experiments, mainly
SFG is phasematched and we neglect the DFG terms [13]. In the first step, a Y-
process generates sum frequency components of the interacting NIR and MIR pulses.
Taking only the mixing of three single frequency components into account, the SFG
field Esgg can be written in the frequency domain as [13][29]:

ESFG(Q + w) (8 iEgate(Q) ' Esample(w) (28)

with 2 and w denoting the angular frequencies in the NIR and MIR regions of the gate
and the sample electric field, respectively.

The second step includes the measurement of the generated sum-frequency radiation
in a heterodyne detection scheme with the gate pulse acting as a local oscillator,
resulting in a polarization change in their spectral overlap region. The change in
the polarization is read out by an ellipsometer, consisting of a quarter-wave plate, a
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Wollaston prism (WP) and two balanced photodiodes. If no sample field is present
in the detection crystal, the angle of the quarter-wave plate is adjusted to generate
circularly polarized light. Then, the intensities at the output ports of the WP are equal,
resulting in a vanishing signal from the balanced photodiodes. A sample field at the
detection crystal causes an imbalance at the detectors. By scanning the delay t
between gate and sample pulse, the time-domain sample electric field can be derived.
The final balanced signal current Al from the photodiodes is proportional to the gate
pulse intensity EZ,,, and the MIR field Ewr [13]:

Al x Eg23te : EMIR (29)

This allows to reconstruct the complete time-domain information of our sample field.
Performing a calculation similar to that for FTIR spectrometry yields:

F{Ss()} _ Eampe(w) - H(®) - Acos(w) _ 7,
F{SR(T)} - Esample(w) : ZEOS(W) N H( ) (210)

The sample response function is multiplied to the MIR field and both spectra are
multiplied by the spectral instrument response of EOS ,NAEOS(w). Therefore, we can
measure the complex molecular response function H(w) with FRS.

Benefits over FTIR spectroscopy

Field-resolved spectroscopy mitigates limitations of time-integrating spectroscopy. The
resulting signal scales with the sample field rather than the intensity (for a symmetric
FTIR spectrometer) promising higher retrievable concentration dynamic range. Fur-
thermore, we can temporally separate the molecular response from the strong ex-
citation due to the time-gating of EOS. Therefore, the molecular response can be
analyzed in the background-free wake of the excitation pulse with the detection noise
floor given by the fundamental quantum noise of the gate pulse [4]. Thus, we circum-
vent the high intensity noise of the excitation, which enables higher sensitivity for FRS.
Measuring the complete time-resolved trace of the sample electric field permits power
scaling of the MIR field. This is possible if the MIR pulse duration is short enough
compared to the free induction decay emitted by the molecules. The molecular sig-
nal of gas-phase samples extends over several tens of picoseconds and well into the
nanosecond regime due to the narrow absorption linewidths [15]. Therefore, we can
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measure their signal much longer compared liquids, promising higher resolution, as
the molecular signal stays longer above the detection noise floor [2][30]. In general,
the required resolution is application-dependent, but high resolution is needed in order
to resolve the fine structure of all absorption bands to achieve high specificity [23][31].
Because the MIR field is upconverted into the NIR using SFG, low-noise semiconduc-
tors in the NIR can be used for detection. This is advantageous over MIR detectors,
e.g., based on MCT [32].

The heterodyne detection process with the strong NIR gate pulse has two advantages:
The phase information of the sample pulse stays preserved in contrast to a measure-
ment of the SFG field itself [33]. Additionally, the SFG signal is amplified in order to
be above the diode noise floor. This is advantageous when investigating weak SFG
signals. The signal scales with the gate pulse intensity (see Equation [2.9), because
the gate field generates the sum-frequencies and is used as local oscillator in the
heterodyne detection scheme [34]. While heterodyne detection is not limited to the
NIR range, dynamic range limitations of MIR detectors prevent improvements in this
spectral region.

Although employing a nonlinear process in the detection setup, percent-level detection
efficiency has been achieved by optimizing the EOS detection setup [13]. Harnessing
all the advantages of FRS, we expect to enter a new sensitivity regime for gas-phase
samples, combined with a broad spectral coverage and high detectable concentration
range.

Field-resolved molecular signal

For field-resolved spectroscopy, we employ EOS to measure the excitation field of
our laser source as well as the molecular response. To understand the results in
Chapter [4, we have to clarify how such a sample reacts to a few-cycle MIR excitation
pulse.

The MIR field hits the molecules inside our gas cell and excites vibrations and ro-
tations. After excitation, the molecules emit coherent radiation with a well-defined
decay time corresponding to the width of the absorption lines. The field amplitude
of the response is proportional to the number of emitters, i.e., the concentration of
sample molecules. Thus, a modification in the sample concentration changes the am-
plitude in the wake of the excitation pulse, accordingly. Due to the time-gating of EOS,
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background-free measurements are possible after the excitation pulse has decayed.
This implies a separation of the molecular signal from the strong excitation, which is
one major advantage of FRS.

2.3 Enhancement Cavities

In addition to the maximized detection efficiency, the spectroscopic sensitivity can be
increased by enhancing the signal from the molecular sample itself [13]. This may
be achieved by elongation of the interaction path between MIR pulse and the sample
gas. Possible approaches are multi-pass cells and enhancement cavities [16][17].
For multipass cells, propagating the sample beam between mirrors is usually feasible
for path lengths of a few (tens of) meters. Path lengths of several meters require addi-
tional beam shaping optics to compensate the divergence of the beam. One possibil-
ity to implement this is a distributed waveguide, which, however, is space-consuming.
Using a Herriott cell setup minimizes the amount of space needed, but can be tedious
to implement for MIR light and large mirrors may be required.

Enhancement cavities provide an alternative solution to achieve path-length enhance-
ment. As we have already seen before, we need a broad spectral coverage in the
MIR to investigate complex samples. This creates challenges concerning dispersion
management and the manner of coupling into the cavity. These challenges were
addressed in previous works in our group [35] and the developed solutions are sum-
marized in Chapter[3] In this chapter, the basic theory behind enhancement cavities
is explained and relevant parameters are introduced.

Working Principle

Figure shows a schematic of an EC in a bowtie configuration. Enhancement
cavities are passive optical resonators because they do not comprise a gain medium.
The input light (also called seed) is coupled into the cavity via an input coupler (IC),
e.g., a partially transmissive mirror, and the cavity mirrors guide the beam back to the
IC.
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Figure 2.5: Schematic of an EC. The seed light is coupled in via an input coupler (IC).
After one round trip using highly reflective (HR) mirrors, the light pulse in
the cavity constructively interferes with the next incoupled pulse. Energy
conservation requires destructive interference at the output after the out-
put coupler (OC) of the cavity.

The light, which is reflected by the IC is called the reflected cavity beam. The cavity
must be designed such that the stored pulse constructively interferes with the seed
pulse towards the inside of the cavity. At the same time, both pulses destructively
interfere at the output. The light, which leaves the cavity through the output coupler is
called the transmitted cavity beam. High path-length enhancement can be achieved
using this interference effect [36].

Relevant parameters to describe the cavity performance are the finesse F, the power
enhancement £ and the effective path length L., closely related to the path-length
enhancement factor PEF. The circulating field Ec inside the cavity can be calculated
in terms of a constant a, characterizing the cavity losses, and the round-trip phase ¢

[37].
1

1—a- e
The resulting intensity as a function of the round-trip phase is plotted in Figure[2.6|and
exhibits a 2r periodicity. The round-trip phase has a well-defined frequency relation.
It is dependent on the light frequency, the transverse electromagnetic mode and the
Gouy parameters [38]. Therefore, the qualitative behavior of the circulating intensity
would be the same if plotted against the seed frequency. Figure also illustrates
the so-called free spectral range, which is the distance between two resonances. The
ratio of the free spectral range and the full-width-at-half-maximum (FWHM) value A¢

Ec o (2.11)
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Figure 2.6: Circulating intra-cavity intensity plotted against the cavity round-trip phase
¢. The distance between the two resonances is the free spectral range (in
this case 2r). The full-width-at-half-maximum of a resonance is denoted as
A¢. The intra-cavity signal shows the same qualitative behavior if plotted
against the repetition rate of the seed light.

of the intensity resonances defines the finesse F of the cavity. The finesse depends
on the losses by the IC reflectivity Ric(w) as well as the power attenuation factor (per
round trip) R..v(w) and can be written as [38]:

7(Reay (@) Ric(w))*

F= (2.12)
1-— Rcav(W)RIC

The power enhancement factor £ defines the average optical power traveling inside
the cavity. It is determined as the ratio between the intra-cavity power and the seed
power. The maximum enhancement is achieved if the cavity is impedance matched.
This means that the intra-cavity losses equal the IC transmission. In that case, no
optical power gets reflected from the cavity [39]. However, £ does not include the
outcoupling of the intra-cavity power, which becomes important for applications, e.g.,
for high-sensitivity gas spectroscopy. Previous studies for FRS have shown that £ is
proportional to the path-length enhancement factor PEF, which is directly related to
the sensitivity improvement for gas spectroscopy [35].

For absorption spectroscopy it is more convenient to express the enhancement by the
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cavity in terms of an effective path length L.+ [39]. This parameter describes the path-
length enhancement and relates it to an interaction length. This length corresponds to
the equivalent single-pass path length through the sample, which would result in equal
molecular signal strength. In general, the total path length L., i.e., the interaction
length with the sample, results from two contributions:

Liot = Lo+ Less = Lo + PEF - L. (2.13)

The length Ly denotes the path length the beam travels through the sample gas out-
side the cavity and L. the cavity length with a path-length enhancement factor PEF.
The path-length enhancement quantifies the performance of the cavity compared to a
situation without coherent superposition. The enhancement can be explained in two
- effectively equivalent - ways: The first one is the effective path length, which models
the enhancement as a longer interaction path given by the mean intra-cavity lifetime
of the photons. On the other hand, the high intra-cavity power results in a stronger
molecular signal, which can then leave the cavity via the output coupler.

Figure illustrates the cavity properties with and without a sample gas for Ly = 0.
The discussion of Figure[2.7]a) is equivalent to the bowtie cavity seen in Figure[2.5] In
Figure b), a sample gas inside the cavity generates a temporally-delayed molecu-
lar signal. This molecular signal is visible in the reflection as well as the transmission.

a) ic b) |c
inpui%WM transmission input e transmission
reflection 4 i reflection — i
4—-4\-}‘-1-’.-"\-’,45—
IC reflection

Figure 2.7: lllustration of an impedance-matched enhancement cavity a) without and
b) with a sample gas. The input light gets reflected partially from the input
coupler (IC) and interferes with the outcoupled intra-cavity signal. With a
sample gas, the temporally-delayed molecular response is visible in both
transmitted and reflected cavity trace. Drawing by P. Sulzer.

In conclusion, a passive optical resonator yields a powerful tool for spectroscopic
path-length/sensitivty-enhancement. Designing an EC for broadband MIR waveforms
can push the sensitivity limit further for linear absorption spectroscopy of gas-phase
samples.
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In this chapter, the experimental work performed within the scope of this thesis is
described. First, two gas-phase sample preparation protocols will be presented and
verified. Then, the benchmarking work performed with an FTIR spectrometer is pre-
sented and the methodology is characterized. Similarly, the optical setup used for
FRS combined with simulations for the experiments is presented. In the end, a novel
MIR enhancement cavity setup is presented for the purpose of realizing a path-length
enhancement over a broad spectral region.

3.1 Sample Preparation

In this work, two sample preparation protocols are introduced to prepare gas-phase
samples. Reliable preparation of samples is important when investigating the sen-
sitivity and detectable concentration dynamic range of optical setups experimentally.
Otherwise no reliable conclusions about the linearity of the spectroscopic methods
can be drawn. The samples comprise variable mixing ratios of acetylene, methanol
and methane at different concentrations. Being a homo-nuclear diatomic molecule,
nitrogen is IR inactive (see Chapter[2) and was therefore used as a carrier gas . For
the protocols, the focus will be on accuracy and reproducibility of the prepared con-
centration.

3.1.1 Free-Expansion Protocol

To approach the topic of sample preparation, we start with the free-expansion protocol,
based on the free expansion of gas into vacuum. Figure [3.] depicts the setup used
for this protocol. The setup includes two turbo pumps with appropriate pre-pumps
to achieve the required high vacuum (typically 10~* mbar) to avoid background and
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Figure 3.1: Vacuum setup used for the free-expansion protocol. Methanol vapor from
the reservoir fills the evacuated gas cell. Afterwards nitrogen, as a carrier
gas, is added to the gas cell. The gas bag is used for pressure balance.
Dilution of the sample is achieved by free expansion of the sample into the
evacuated system.

enable free expansion. Three measurement devices are used to record the pressure
at different positions in the setup. All components are connected via copper tubes
and stainless-steel adapters. The system can be partially divided by valves V1 to V6.
For easier referencing, each volume is indexed with the valve numbers enclosing the
corresponding volume.

Liquid samples at room temperature, such as methanol, need to be vaporized for the
measurement. The following step-by-step instruction is for methanol but can be used
for gaseous substances at room temperature by omitting the vapor-liquid equilibrium
considerations (steps 3 and 4). In order to fill the gas cell with a methanol sample
using the free-expansion protocol the following steps have to be performed:

1. Purge the tubes with pressurized air and nitrogen. Evacuate the tubes and flush
them with nitrogen (repeat once).

2. Evacuate the setup (V2, V3 closed; V1, V4, V5, V6 opened).

3. Let methanol gas expand to the gas cell (free expansion). Wait until a pressure
of pp = 130 mbar is reached (vapor pressure of methanol at 20 °C) [40].(V1, V3,
V6 closed; V2, V4, V5 opened).
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4. Wait for approximately 30 s until the vapor-liquid equilibrium is obtained. Then
close V2 and V5.

5. Evacuate the setup except for the gas cell and flush with nitrogen for cleaning
purposes (repeat once). Evacuate the setup.

6. Fill V156 with nitrogen at atmospheric pressure (V1, V2, V5, V6 closed; V3, V4
opened). Use the gas bag for pressure balance.

7. Open V5 for a few seconds until the sound of in-streaming nitrogen has van-
ished.

The final sample consists of the highest possible methanol gas-phase concentration
as the saturation vapor pressure defines the maximum partial pressure of a substance
at a certain temperature. That is at vapor-liquid equilibrium, which means equal evap-
oration rate and condensation rate. For smaller sample concentrations the following
steps have to be executed after preparing the sample cell as described before:

1. Evacuate the setup except for the gas cell (V2, V3, V5 closed; V1, V4, V6
opened).

2. Open V5 and let the sample gas expand to vacuum (free expansion) (V1, V2,
V3, V6 closed; V4, V5 opened).

3. Wait for approximately 30 s until an equilibrium is reached. Then close V5.
4. Perform steps 5-7 of previous list.

The free expansion of the stock solution and subsequent refilling with nitrogen leads
to a concentration reduction with fixed ratio. This ratio can be calculated from the gas
cell volume and volume Vi,35. Performing these dilution steps iteratively leads to a
steady decrease in concentration inside the sample cell.

Advantages

The free-expansion protocol is easy and straightforward to implement. It provides
a good starting point for investigation of gas-phase samples at vapor pressure, the
highest concentration possible in the gas phase. For methanol, the protocol provides
reliable samples for percent-level concentrations.
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Disadvantages

In particular for the preparation of low concentration samples problems arise with the
free-expansion protocol due to the dilution process. With the dimensions and volume
ratios of the setup employed here, it takes more than ten dilution steps until ppm-
concentrations are reached. This is time consuming and increases the probability for
deviations from the target concentration as contaminants can enter and at the same
time sample molecules can leave the sample cell during the nitrogen refilling steps.
These problems can be mitigated by refilling every second time, using the pump for
dilution or by expansion into a bigger volume, but are not solved completely.
Furthermore, the high concentration inside the sample cell at the beginning is prob-
lematic. For methanol, adhesion plays a considerable role [41]. This hampers the
dilution by a fixed factor as molecules sticking to the wall act as an unwanted source,
which results in higher concentrations than expected particularly at the ppb level. An
increased number of detached molecules can be caused by the nitrogen flow dur-
ing pressure equalization. Potentially, the refilling can be omitted, but then saturation
effects of the sample partial pressure are observed due to the decreasing pressure
difference between sample cell and setup. The maximum pressure difference is lim-
ited by the minimum pressure achievable with the pumps. Expanding into a smaller
volume in step 3 of the protocol circumvents high concentrations in the gas cell. How-
ever, preparing low concentrations is still time consuming.

Moreover, the preparation of sample mixtures is cumbersome. For variable mixing ra-
tios at low concentrations, the preparation time can extend up to three hours. There-
fore, this protocol will only be considered for single gas species.

To conclude, the presented protocol is very useful for high concentrations (0.5-13% for
methanol) and yields a good starting point. Nonetheless, it is not flexible. Preparing
different low concentration samples to investigate the sensitivity limits of the spectro-
scopic methods seems not feasible with this protocol. Therefore, another approach
has to be used in order to prepare low concentrations accurately.
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3.1.2 Injection Protocol

The so-called injection protocol circumvents limitations seen for the free-expansion
protocol. Figure [3.2] depicts the setup.

A step-by-step description with all details of the protocol for laboratory use can be
found in the appendix (see Chapter [5). It is written for liquid substances at room
temperature but can be easily adapted for gas-phase substances. In summary, the
protocol includes the following steps:

1. Inject a specific volume of liquid sample into an evacuated glass gas sampling
bulb via a septum.

2. Fillthe gas sampling bulb with nitrogen as carrier gas using the gas bag for pres-
sure balance. The gas in the gas sampling bulb will serve as a stock solution.

3. Extract different volumes of stock solution with a gas tight syringe and fill it to
the 250 ml gas syringe via a septum. The 250 ml syringe contains a pre-filled
volume of nitrogen as carrier gas.

4. Transfer the sample to the evacuated gas cell. Pressure balance with the envi-
ronment is provided via the gas syringe.

5. Close V5 and clean the rest of the system.

Performing these steps leads to a well-defined sample concentration inside the gas
cell with total pressure equal to the atmospheric pressure. The concentration can be
exactly calculated from the extracted sample volume and the volume of the gas sam-
pling bulb and gas syringe. An example can be found in the protocol in the appendix.
The relative error can be minimized by adjusting the concentration of the stock solu-
tion to the final concentration.

Advantages

Employing the injection protocol makes it possible to prepare percent-level down to
low ppb-level concentration samples. The concentration can be varied by changing
the extracted volume of stock solution. This makes it highly flexible for testing the
sensitivity and achievable concentration dynamic range of the FTIR spectrometer and
FRS. The extracted sample gas volume can be precisely controlled by the syringe
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Figure 3.2: Vacuum setup used for the injection protocol. Specific stock solution con-
centrations are prepared in the gas sampling bulb by injection of well-
defined sample volumes. Afterwards, the sample together with nitrogen
as a carrier gas is prepared in the gas syringe and transferred to the gas
cell. The gas bag guarantees pressure balance.

yielding high reproducibility (see Chapter [3.1.4).

The preparation time for low concentration samples is significantly reduced compared
to the free-expansion protocol and all concentrations have the same preparation time
(approximately 6 min). Furthermore, it is easily possible to prepare sample mixtures
on the same time scale. The stock solution of each substance can be prepared inde-
pendently. Then, we can inject the different sample gases with variable ratios to the
gas syringe before filling the gas cell.

Disadvantages

Using the injection protocol, no vapor pressure samples can be prepared. This is pre-
vented by the additional dilution step from the stock solution to the gas syringe even
if the stock solution is at vapor pressure. Preparing slightly lower sample concentra-
tions is feasible, but not very convenient because large stock solution volumes have to
be extracted. Therefore, the free-expansion protocol is used instead to prepare high
concentration samples.
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In conclusion, the injection protocol yields reliable and flexible gas-phase sample
preparation and it will provide the procedure used for most of the gas-phase measure-
ment results. In addition to the preparation of methanol samples for testing sensitivity,
gas mixtures can be prepared to demonstrate the specificity of our system.

3.1.3 Gas Cell

Two sample cells have been used throughout the experiments. A 15-cm-long gas cell
was used for the FTIR spectrometer measurements. The length was limited by the
sample compartment size of the commercial device. The second sample cell is 45 cm
long and was fixed permanently in the FRS setup to preserve optimized alignment of

EOS detection. Both gas cells consist of a stainless-steel tube with ZnSe windows
fixed to the ends. In the case of the FRS cell, the windows are wedged in order to
avoid additional background in the time trace due to multiple reflections.

The concentrations specified in Chapter [4| correspond to the partial pressure of the
sample gas. The FTIR spectrometer measurement cell was directly filled using the
previously described protocols. For simplicity, the FRS samples were also prepared
in the short cell and then transferred to the evacuated cell inside the FRS setup. The
partial pressure decreases due to this additional dilution step, which was accounted
for in the concentration value for FRS. To obtain the same total pressure in both cells,
nitrogen has to be filled to the FRS cell up to ambient air pressure. However, the
nitrogen contained contaminants visible in the spectrum of the molecular signal of

FRS. Therefore, the samples for FRS had to be measured at lower total pressure
(p = 84 mbar) to avoid contamination. This affects the widths of the absorption lines
and changes dispersion of the sample beam path. The resulting group delay was
compensated for the time delay of the gate pulse. The contaminants did not influence
the FTIR spectrometer measurements because the sensitivity is not high enough (see
Chapter ).

To ensure that the sample cell is not contaminated after preparation by a leak, we in-
vestigated the tightness of the small cell. Therefore, it was evacuated and we recorded
the pressure evolution, which is shown in Figure The pressure monotonically in-
creased from 0.1 mbar to 2.5 mbar during 1.5 hours. After 14 hours, the pressure
was 3.2 mbar. There was in-streaming air via a leakage, but the pressure evolution
indicates sufficient tightness of the sample cell for pressures in the mbar range. Dur-
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Figure 3.3: Pressure evolution of the evacuated gas cell using only sealing rings for
tightening the windows. The dotted line shows the measured pressure
after 14 hours, which indicates sufficient tightness for the gas handling.

ing preparation of the samples, the pressure was only at sub-mbar levels for a few
minutes. Afterwards the gas cell was at atmospheric pressure, which makes gas ex-
change and therefore contamination negligible on the time-scale of our measurement,
which was verified with the absorption spectra of the FTIR spectrometer.

3.1.4 Reproducibility

A crucial point for the measurement campaign is the reliability and the accuracy of
the sample preparation. Therefore, we investigated the reproducibility of the sample
handling process in detail.

We prepared 659 ppm of methanol with the injection protocol in the small gas cell and
retrieved the concentration with the FTIR spectrometer. Then, the sample was filled to
the FRS gas cell, resulting in a concentration of 61 ppm. After measuring with FRS,
we measured the same sample with the FTIR spectrometer again. This procedure
was repeated five times to gain information about the fluctuations of the sample han-
dling.

Figure shows the results of this analysis. The differently-colored dots represent
the retrieved concentration for five different samples. Each sample was analyzed by
the FTIR spectrometer directly after preparation. Then, after an FRS scan, the same
sample was investigated by the FTIR again. The retrieved mean values of FRS and
FTIR spectrometer are in good agreement with the expected values. However, the
concentrations are smaller than the nominal values. Adsorption can cause this devia-
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Figure 3.4: Reproducibility of the gas-sample handling. The differently-colored dots
represent the retrieved concentration for five different samples. The black
dots denote the mean values of the five scans with the standard deviation.
The dashed line represents equal retrieved and prepared concentration.
Smaller mean values than expected were retrieved. The results show suf-
ficient reproducibility for the gas-phase experiments.

tion. It was already confirmed that adsorption has a relevant impact for stainless steel
tubes [41]. The number of molecules adsorbed normalized to the molecule number in
the sample cell is higher for smaller concentrations [42]. This will be relevant for the
dilution series (see Chapter [4). The FRS data points show higher fluctuations than
the FITR values. Most probable, the more complex data processing for FRS causes
these deviations (see Chapter[3.3.1). The results indicate that the gas handling does
not introduce considerable errors.

In conclusion, the sample handling reproducibility is sufficient for the purposes of this
thesis. The different sample concentrations can be prepared with approximately 11 %
relative deviation from the mean value.

3.2 Fourier-Transform Infrared Spectrometer

The current gold standard in broadband infrared spectroscopy are FTIR spectrome-
ters. Therefore, the protocols described previously were validated by analyzing differ-
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ent sample concentrations with an FTIR spectrometer. Furthermore, this state-of-the-
art device will be used to benchmark the sensitivity and dynamic range for gas-phase
samples. This will help us put the results obtained with FRS, as well as the further
potential of the method into the context of the technological state of the art. In this
section, the FTIR spectrometer used for these measurements is briefly described. Af-
terwards, the concentration retrieval is discussed.

The gas-phase experiments were conducted with a commercially available FTIR spec-
trometer (Bruker, Vertex 70). The beam path resembles the Michelson type setup
shown in Figure 2.3 A thermal source provides MIR radiation with Pyr ~ 4.7 mW
of optical power in the sample compartment. The gas cell was placed inside this
compartment and connected to the vacuum setup. For detection, a liquid-nitrogen-
cooled MCT detector was chosen as it provides better noise performance than stan-
dard room-temperature detectors. The total scan time defining the noise level was
60 s. The resolution for all scans was 1 cm~".

For all concentrations, the FTIR spectrometer acquired a reference scan for an evac-
uated gas cell prior to the sample measurement. After that, we prepared the sample
and transferred it to the gas cell to perform the sample scan. The time between refer-
ence and sample scan was minimized to less than 30 s to avoid negative effects from
thermal drifts.

Concentration Retrieval

To determine the concentration of the measured absorption spectra by the FTIR spec-
trometer, they were compared to reference data. The reference for methanol was
taken from the Pacific Northwest National Laboratory (PNNL) IR database (https:
//wuw.pnnl.gov/) [43]. This absorption spectrum was measured for 1 m interaction
path length and a concentration of 1 ppm. For simplicity, predominantly the maxi-
mum absorption from the Q-branch is considered here. The absorption value of the
Q-branch at wavenumber X = 1033 cm~" is Apnne = 0.00112. The expression for
the absorbance A reads A = ¢- L - ¢, where ¢ is the wavenumber dependent molar
attenuation coefficient specific for a molecular sample [44]. The interaction length is
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denoted with L and the sample concentration with c,..s. Using the absorbance A, of
the measured sample, we can directly retrieve the concentration via

c _ A - LpnnL - cpnNL _ A-1m-1ppm
meas Apnnt - L 0.00112- L

(3.1)

It is crucial that the baseline of the measured absorption spectrum is zero. Otherwise,
the absorbance value yields wrong results. An appropriate spectral region was chosen
to correct the baseline by a constant offset. The range from 2500 cm~' to 2600 cm™'
is ideal, because common contaminants such as water vapor and carbon dioxide do
not absorb in this region [45].

3.3 Field-Resolved Spectroscopy

After the benchmarking experiments with the FTIR spectrometer, we investigated the
performance of FRS for gas-phase samples experimentally, e.g., methanol, because
it has absorption lines at the maximum intensity dynamic range position of our instru-
ment. As described in Chapter[2] field-resolved spectroscopy mitigates the limitations
of the FTIR spectrometer, e.g., high intensity noise of the excitation field and mod-
est noise figures of MIR detectors. The potential of FRS was already demonstrated
for liquid-phase samples [4]. Analyzing gas-phase samples in conjunction with novel
technologies with high spectral resolution, especially frequency combs, enables high
specificity due to the longer coherence time of the resonant emission of gases com-
pared to liquids [11]. In this chapter the optical setup used for FRS is illustrated.
Then, the data acquisition and post-processing as well as the simulation of the molec-
ular response using the high-resolution transmission molecular absorption (HITRAN)
database is explained.

Figure shows the setup used for the gas-phase FRS measurements (details in
[18][13]). An erbium fiber oscillator is frequency-shifted and seeds two stages of am-
plification in thulium fibers (see Figure [3.5]a)) [47]. The resulting pulses have 50 W of
average power with 250 fs FWHM pulse duration at a center wavelength of 1965 nm.
These pulses are split into two channels. Each channel contains a photonic crystal
fiber for nonlinear self-compression. The channel with the PCF 2 compresses the
pulses down to 13 fs, which will be used as the gate pulse later. The other chan-
nel compresses the pulses to 32 fs duration. Afterwards these compressed pulses
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Figure 3.5: Optical setup used for the FRS measurements. All components can be
placed in a vacuum environment. The output of an Erbium fiber oscillator
is amplified by a grating-based chirped pulse amplification (CPA) setup. A
beam splitter (BS) sends the amplified pulses to two photonic crystal fibers
(PCF) for nonlinear self-compression. One channel serves as a gate pulse
and the other channel is used for MIR generation via intra-pulse difference
frequency generation (IPDFG) in GaSe. The MIR is separated from the
driving NIR beam via a grating-based long-pass filter (not depicted) [46].
The EOS detection scheme was explained in detail in Chapter[2l The
sample field is sent through the gas cell containing the sample molecules
via ZnSe windows before combination with the gate pulse by a ZnSe beam
combiner (BC).

drive intra-pulse difference frequency generation (IPDFG) in a GaSe crystal to gen-
erate MIR light centered around 30 THz frequency with 80 fs pulse duration. Com-
pared to thermal MIR sources, the generation of MIR light via IPDFG results in spa-
tially and temporally coherent light. Additionally, the brilliance exceeds that of thermal
sources or large-facility synchrotrons [18]. The MIR spectrum spans from 19.6 THz
to 41.1 THz at the -30-dB-level. This broad coverage benefits the characterization of
complex molecular ensembles.

The detection scheme (see Figure[3.5b)), described in detail in Chapter[2], is extended
by the gas cell (length | = 45 cm) in the MIR beam path. After transmission through
the sample cell the MIR beam is overlapped with the gate pulse using a ZnSe plate
at Brewster’s angle. Then, a parabola focuses both beams into a GaSe crystal. An
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ellipsometer analyzes the resulting signal from the crystal (see Chapter [2). The differ-
ence current from the balanced InGaAs photodiodes is amplified by a transimpedance
amplifier and processed by a LabVIEW program. Using the mechanical stage, a vari-
able delay 7 is introduced, which enables a temporal scan of the gate pulse over the
sample field. Currents are measured as a function of this delay. The measured traces
are proportional to the sample field, with differences arising from phasematching, the
gate pulse duration and spectral post-filtering [13].

3.3.1 Data Handling and Processing

This section briefly summarizes the main post-processing steps for the data acquired
using EOS. First, all real-valued time-domain traces are interpolated on the same
evenly spaced time axis. The zero position of each trace was determined by the
position of the peak value and the two neighboring zero crossings. The first trace
is taken as reference and the remaining curves are shifted accordingly. Afterwards
the time position of the traces is adapted such that the traces have maximum over-
lap. Thereby, time delay fluctuations were compensated, e.g., from errors in the delay
value provided by the mechanical stage.

Next, the traces are multiplied by a factor to adjust their field amplitude compared to
the reference trace. This is valid as there are several sources for a change in signal
strength, e.g., the MIR power sent to the EOS detection or beam pointing fluctuations.

In the end, each data set is split into two equal-sized sets. One output file contains
the average of the first half and the second file the average of the second half of the
data set. This is necessary to estimate the noise floor from the difference between
two reference measurements, which determines the limit of detection (LOD) for FRS.

Using the Hilbert-transform, the complex envelope of the pre-processed average traces
is calculated[] The complex envelope has the same information content as the physi-
cally real electric field, but it simplifies data interpretation and handling.

3.3.2 HITRAN Simulation

In order to exploit the time-gating advantage of FRS, a different method for the con-
centration retrieval as compared to the time-integrating FTIR spectrometer measure-

"The python library used for these calculations and the simulation were written by M. Hégner
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ments is beneficial. Therefore, the sample response in the wake of the few-cycle pulse
is simulated in the time domain. To achieve this, we used the HITRAN line data base
via the HITRAN Application Programming Interface [45]. The input data set contains
the total pressure, fraction and molecule type of the sample as well as the tempera-
ture and the line profile. Using the line data downloaded from the HITRAN data base,
complex-valued Lorentzian-shaped absorption lines were computed with the correct
strength, line width and spectral position corresponding to the laboratory conditions.
These absorption lines are then combined in the complex absorption coefficient a. Af-
terwards, the sample response can be calculated using Beer-Lambert’s law with gas
cell length L and reference spectrum Eref((U) (measured with an empty sample cell)
[44].

E(w) = Epef(w) - e 112 (3.2)
As the calculation is performed with complex envelopes and absorption coefficient
rather than intensities, the phase information stays preserved. After computing the
Fourier-transform of E(w), the measured traces can be time filtered and a can be
adjusted to the measured spectral signal via the concentration.

3.4 Enhancement Cavity

Employing an EC together with FRS can push the sensitivity limit for gas-phase sam-
ples further. The challenge is to achieve broadband enhancement to investigate
molecular ensembles. In this chapter, the experimental setup and work conducted
with an ultra-broadband EC will be described. Possible cavity designs, including the
one presented here, have already been explored thoroughly in our group [35][48].
Therefore, a brief summary will be given and we will then focus on the application for
gas-phase experiments.

Figure shows the experimental setup for the cavity experiments. The same MIR
source, used for the single-pass experiments and described in detail in Chapter [3.3]
is used for the EC experiments. A motorized flip mirror in front of the single-pass
gas cell (see Figure sends the MIR beam to the vacuum chamber containing
the cavity. Wedged ZnSe windows separate the cavity chamber to be able to pre-
pare a well-defined sample concentration inside the chamber. Before and after the
cavity, the beam travels a length L, = 6.55 m with sample interaction. Two concave
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mirrors (f=15 cm and f=25 cm), under small angle of incidence, serve as a telescope
to achieve mode-matching of the input MIR mode to the eigenmode of the cavity.
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Figure 3.6: Setup sketch used for the gas-phase experiments with an ultra-broadband

EC in a nitrogen environment separated by ZnSe windows (W). The
same MIR source as for the single-pass experiments and additionally the
1550 nm output of the oscillator were used as a seed. The NIR light is
filtered by a band-pass filter (BPF) and the polarization is adjusted by a
polarizer (Pol). The MIR light passes a telescope for mode-matching and
is then combined with the NIR light using a short-pass filter (SPF). After
the SPF, both beams are focused by a concave mirror (CM) and then enter
the cavity via the diamond wedge. The NIR reflected cavity signal is used
to create an error signal for locking. Using a SPF, the reflected MIR beam
can be analyzed by EOS. The transmitted beams are sent to a diode and
an MCT detector, respectively, to visualize the cavity resonances on an
oscilloscope. An FTIR spectrometer and EOS is employed to investigate
the transmitted MIR beam.

An auxiliary beam for locking to the cavity length is derived from the fundamental fre-
quency comb generated by the Er:fiber laser oscillator. This beam is coupled into a
fiber and then fed through a vacuum-tight connector into the chamber. After collima-
tion, a polarizer selects the p-polarized component, because of the cavity design with
a reflective input coupler close to Brewster’s angle. A band-pass filter selects spec-
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tral components, which create NIR resonances at the MIR resonance position used
for locking. Afterwards, both beams are recombined with a germanium plate and fo-
cused into the cavity. The focal position corresponds to the focus point of the curved
cavity mirrors to achieve mode-matching.

Previous works have shown that broadband enhancement can be best achieved us-
ing reflective input coupling by a diamond wedge [35][49]. Using a wedge eliminates
unwanted effects, e.g., the etalon effect. Such a thin diamond wedge (mean thick-
ness 350 + 50 ym) is placed close to Brewster’s angle inside the cavity to minimize
intra-cavity losses for p-polarized light. For optimum enhancement, the wedge angle
must be chosen such that the cavity is impedance matched. For the results presented
in this work, this angle is 1° with a measured spectrally averaged MIR IC reflectivity
of 4.3 %. The cavity itself is in a bowtie configuration with unprotected gold mirrors,
which have a flat spectral phase over more than 15-150 THz frequency range and
therefore do not limit the dispersion management [35][50].

For characterization of the cavity either the electro-optic signal recorded after reflec-
tion or transmission through the cavity are analyzed. In the case of reflective input
coupling, the transmitted seed beam corresponds to the reflected cavity beam as it
does not enter the cavity. Due to the wedge, the transmitted cavity beam can be sep-
arated from the reflected beam (see Figure[3.6). A concave mirror recollimates each
of these beams and a germanium plate splits the MIR from the NIR light. The trans-
mitted NIR and MIR light is sent onto an MCT and InGaAs detectors, respectively.

To visualize the cavity resonances on an oscilloscope (see Figure b)), the repeti-
tion rate of both pulse trains is varied linearly by sending a ramp voltage to an electro-
optic modulator (EOM) in the fiber laser oscillator, resulting in a transmitted signal cor-
responding to the intra-cavity intensity plotted in Figure [2.6] The resonances of both
beams are at comparable cavity length, because the round-trip phases show small
differences due to similar complex refractive indices at both wavelengths [50][51].

The reflected NIR beam is used for locking the cavity to a length with maximum
intra-cavity intensity using a polarization-based locking scheme originally proposed
by Hansch and Couillaud [52]. This scheme results in dispersion-shaped resonances
as shown in Figure [3.7] a), which are used as an error signal. The error signal has its
characteristic zero-crossing at the position of a NIR resonance and therefore serves
as a feedback for locking of the oscillator repetition rate to the cavity length for max-
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imum enhancement (see Chapter [2). Additionally, the free-running carrier-envelope
offset (CEO) frequency f., of the NIR oscillator is constant on the relevant time-scale
of hours. As a result, the optical frequency f of a single mode of the frequency comb
f=feot+ N-fepis Iocke(ﬂ Due to the MIR generation via DFG, the repetition rate
of both pulses is identical and the carrier-envelope offset frequency f., of the DFG
comb is intrinsically zero.

Moreover, we have an additional degree of freedom for the MIR. Varying f., of the
NIR in locked position does not change the NIR cavity output signal as the EOM com-
pensates the change in f., via f., in order to guarantee constant optical frequency f.
This change in f., affects the MIR resonance position as f., is inherently zero. As
a consequence, the MIR resonances are shifted against the NIR resonances. Con-
sequently, changing of f.,, while cavity and NIR comb are locked, allows us to bring
cavity and MIR modes in resonance.

2N denotes the mode number of the frequency comb
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Figure 3.7: Detector voltages on the oscilloscope plotted against laboratory time. A
ramp voltage is sent to the EOM of the oscillator such that the repetition
rate is varied linearly corresponding to the time axis in this plot. a) Charac-
teristic dispersion-shaped error signal obtained with the polarization-based
Héansch-Couillaud locking scheme. b) MIR and NIR resonances of the
intra-cavity intensity. The zero-crossing of the error signal is at the posi-
tion of a NIR resonance. The MIR resonance position was tuned by the
carrier-envelope frequency for maximum signal.

The challenges for broadband enhancement have been thoroughly discussed in pre-
vious works in our group [35][53][54]. For broadband enhancement, the cavity param-
eters have to be controlled such that £, is equal to the optimal offset frequency. As
f.o Of our MIR comb is inherently zero, the optimal offset frequency has to be set to
zero [54]. This is done by changing the humidity inside the cavity chamber to vary
the dispersion. By carefully regulating the humidity, we achieved ultra-broadband en-
hancement of the fundamental Gaussian mode. This was confirmed by analyzing the
transmitted cavity beam profile using a MIR camera and the spectrum using an FTIR
spectrometer. Being in a cavity configuration supporting the fundamental Gaussian
mode has several advantages, e.g., easier mode-matching between the seed mode
and the cavity eigenmode and higher enhancement [35].
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The MIR resonance at a relative humidity of approximately 16 % is plotted in Figure [3.7]
The shape of the MIR resonance is distorted by nonlinear effects in the MCT detector.
Maximum spectral intensity in the MIR is obtained for the position indicated by the ver-
tical dashed line. This configuration is employed during the gas-phase measurements
using the reflected and transmitted MIR cavity beams with a locked cavity and FRS.
The gas sample was filled to the cavity chamber in order to avoid additional transmis-
sive cavity optics. We used methanol concentrations below 1 ppm as we expected a
significant influence of dispersion induced by the methanol absorption resonance at
31 THz.
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4 Experimental Results

In the previous two chapters, the theoretical background of infrared absorption spec-
tra as well as techniques to retrieve the complex sample response function were pre-
sented. Two preparation protocols for gas samples were presented to investigate the
performance of an FTIR spectrometer and FRS experimentally.

In this chapter, the experimental results obtained with these methods are presented.
The FTIR spectrometer dilution series aims to validate the sample preparation and
serves as a sensitivity benchmark for state-of-the-art FTIR spectroscopy. The deter-
mination of values for the LOD and the retrievable concentration dynamic range are
the goal of these experiments. Using this benchmark for comparison, we performed
a dilution series with FRS. Investigating the noise floor for different averaging times
reveals the potential of FRS and indicates means of further improvement. Analyzing
the time-domain molecular signal deepens our understanding of rotational-vibrational
spectra and might open new avenues for future experiments. The experimental results
of the broadband MIR cavity with gas-phase samples demonstrate one possibility for
path-length enhancement and provide a proof-of-principle application.

4.1 FTIR Spectrometer Measurement Campaign

Dilution Series

The two goals for the measurements with the FTIR spectrometer are to validate the
sample preparation protocols and to provide a benchmark for the field-resolved mea-
surements. An FTIR spectrometer is ideally suited as it is well-established and versa-
tile (see Chapter [2). It provides a good reference of state-of-the-art spectroscopy in
terms of sensitivity and measurement dynamic range.

Methanol sample concentrations from 400 ppb to 12 % were prepared using the two
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protocols described in Section [3.1] The resulting absorption spectra are analyzed
to retrieve the concentration (see Chapter [3). Figure shows the resulting com-
parison of the prepared and measured concentrations. To obtain the error bars at
the boundaries of the detectable concentration range, each concentration was pre-
pared five times and every sample was measured five times consecutively. The data
point corresponds to the mean value of the resulting 25 independently retrieved con-
centrations. The y-error bars are the standard deviation of five consecutive scans

D 11 B T saturaton=5% | _ _ ——————————— .
g : K |
Z 1004 A N I R i
2
g 103_ ................................................................................................................... .
© | | | | | |
c I 3 3 ! : ‘ 3 7]
2 10 ‘ """"""""" """"""""" o DRerg = 6.1x10* | | “““““““ ‘
® ] ! : : 3 ! : ]
% 101 o e e _
(&)
C
8 100_ ,,,,,,,,, T V ,,,,,,,,,,,,,,,,,,,,,,,,,,, a
detection limit = 818 ppb
1 LODFTIRf ; : | ‘
10 LR | LA | LR | L | LR | AL |
10" 10° 10’ 102 103 10* 10°

Concentration prepared (ppm)

Figure 4.1: Methanol dilution series for the FTIR spectrometer measurements. The
retrieved concentrations are in good agreement with the expected values,
verifying the preparation protocol. The LOD was determined to be 818 ppb
by the noise equivalent concentration of an identity scan. The maximum
concentration for the CO-stretch mode of methanol is limited by satura-
tion of the P-branch absorption at 5 % concentration resulting in 6.1 x 10*
retrievable concentration dynamic range. The error bars at high concen-
trations are smaller than the data points.

of the same sample and the x-error bars are computed using five different samples
prepared with nominally the same concentration. The retrieved concentrations are in
good agreement with the identity curve.
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At percent-level concentration, the absorbance values are smaller than expected,
which can be explained by adsorption effects (see Chapter [3). For ppm-level con-
centrations, the absorption signal is comparable to the noise floor and the SNR is
approximately 1, which increases the size of the error bar. These results, together
with the reproducibility check in Chapter [3| validate the sample preparation protocol.
For benchmarking the sensitivity and retrievable concentration dynamic range, we
use the CO-stretch band of methanol consisting of spectral features from 29 THz to
32.5 THz (see Figure[2.1). The results have to be linked to the averaging time and the
interaction length with the sample to yield a fair comparison to FRS, which are 60 s and
14 cm for the FTIR spectrometer measurements, respectively. To determine the LOD,
we measured two reference scans subsequently and treat one as the sample. This
corresponds to a sample response function ltl(w) equal to unity. Theoretically, at all
frequencies there should be no measurable absorbance. However, noise causes fluc-
tuations of the absorption spectrum around zero. The root-mean-square of this signal
was computed, and the corresponding (noise equivalent) concentration for methanol
was determined to be 818 ppb and defined as the LOD of the FTIR spectrometer [4].
This corresponds to the measurement of a molecular signal with SNR of 1 in compar-
ison to the average error of the zero-absorption line.

At lower concentrations (see 400 ppb data point) the molecular signal vanishes in the
noise floor. At 5 % concentration, the absorbance value of the P-branch saturates pre-
venting retrieval of higher concentrated samples. The data point at 12 % concentration
was obtained by evaluating the first overtone of the CO-stretch mode at 2054 cm~".
In principle, more spectral features can be used to determine the methanol content,
but as specificity is one key aspect in applications, it is necessary to have high mea-
surement dynamic range using only one spectral feature [23][31]. We find a dynamic
range between the maximum retrievable concentration and the LOD of 1.5 x 10° using
only the CO-stretch mode of methanol.

To put the limits obtained for the FTIR spectrometer into a perspective for applications,
we can look at the abundance of typical biomolecules in the liquid phase. The mea-
surement dynamic range already covers a large fraction of such biomolecules [55].
Therefore, it is possible to investigate them for potential health-state monitoring or
disease detection [8][10]. Increasing the sensitivity enables investigation of a greater
variety of biomolecules, which would push the usability for clinical applications further.
Extending the analysis to the gas phase promises higher specificity due to the longer

53



Experimental Results

coherence time of the resonant emission, which is crucial for biomedical applications
[11][23]. Tools to create gas-phase samples out of liquid biomedical probes exist, but
have their limitations [12].

4.2 FRS Measurement Campaign

Based on the sensitivity potential of FRS described in the previous chapters, which
was already demonstrated in the liquid phase [4], we examined the performance of
FRS in the gas phase. The results of a dilution series similar to the experiments
with the FTIR spectrometer will be presented and compared to our benchmarking
experiments. The intensity dynamic range at 30.9 THz of our laser source with FRS
can be determined to DR = 8.8 x10™ for 16 s of measurement time [13]. This promises
an improvement in terms of sensitivity and concentration dynamic range. Moreover,
the bandwidth of the laser source spans more than one octave (19.6-41.1 THz at the
-30-dB-level). We investigated sample mixtures consisting of acetylene, methanol and
methane, to demonstrate the potential of this broad coverage and to quantify the LOD
for each molecular type. Increasing the averaging time to achieve higher sensitivity
was analyzed. Moreover, we investigated the temporal evolution of the molecular
signal, which opens conceivable avenues for future experiments to achieve higher
sensitivity and specificity.

4.2.1 Dilution Series

In analogy to the dilution series (see Figure [4.1), sample concentrations from 2 ppb
to 12 % were prepared and retrieved by FRS[T| Figure [4.2) visualizes the time-domain
traces for different sample concentrations. At high concentrations, the strong absorp-
tion changes the field envelope of the excitation pulse, visible in Figure a). For
a decreasing number of absorbers, the envelope converges to the reference curve.
This evolution is reproduced by the simulation using the HITRAN line data [45]. In
Figure b) the envelope of the field amplitude of each scan decreases by a factor of
approximately ten, corresponding to the change in concentration (see Section[2.2.2).
For the lower concentrations, the amplitude merges with the noise floor at around

'The measurements were performed together with D. Gerz
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Figure 4.2: Time-domain traces of the dilution series. a) Excitation pulse and two
percent-level samples showing the effect of high absorption on the pulse
envelope of the field. The measured drop at the rising edge of the pulse
can be reproduced by the simulation. b) Free induction decay of traces
with varying sample concentration. The time window from 8 ps to 10 ps
was used for filtering. ¢) Fourier-transform of the time-filtered signal. The
peak values were used to determine the concentration for the dilution se-
ries.

3 ps, allowing for background-free measurements. The noise level is defined by the
NIR gate pulse shot noise, but reveals background signals between 5 and 6 ps, as
well as between 7.5 and 8 ps [13]. The origin of these features has not yet been
clarified, but they most likely emerge from multiple reflections in optics. Therefore, the
time window from 8 ps to 10 ps was chosen for further analysis. After Fourier trans-
formation of the signal in this time window, we determined the concentration from the
signal strength at 31 THz (see Figure c)) using a simulation, which is described
in Section[3.3.2] The peak amplitude decreases in accordance with the time-domain
signal. The dotted line indicates the LOD of FRS.

Figure shows the corresponding comparison of the prepared and measured con-
centrations. The retrieved concentrations are again in good agreement with the pre-
pared values. Measurement and subsequent detection of the corresponding concen-
tration was possible up to 12 %, limited by the vapor pressure of methanol [40]. The
shaded areas in Figure [4.3]indicate whether the concentration is retrieved in the time
(orange) or frequency domain (blue), respectively. Due to the large absorption of
percent-level samples, the frequency domain signal saturates. For those concentra-
tions, we therefore harness that with EOS we have access to the full time-domain
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response to an impulsive excitation to retrieve the concentrations.

Concentration retrieved (ppb)

Figure 4.3: Dilution series for the FRS measurements. The retrieved concentrations
are in good agreement with the prepared values and the LOD was deter-
mined to 1.9 ppb. The maximum concentration was 12 %, limited by the
vapor pressure of methanol, which results in 6.3 x 107 retrievable concen-
tration dynamic range using the CO-stretch mode of methanol. Effects
from adsorption and contaminants together with bad SNR cause the devi-
ations at low-ppb concentrations. The shaded areas indicate whether the
concentration is retrieved in the time (orange) or frequency domain (blue),

The comparison of two reference traces was used for the calculation of the LOD of
FRS. Each of these reference traces is the average of five individual scans. The two
curves are then subtracted in the time domain, and a time window is applied to identify
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the background-free parts of the measurement.

The Fourier-transform of this time-filtered signal is calculated and the mean value
(27-35 THz) determines the baseline value. Afterwards, a simulation was performed
using one reference to compute the sample signal strength at 31 THz equal to this
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baseline value. The concentration giving equal signal strength is then defined as the
LOD and corresponds to a noise-equivalent concentration.

The obtained detection limit of 1.9 ppb, using a 45-cm long sample cell, competes
well against the FTIR spectrometer and other instruments reported in the literature
[35]. The retrievable concentration dynamic range using the two limits calculates to
6.3 x 107 and reflects the high intensity dynamic range of our laser system and the
possibility to benefit from the time-domain nature of FRS.

In order to have a comparable limit of detection, we have to reference the LOD by the
measurement time. The time-domain traces measured with EOS extend over a delay-
range of 11 ps. Together with the scan velocity of the delay stage of vge,y = 0.4 mm/s
and the speed of light, the laboratory time for a single trace is approximately 8.27 s.
The effective measurement time is doubled to account for sample and reference
scans. For the LOD in Figure ten traces were used, which results in a total
measurement time of 82.7 s. Taking the averaging time and sample cell length into
account, FRS is two orders of magnitude more sensitive than the FTIR spectrometer.
In comparison to state-of-the-art, spectrally narrowband gas-sensing [56], our laser
source covers more than one octave (19.6-41.1 THz at the -30-dB-level). This en-
ables investigation of complex molecular ensembles [31].

In the low-ppb regime, the data points deviate stronger from the expected values,
because the molecular signal approaches the noise floor and the SNR decreases.
Furthermore, adsorption and contaminants impact sample handling and prevent re-
liable preparation of ppt-level samples with the current vacuum system and protocol
[41]. Therefore, new approaches to prepare ppt concentrations have to be consid-
ered. Besides ensuring cleanliness of the sample-handling with high vacuum, differ-
ent concentrations can be prepared in a nitrogen-stream with heated components of
the vacuum setup [43].

4.2.2 Gas-Phase Mixtures

The MIR spectrum obtained via IPDFG from our laser source covers the spectral
range from 19.6 THz to 41.1 THz at the -30-dB-level. Usually, the spectral width is
given at the FWHM [57]. However, due to the high dynamic range demonstrated in the
previous section, the spectral intensity at the -30-dB-level is still sufficient for spectro-
scopic applications. In this section, we quantify the performance of our broadband
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laser source in combination with FRS by analyzing sample mixtures with varying con-
centration ratios.

Figure shows the measured and simulated spectrum of a test sample consisting
of acetylene, methanol and methane together with the spectrum of the exciting laser
field. The simulation is performed with the total complex absorption coefficient cal-
culated as ot = (lacetylene + Gmethanol + (methane @Nd @ time-delay window for Fourier
transformation from 3 ps to 10 ps. The simulated coefficients in the plot correspond
to 4 ppm acetylene, 0.84 ppm methanol and 75 ppm methane, and show excellent
agreement with the measurement for methanol and acetylene. The slight deviations
at the methane lines might be caused by the background already encountered in the
time-domain trace.

The visible spectral features of acetylene and methane at the boundaries of our spec-
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Figure 4.4: a) Spectral bandwidth of the instrument, corresponding to the MIR exci-
tation spectrum generated via IPDFG. b) Fourier-transform of the time-
filtered signal for a sample mixture consisting of acetylene, methanol and
methane. The measurement agrees well with the simulated spectrum
with 4 ppm acetylene, 0.84 ppm methanol and 75 ppm methane. The
noise equivalent concentration detection limits were determined using the
HITRAN line data.

trum reflect the broad coverage of our laser system. Smaller spectral intensity means
that less sample molecules are excited causing a decreased amplitude of coherent
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sample emission. This increases the LOD for acetylene and methane. Consider-
ing the different interaction cross section of each molecule, we determine the LOD for
acetylene, methanol and methane in a mixture using the HITRAN line data with the to-
tal absorption coefficient stated above. For an averaging time of 490 s and the 45-cm
long gas cell, we determine the limits to 1.5 ppb (acetylene), 1.7 ppb (methanol) and
81 ppb (methane). Although the averaging time has been increased by approximately
a factor of six compared to the previous experiments, the LOD of methanol has not
been improved by a factor v/6 . This will be investigated in the next section.

The limits obtained for acetylene and methane can compete with results from litera-
ture [35]. This demonstrates high sensitivity at the boundaries of the spectrum and
highlights the unprecedented combination of sensitivity and specificity of our setup.

4.2.3 Towards ppt-Level Sensitivity

As we have seen before, ppb-level-sensitivity of the FTIR spectrometer already bene-
fits biomedical applications (see Chapter [4.1). However, going towards the ppt range
promises even deeper insights in samples with low-abundant biomolecules.

In order to exploit the full potential of our setup, we investigated the detection limit
while increasing the averaging time to reach smaller detection limits. As the EOS
scan velocity of each trace is optimized, this was done by averaging consecutively
recorded reference traces and investigating the resulting LOD. Figure shows the
evolution of the LOD for methanol for three different measurements. The first two
scans show a decreasing LOD up to the maximum averaging time of 331 s. The min-
imum LOD is determined to 913 ppt.

For the third scan the LOD decreases up to an averaging time of approximately 300 s.
For higher averaging times, drifts in the experimental setup cause an increase in the
LOD [58]. These effects most probably originate from drifts of the balancing in the
EOS detection setup, which increases the detection noise floor on a time scale of
minutes. Beam pointing drifts and changes in the gate pulse spectrum are two pos-
sible reasons for degrading the balancing performance. The averaging of multiple
traces is affected by these drifts due to the slow scan with a mechanical delay stage.
Future fast-scanning techniques promise solutions to tackle these problems [24][25].
This shows that ppt-sensitivities are already feasible with our setup. However, the
onset of drifts is not reproducible, which is why further improvements of the setup sta-
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Figure 4.5: Noise floor and LOD as a function of the averaging time. The noise de-
creases up to approximately 300 s. Further averaging leads to increasing
detection limits due to drifts in the detection setup. We determined a min-
imum LOD of 913 ppt for an average time of 314 s. The dashed lines
indicate a linear fit for the two regimes mentioned in the plot.

bility are necessary.

In addition, scanning the gate-pulse delay only over the time window of interest would
reduce the measurement time at a constant number of acquired traces, which also
enables further averaging as the onset of drifts depends on the elapsed laboratory
time. For the analysis of small concentrations we used the time window from 8 ps
to 10 ps after the main pulse, which would enable a reduction of the laboratory time
of the measurement by approximately a factor of five. Following the square-root line
in Figure [4.5] this promises higher sensitivity with reproducible detection limits below
1 ppb. Experiments in the near future aim to verify these expectations experimentally.
Potentially different time windows can be used, which might yield further improve-
ments.
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4.2.4 Sliding-Window Analysis

So far, we have only analyzed the time-domain signal of methanol between 8 ps and
10 ps after the excitation pulse, where the molecular signal of methanol only shows
the strong Q-branch at 31 THz (see Figure[4.2) and not the rotational-vibrational spec-
trum expected from the simulation (see Figure [2.1). In the following, the time-domain
evolution of the methanol signal is investigated with a sliding time-window analysis to
obtain temporally and spectrally-resolved information about the molecular signal.
The time-domain trace for a simulated 60 ppm methanol sample is scanned by a 2-ps
long time window to analyze the signal evolution as shown in Figure a) for three
time window positions. The starting point of the time window was varied from 2 ps
to 50 ps. The Fourier transform of the time-filtered trace was computed and the peak
value of the spectrum between 29 THz and 33 THz was determined. Figure b)
shows the normalized peak values plotted against the position of the time window. Up
to 13 ps, the signal decreases exponentially as expected for the free induction decay
of a single Lorentzian line.

At approximately 16.5 ps and 22.6 ps after the excitation pulse, the signal reveals
characteristic peaks. This can be explained by the beating of several rotational modes
[59]. At time zero of the few-cycle excitation, the emitted waves of the molecular oscil-
lations are all in phase and therefore interfere constructively. From the beating signal
of two superposed waves with frequency difference Af we know that two frequencies
show constructive interference again after a period [60]:

1
tbeating - E (41)

The beating periods of 16.5 ps and 22.6 ps correspond to frequency differences of
2 cm~' and 1.5 cm~', respectively. This correlates with the difference of the rota-
tional lines in the P and R-branch of methanol. Therefore, the peak at 16.5 ps can
be explained by constructive interference of the rotational lines of the P-branch and
analogously for the R-branch at 22.6 ps. The two peaks occur separately due to the
different spacing between the rotational lines of the two branches (details in Chapter
[2). This interpretation is verified by the time-filtered spectra (see Figure [4.6/c)). Either
the P- or the R-branch is dominant in the spectrum for the two delays. In the time
window between 2 ps and 27 ps, all features of the rotational-vibrational spectrum ex-
pected from the simulation are reproduced.
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The two strong peaks at 35 ps and 46 ps correspond to the second echo of the pre-
viously described beating signal. The signal at 35 ps reveals a step-like build-up, i.e.,
the constructive interference of the rotational lines of the P-branch is distributed over a
longer time scale. This indicates that the frequency differences of the rotational lines
within the P-branch are not exactly equal, which leads to different beating periods and
therefore no single beating peak.
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Figure 4.6: Sliding time-window analysis. a) Time-domain trace of 60 ppm methanol
after impulsive excitation. b) Normalized peak amplitude of the time-
filtered trace for varying time-window positions. The first 13 ps show an
exponential decay of the amplitude. The peaks at 16.5 ps and 35 ps
correspond to constructive interference of the rotational lines within the
P-branch. Analogously, the peaks at 22.6 ps and 46 ps result from the
R-branch lines. c) Fourier-transform of time-domain signal for different
time-window positions. The methanol branches (see simulated spectrum
in gray) are dominant at specific time delays. The time-window duration
defines the resolution of the spectrum.
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In principle, the time-domain evolution of the molecular signal can be used to measure
low concentration ensemble components even with a strong molecular background
signal. By choosing an appropriate time window, where the sample has a strong echo
and the background has minimum signal, the signal-to-background ratio can be opti-
mized. However, the position of the beating signal is specific for each molecule [59].
If the background has a strong echo at the same time position as the sample, the
benefit of this time-domain analysis is reduced.

The evolution of the molecular signal is also helpful for understanding the spectra ob-
tained with the enhancement cavity, presented in Chapter [4.3]

In general, it will depend on the investigated sample and the application whether time
windows with strong beating signal benefit the sensitivity and specificity. Future exper-
iments will investigate in more detail possible improvements of this time-modulation
spectroscopy approach.

To conclude, we have demonstrated highly-sensitive gas-phase spectroscopy employ-
ing EOS over a broad spectral region (19.6-41.1 THz at the -30-dB-level). The results
verify the unprecedented combination of detectable concentration range of more than
seven orders of magnitude and an octave-spanning spectrum. For gas-phase spec-
troscopy of methanol and normalized with respect to measurement time and sample
cell length, FRS is two orders of magnitude more sensitive than the FTIR spectrom-
eter. The detection limits for a sample mixture consisting of acetylene (at 22 THz),
methanol (at 31 THz) and methane (at 39 THz) are determined to be 1.5 ppb, 1.9 ppb
and 81 ppb, respectively. This demonstrates high sensitivity over a broad specitral
region.

Increasing the averaging time to reach ppt-level sensitivity was achieved, but further
improvements of the setup stability are necessary in order to reproducibly reach even
smaller detection limits. The analysis of the molecular time evolution revealed that the
three branches of methanol are dominant at different time delays after the few-cycle
excitation. Potential improvements in terms of sensitivity and specificity by choosing
different time windows seem feasible.
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4.3 Enhancement Cavity

In Chapter [3] we have introduced the concept of reflective input coupling in the frame-
work of a bowtie cavity configuration. It enables broadband enhancement of MIR
light. We will now proceed with experimental results using this setup to quantify the
enhancement for gas-phase samples.

First, the time-resolved field recorded after reflection from the cavity is investigated
employing EOS. The destructive interference towards the outside of the cavity can be
examined for an “on resonance” configuration as well as for a blocked cavity. Then,
the background-free part, i.e., after the excitation pulse merges with the noise floor,
of the transmitted and reflected time-domain traces is used to compute the spectra of
the molecular signal. The resulting frequency-resolved information is used to quantify
the spectral enhancement, with a gas-phase methanol test sample.

We employ the experimental setup shown in Figure with a repetition rate of the
Erfiber laser oscillator of approximately 100 MHz. The oscillator output is reduced
to 50 MHz using a pulse picker based on an electro-optic modulator, before being
sent to the amplifier stages (see Chapter [3.3). We measure the repetition rate to
fep = 50.001MHz. To obtain coherent superposition of subsequent pulses, the cavity
length L. is adjusted to: .

[, = — ~599m (4.2)
frep

Here, ¢ denotes the speed of light in vacuum. Then, the cavity resonances may be
observed on the oscilloscope by resolving the transmitted beam on a photodetector
and the cavity length for locking can be chosen. As described in Chapter [3] the
reflected NIR beam from the cavity is used for locking the oscillator repetition rate to
the cavityP|

4.3.1 Time-Domain Analysis

As described in Chapter [3, we can shift the MIR and NIR resonances on the oscil-
loscope against each other using the CEO frequency f... In the following, the con-
figuration with both resonances at the same position will be called “on resonance®. If
the MIR resonance is not at the position of the NIR one used for locking, the signal
will be referred to as “off resonance“. While the oscillator repetition rate is locked

2The experimental work was performed together with P. Sulzer, A. K. Raab and D. Gerz
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to the cavity length, the reflected MIR pulse is sent to the EOS detection setup for
field-resolved measurements After measuring the pulse for the “on resonance® con-
figuration, a beam dump was placed in front of a cavity mirror and the measurement
was repeated. Both scans were conducted with 500 ppb of methanol inside the cavity
chamber.

Figure a) depicts the traces for the two configurations. The blocked cavity trace re-
sults from the light transmitted through the diamond input coupler. The “on resonance®
trace shows the interference between the seed pulse and the outcoupled intra-cavity
pulse. Figure[4.7]b) and c) present the traces at the specified time positions after a
band-pass filter (28-34 THz FWHM, Hann window) was applied. The signal amplitude
of the main pulse is reduced in the resonant configuration compared to the blocked
configuration. This visualizes the destructive interference at the output of the cavity if
the locking mechanism works properly. The molecular signal of carbon dioxide, water
vapor and methanol is enhanced (see delay 2.5-6 ps).

This demonstrates the path-length enhancement of the cavity in the time domain. By
enhancing the molecular response, weak signals below the single-pass LOD can be
detected.

4.3.2 Frequency-Domain Analysis

The background-free “tail“ of the time-domain traces is used to calculate the spectra
of the molecular response via Fourier transformation. We consider the time-filtered
electro-optic signal recorded after transmission and reflection from the cavity. These
traces were recorded with a methanol test sample (500 ppb concentration) inside
the cavity chamber in an air environment specifically tailored to achieve the optimum
offset frequency (see Section [3.4).

Enhancement Cavity Transmission

Figure[4.8|depicts the spectra of the time-filtered (7.2-18.8 ps at FWHM, super-Gaussian
of 3rd order), electro-optic signal recorded after transmission through the cavity to-
gether with their average. The “off resonance” spectrum corresponds to a locking
setting, where the carrier-envelope offset frequency f., of the oscillator was chosen

3The measurements were performed together with P. Sulzer
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Figure 4.7: a) Electro-optic signal recorded after reflection from the cavity. The time-
domain traces within the specified time window b) and c) are obtained after
a band-pass filter (28-34 THz FWHM, Hann window) was applied.
b) Excitation pulse of the reflected cavity beam. The “on resonance” pulse
has a smaller amplitude because the seed pulse and the intra-cavity pulse
destructively interfere at the output of the cavity. ¢) Background-free part
of the trace revealing the molecular signal of methanol. The amplitude is
enhanced for “on resonance” configuration.

such that the MIR resonance does not overlap with the NIR resonance used for lock-
ing. This results in a spectral filtering of the MIR field preventing enhancement in the
cavity (details see Chapter [3). The molecular lines for the “on resonance” case are
stronger than for the “off resonance* configuration.

From the FTIR spectrometer diagnostic measurements we expect maximum enhance-
ment at 31 THz. In order to quantify the peak enhancement using the molecular signal
of methanol, we compare the “on resonance” and the “off resonance® spectral ampli-
tude at 31 THz. However, for the given cavity parameters the methanol peak is not
distinguishable in the “off resonance” spectra of the transmitted cavity signal. There-
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Figure 4.8: Fourier-transform of the time-filtered electro-optic signal recorded after
transmission through the cavity. The main spectral features arise from
carbon dioxide, methanol and water vapor. The “on resonance* spectra
show molecular lines from 18 THz to 45 THz highlighting the broad spec-
tral coverage of our cavity setup.

fore, we cannot determine an experimental value for the peak enhancement using the
transmitted curve. The ratio between the traces recorded after transmission through
the cavity is proportional to the square of the input coupler transmission, which will
be described in detail in future publications. With a given input coupler reflectivity
of 4.3 %, we expect the “off resonance® amplitude to be approximately two orders of
magnitude smaller than the “on resonance” amplitude. Nevertheless, the “on reso-
nance® spectrum in transmission illustrates the broad spectral coverage by more than
one octave of our cavity setup. This proves that the cavity design is well-suited for
broadband applications, but leaves the question about a quantitative value for the
peak enhancement open.

Enhancement Cavity Reflection

Figure visualizes the spectra of the time-filtered traces (5.0-20.5 ps at FWHM,
super-Gaussian of 3rd order) recorded after reflection from the cavity. To estimate
the limits of the cavity enhancement, we calculate the amplitude ratio AR between
“on resonance” and “off resonance* configuration for molecular lines in the spectrum.
However, only absorption lines with a SNR of at least three were used to prevent high
enhancement factors by weak absorption lines. For the SNR, the FFT amplitude of the
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Figure 4.9: Fourier-transform of the time-filtered electro-optic signal recorded after re-
flection from the cavity (left axis). The main spectral features arise from
carbon dioxide, methanol and water vapor. The absorption line ampli-
tude ratio between “on resonance® and blocked cavity is maximum around
31 THz and drops at the boundaries (black dots, right axis). The methanol
signal can be distinguished in the spectra for the blocked cavity trace.

absorption line was divided by the baseline value. As baseline value, we calculated
the root-mean-square value between 24 THz and 30 THz of the difference between
two “off resonance” spectra.

The spectral lines of carbon dioxide, methanol and water vapor are stronger for the
“on resonance” case. At the boundaries of the spectrum, the carbon dioxide as well
as the water vapor lines have comparable amplitude for the “on resonance“ and the
blocked cavity. The amplitude of both configurations is on the same order of mag-
nitude because the “off resonance” amplitude is not suppressed by the percent-level
input coupler reflectivity as compared to the electro-optic signal recorded after trans-
mission through the cavity. From the FTIR spectrometer diagnostic, we can locate
the maximum enhancement of our setup at approximately 31 THz. This is confirmed
by the spectral components between 30 THz and 31.5 THz because they reveal an
absorption line amplitude ratio of up to 16. This enables the determination of the path-
length enhancement in this configuration.

Figure shows the spectral region of the CO-stretch mode of methanol of the
electro-optic signal recorded after reflection from the cavity. The amplitude ratio at
31 THz is determined to 11.04. This value results from the strong Q-branch absorp-
tion line with better SNR compared to the other spectral components between 30 THz
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and 31.5 THz and therefore provides a more reliable value for the AR.
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Figure 4.10: Fourier-transform of the time-filtered electro-optic signal recorded after
reflection by the cavity. The molecular signal of methanol is enhanced
by more than one order of magnitude for “on resonance” configuration. If
the cavity is blocked, the molecular signal arises from the interaction path
before and after the cavity. In that case, the methanol peak at 31 THz is
just above the noise floor.

We used a time window (5.0-20.5 ps) to filter the background-free part of the reflected
cavity traces. This explains the missing R-branch at 31.6 THz (see Figure [2.1) due to
the time evolution of the methanol signal, investigated in Section [4.2.4] The window
duration was limited by multiple reflections at the DFG crystal. For the electro-optic
signal recorded after reflection from the cavity, the amplitude ratio is equal to the ratio
between the total path lengths for the two configurations. Using Equation 2.13] the

AR can be written as:
L Lo+ PEF - L.
= [off =

AR
tot LO

(4.3)

With the “off resonance* total path length L°f and the “on resonance* total path length

tot
Lon

- Using the experimental values for the cavity length L. = 5.996 m and the interac-
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tion length outside the cavity L, = 6.55 m, we calculate the path-length enhancement
PEF of the cavity to:

Lo- (AR —1) 655m-(11.04 — 1)

PEF =
L 5.996 m

~ 10.9 (4.4)

The effective path length is determined to L = PEF - L. = 10.9-5.996 m = 65.4 m.
Using the baseline value from above and the peak amplitude at 31 THz, we estimate
the LOD for the “on resonance” case to 1.0 ppb for 80 s measurement time. This is
comparable to the single-pass measurements in Chapter [4.2.7] In theory, we would
expect an LOD of 22 . 1.9ppb = 13 ppt from the path-length enhancement by the
cavity.

The proof-of-principle cavity measurements were done with minimal optimization of
the EOS setup. The resulting reduction in dynamic range of our MIR waveform in the
frequency domain is on the order of 10? and explains the differences to the optimized
single-pass experiments. The discrepancy in dynamic range may be explained by
reflection losses of additional optics, imperfect spatial overlap of the gate and MIR
pulse and modest balancing performance. An additional challenge is the contribution
of water absorption and re-emission to the overall noise level, which will be addressed
in future works.

Furthermore, for these cavity measurement no further noise optimization, e.g., Lock-in
detection was implemented. The sampling rate for the EOS data acquisition is defined
as the inverse integration time at each delay point of the mechanical delay stage. For
the sampling rate in this measurement (approximately 2 kHz), we estimate the noise
level to be a factor of ten higher than at a frequency of 10 kHz. Transmission through
a chopping wheel reduces the MIR power by a factor of two, but can modulate our
EOS signal for Lock-in detection. Combining both factors results in a factor of five im-
provement in the noise level compared to the measurement without Lock-in detection
[13]. This gives us a theoretical detection limit of %””b = 200 ppt, which reveals the
great potential for sensitive gas-phase spectroscopy.

To determine a bandwidth for the enhancement cavity, we used the absorption line
amplitude ratio from Figure For the absorption lines at 18.5 THz and 37.3 THz,
the AR is still greater than five (see Figure and therefore this spectral range will
be defined as the bandwidth of our EC, spanning more than one octave. Note that not
all lines within this bandwidth have an AR greater than five (see for example carbon
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dioxide feature).

In conclusion, we measured the molecular signal recorded after reflection from the
cavity. We observed destructive interference between the main seed pulse and the
intra-cavity pulse, but at the same time an enhanced molecular signal. The cavity
optics support the complete spectral range of our MIR light source. We quantified the
peak path-length enhancement to 11.04 giving a power enhancement factor of 10.9.
Together with the enhancement bandwidth (18.5-37.3 THz), the EC setup provides
unique features for sensitive gas-phase spectroscopy.
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5 Conclusion and Outlook

The goal of this thesis was a quantitative comparison between an FTIR spectrometry
and FRS in the gas phase with a focus on the detectable concentration dynamic range
and the sensitivity. In order to push the detection limit beyond the results obtained in
single-pass with a 45-cm-long gas cell in the FRS instrument, a passive optical res-
onator was employed, increasing the effective interaction length.

In the present work, we benchmarked the performance of gas-phase samples of state-
of-the-art time-integrating spectroscopy using an FTIR spectrometer. The LOD for the
CO-stretch band of methanol at 31 THz [20] was determined to be 818 ppb (sample
cell length: 14 cm; averaging time: 60 s) at a detectable concentration dynamic range
of 6.1 x 10*. The measurements were performed with 1 cm~' resolution, which is suf-
ficient to resolve all absorption bands with their rotational structure [31]. The retrieved
and prepared concentrations from the dilution series are in good agreement, which
validates the sample preparation protocols. Reliable sample concentrations are nec-
essary for conclusions about the linearity of our spectroscopic methods.

FRS mitigates limitations seen for time-integrating MIR spectroscopy, e.g., modest
noise figures and saturation problems of MIR detectors [4]. Employing EOS to achieve
field-resolved detection we analyzed the coherently emitted field by molecules after
excitation by a few-cycle infrared pulse to reach a new sensitivity regime combined
with a broad spectral coverage for gas-phase samples. For methanol, we found a
detection limit of 1.9 ppb (sample cell length: 45 cm; averaging time: 82.7 s), which
is two orders of magnitude more sensitive than the FTIR spectrometer for similar pa-
rameters. We demonstrated a detectable concentration dynamic range of almost eight
orders of magnitude reflecting the high intensity dynamic range of our instrument and
the possibility to benefit from the time-domain nature of FRS.

Besides the high measurement dynamic range, we analyzed gas mixtures consisting
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of acetylene, methanol and methane to illustrate spectroscopic detection of various
low-abundant molecular species in the same measurement. We found a detection
limit of 1.5 ppb (acetylene), 1.7 ppb (methanol) and 81 ppb (methane), which demon-
strates the broad spectral coverage of our laser system (19.6-41.1 THz at the -30-dB-
level).

By optimizing the averaging time of FRS, we achieved an LOD of 913 ppt for methanol,
but the onset of drifts prevented further improvement by increasing the measurement
time. Reducing the laboratory time by scanning a shorter time delay range shifts the
onset of drifts to higher averaging times, thus enables gas-phase measurements at
ppt-level sensitivity. The advantages of this approach depend on the chosen time
window as different time delays show varying spectral amplitude of the molecular sig-
nal. Methanol reveals beating signals at 16.5 ps and 22.6 ps arising from constructive
interference between the rotational lines within the P and R-branch. Choosing a time
window at a beating peak of the sample might improve sensitivity and specificity. In
conclusion, FRS has shown higher sensitivity and detectable concentration dynamic
range than the FTIR spectrometer.

Further sensitivity improvements are realized by increasing the interaction length with
the sample. By employing an EC in a bowtie configuration with highly reflective gold
mirrors and internal, reflective input coupling using a diamond wedge, we achieved an
effective interaction path length of 65.4 m. In our setup, this corresponds to a peak
path-length enhancement factor of 10.9 of the Q-branch methanol signal at 31 THz.
The maximum bandwidth of the setup supporting an amplitude ratio of five is deter-
mined to 18.5-37.3 THz, spanning more than one octave. The results were limited by
the tradeoff between bandwidth and path-length enhancement [35]. High-sensitivity,
broadband infrared spectroscopy is relevant for biomedical applications due to the
diversity of low-abundant molecules in biological samples for potential health-state
monitoring [5][10][53].

To conclude, in the scope of this master thesis an unprecedented combination of
sensitivity and broad spectral coverage was demonstrated employing FRS for gas-
phase samples. It was shown that ultra-broadband ECs have the potential to open
further avenues for spectroscopic applications relying on high sensitivity of gas-phase
samples.
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Appendix

Data Archiving

The raw data of the experiments and the python scripts for the simulation as well as
the data processing can be found on the data archive server of the Laboratory for
Attosecond Physics at the Max-Planck-Institute of Quantum Optics:
//afs/ipp-garching.mpg.de/mpg/lap/publication-archive/theses/2021/Fulrst, Lukas (MSc)

Injection Protocol

The following protocol describes the gas sample preparation using the Injection pro-
tocol from chapter [3]
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Protocol: Quantitative Gas Measurements

Version: 1.2 121 of May 2021

Materials and Equipment:

e Gas sampling bulb including Septa (used only once) and two built-in valves
(https://www.sigmaaldrich.com/catalog/product/supelco/22144u?lang=de&region=DE)

e Tubings, adapters and valves for connection of gas sampling bulb and
syringes with the vacuum system

¢ Nitrogen bottle (with pressure reducing valve and connectors)

e Hamilton syringe for liquid handling (i.e. volume 50 pl with 1 pl division)
(https://www.bgb-info.com/product.php?productid=61601&cat=34625&page=1)

e Gastight Hamilton syringe with valve for gas handling (i.e. volume 100 pl with
1 pl division)
(https://www.bgb-info.com/product.php?productid=1006884&cat=34668&page=1)

e “Dosys all glass” syringe (250 ml)

(https://www.socorex.com/en/laboratory/syringe-pipettes/dosys/all-glass-155-all-glass-
syringes)

e Valves for 250 ml syringe
(https://www.fishersci.de/shop/products/discofix-c-latex-free-three-way-
valves/10199361#?keyword=b+braun+discofix)

e Septum for 250 ml syringe
(https://www.bgb-info.com/product.php?productid=1006492)

e Gas bag
(https://www.sigmaaldrich.com/catalog/product/supelco/24654?lang=de&region=DE)

e Gas cell with KBr/ZnSe windows, pressure monitoring devices, connector
tubes and vacuum pumps

General Remarks:

e Keep a clean working environment (e.g. avoid dust).

¢ When working with low gas concentration, proper cleaning of the equipment is
required beforehand to avoid any contaminants (see cleaning section).

e When doing a dilution study, one should start with the lowest concentrations,
otherwise the high concentration from before might contaminate the low con-
centration measurements.

¢ When measuring different gas samples at very low concentrations (low ppb-
range), one should use independent equipment for gas handling (e.g. one gas
bulb/one 250 ml syringe for each specimen).



Preparation of Stock Gas Solution (=30 min):

1. Purge tubes with pressurized air and nitrogen, then evacuate and flush with
nitrogen (repeat once).

2. Assembly cleaned gas bulb (insert valves and septum).
3. Connect gas bulb to the vacuum system via tubings.

4. Open valves and evacuate gas sampling bulb (10 mbar range is enough for
substances that evaporate quickly).
NOTE: If the pressure is measured close to the pump, leakage can cause
much higher pressure in the bulb. The connection to bulb might be small, so
evacuation takes longer.

5. Close the valves.
6. For very low concentrations, wear gloves for the next step.

7. Use clean Hamilton syringe (for liquids) to take out a certain amount of the lig-
uid sample without having air bubbles in the syringe. This can be achieved by
pumping up and down relatively fast. At some point one should only have lig-
uid without air in the syringe.

8. Fill the sample into the gas bulb via the septum. It should evaporate immedi-
ately. If not, the pressure was not low enough and one can heat up the gas
bulb (e.g. temperatures above 65°C for methanol).

9. Fill the gas sampling bulb with nitrogen until atmospheric pressure is reached.

a. Fill a gas bag with nitrogen. Make sure the tubings and the bag are free
of contaminants. This can be achieved if the bag is only used for nitro-
gen and by evacuation and flushing with nitrogen.

b. Open the valves to the gas sampling bulb. The nitrogen will flow into the
bulb until atmospheric pressure is reached.

c. Close the valves and disconnect the bag and the bulb.

10. The concentration in the stock solution can be calculated in a table:

Stock solution: injected 40 pl Stock solution: injected 150 pl
liquid to 1000 ml (c = 2.2 %) liquid to 1000 ml (c = 8.3 %)
Extracted gas 13 26 46 80 12 25 50 100
[l]

Concentration 0.4 0.8 1.4 2.5 4.0 8.3 16.6 33.2
in 250 ml N2

[opm]




Dilution of Stock Solution (=5 min):

1. Fill clean gas syringe with 250 ml nitrogen.
a. Connect syringe to system and open valves to evacuate.
b. Purge the syringe twice by letting nitrogen flow in and then evacuate
again.
c. Fill syringe with 250 ml nitrogen and then close valve.

2. Take desired amount of stock gas from gas bulb with gas tight syringe.
a. Go through the septum and open the valve.
b. Pump a few times with the syringe and take out the desired volume of
stock gas.
c. Close the valve and remove the syringe.

3. Fill the sample into the 250 ml glass syringe.
a. Go through the septum of the gas syringe.
b. Open the valves and fill sample in by pumping a few times with the sy-
ringe.

Filling of the Measurement Cell (=1 min):

1. Evacuate the gas cell and the vacuum system.

2. Close the valve towards the pump and flush with nitrogen. Then evacuate the
vacuum system (repeat once).

3. Open the valves to the gas syringe filled with the sample and monitor the pres-
sure.

4. Fill the gas cell until atmospheric pressure is reached and close the valves.

5. Sample preparation is finished.



Cleaning of the Equipment:

Vacuum system:

1.

2.
3.
4.

Use pressurized air and nitrogen to purge system for a couple of minutes.
Make sure that the system is open that no high pressure can build up.
When working with low concentrations, longer purging might be required.
Heating the tubings (up to 60°C) improves the cleanness.

Evacuate the system and flush with nitrogen (repeat once).

NOTE: Consider pressure working range of turbo pump!

Gas cell:

1.
2.
3.

4.
5.

Disassemble the cell.

Make sure that the KBr windows are not cleaned with water or solvent!

Other parts can be cleaned with solvent (make sure the solvent gives an ac-
ceptable background in the spectrum and does not harm the epoxy glue).
Clean with distilled water afterwards.

Components can be left in oven over night. The glue can withstand up to
120°C but consider the shear strength in the specification sheet. Thin windows
can break easily by the heated glue.

Gas sampling bulb:

> w

5.

Disassemble and throw away the septum.

Fill solvent into the gas bulb (make sure the solvent gives an

acceptable background in the spectrum).

Shake the bulb and let solvent out. Repeat with deionized water.

The glass bulb can be put into the oven. The maximum temperature is not
specified. The technical service determines the limit by the Teflon valves at a
temperature of 260°C. Significantly lower temperatures are recommended.
Valves and PUN tubes (up to 60°C) can be put into the oven.

Small Hamilton syringes:

1.

2.

3.

Clean syringes with solvent and deionized water (make sure the solvent gives
an acceptable background in the spectrum).

Let syringes dry in a disassembled state. They can be put into the oven (up to
115°C).

Use the cleaning devices provided for the syringe.

Large (250 ml) Hamilton syringes:

1.
2.

w

Remove and throw away the valve.

Disassemble the syringe and clean with solvent and deionized water.
NOTE: Do not assemble syringe if there is water inside the cylinder. Even
small amounts can lead to blocking of the plunger.

The components can be put into oven (up to 160°C).

Carefully try to insert the plunger straight back into the cylinder.
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