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Chapter

1
Fundamentals of gas absorption and dispersion
spectroscopy
1.1

Introduction

Spectroscopy studies the response of matter to the incident radiation at various
frequencies. For example, a molecule can be approximated by having a certain
dipole moment, mass, and atomic bond strength. When it interacts with ElectroMagnetic (EM) radiation of a specific frequency, it starts to oscillate, rotate,
become electronically excited or ionized. Due to this interaction, various electronic,
rotational, vibrational transitions can occur, depending on the energy and frequency
of the incident EM wave. Therefore, the unique information obtained by emission,
scattering, and light absorption in a molecule indicates its molecular properties and
structure, such as mass distribution and various electronic, rotational, and vibrational
movements.
The nature of the interaction, and the frequency spectrum of light used to
investigate the material properties, resulted in different spectroscopic methods: Emission/Fluorescence spectroscopy (mainly electronic transitions in the UV/visible),
Rotational spectroscopy (mainly pure rotational transitions in the Far-InfraRed,
FIR), Raman Spectroscopy (due to inelastic scattering of photons and mainly in the
visible and IR), and Absorption Spectroscopy (due to the absorption of photons at
all wavelengths) [1]. All these methods and others (e.g., X-ray diffraction) are used
as complementary tools, as one particular method is normally not sufficient to give a
complete picture of the properties of the material.
Among these different methods, we will discuss ro-vibrational spectroscopy, more
11
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specifically, gas absorption spectroscopy based on the absorption of photons inducing
ro-vibrational transitions in molecules. These transitions occur at characteristic
wavelengths; therefore, the spectral intensities of the interaction will not only help
in the in-situ identification, but also the quantification of multiple gaseous molecules.
Due to the non-invasive nature of this method, it is widely used in various applications
ranging from environmental sensing, plasma diagnosis, combustion, and planetary
observations [2–5]. The additional advantage of this method is multiple. Amongst
others, it helps to determine specific material properties, such as the complex refractive index and rotational/vibrational temperatures in dynamic environments during
combustion or plasma [3, 6]. This is exploited in chapter 4, chapter 5, and chapter 6
of this thesis.

1.2

Ro-vibrational transitions of molecules

Molecules consist of a group of atoms held together by chemical bonds. Like atoms,
they exist in discrete quantum states with a population distribution over these
quantum states. In atoms, electronic transitions occur, giving rise to absorption and
emission lines in the visible and UV region of the EM spectrum.
The number of molecular quantum states is much larger than the number of
atomic quantum states. For a molecule, not only electronic energy levels occur, but
also molecular vibrations and rotations of the entire molecule around its center of
mass. Therefore, the internal molecular energy is the sum of three: 1) Rotational 2)
Vibrational, and 3) Electronic energy. This is given by equation (1)
Etot = Erot + Evib + Eelec

(1)

When a molecule changes its quantum states, these internal energies lead to
discrete differences in energy. The energies of these emitted/absorbed photons equal
the energy difference between two quantum states, as dictated by Planck’s law, i.e.,
ΔE= hν. Absorption occurs when the molecule absorbs radiation and its energy
level changes to a higher quantum state. Emission occurs when the molecule jumps
from a higher to a lower energy state.
Due to the transition, the change of energy during the transitions in the molecule
can be written as
ΔEtot = ΔErot + ΔEvib + ΔEelec
(2)
where ΔEelec >ΔEvib >ΔErot , such that the energy of EM waves corresponding
to pure rotational transitions lie in the Far-IR wavelength region. Vibrational
transitions are mostly accompanied by rotational transitions and the wavelengths
corresponding
to
these
transitions
(ΔErot +ΔEvib )
lies
in
the
near-infrared/mid-infrared spectral region.
These transitions are called

13
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ro-vibrational transitions.
Similarly, the electronic transitions are mostly
accompanied by rotational and vibrational transitions such that the wavelengths
corresponding to the total energy of the transition (ΔEelec + ΔEvib + ΔErot ) is in
the UV/visible region. These transitions are known as the rovibronic transitions.
All these wavelengths/frequencies of transitions depend on the nature of the
chemical bonds and the molecule’s structure. Therefore, these transitions are unique
for a given molecular structure and can identify the molecular species. One way of
identifying molecules used in the gas absorption spectroscopy community is to use
the ro-vibrational transitions. For a typical hetero-diatomic molecule, the quantum
mechanical energy diagram, showing the electronic, vibrational, and rotational
transitions, is given in Figure 1.1. The potential energy diagram shows two
electronic states where E1 >E0 , thus the change of electronic orbital requires a large
amount of energy, with photon energy in the UV/visible wavelength, shown by the
red arrow.
For a typical vibrational transition the Ev=n >Ev=0 , where n=1,2,3,. . .
Therefore, at room temperature, most of the molecules occupy the vibrational
ground state Ev=0 and a particular fundamental vibrational transition, for example,
v=0→1, requires much less energy as compared to the electronic transition. Photons
probe these transitions in the near-infrared and mid-infrared region. As stated
above, the vibrational transitions are also accompanied by the rotational transitions
shown in the inset of Figure 1.1, which also indicates pure rotational transition,
requiring the least amount of energy, which can be accessed with the help of the
Far-IR region of the EM spectrum.
Other transitions, e.g., v=1→2 or v=2→3 are possible, depending on their
transition probability. These transitions are hot band transitions and are indicated
by the blue arrow in Figure 1.1. At room temperature, the population of these
levels is low, especially when the vibrational level is high above the ground state.
Therefore, hot band absorption transitions are generally weak. The higher
vibrational levels are more populated at higher temperatures, making hot band
transitions more pronounced.

Potential Energy
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v'=3
v'=2

E1

v'=1
v'=0

Electronic transition (UV / Visible)

Dissociation energy
v=3
v=2
v=1

E0
v=0

Hot band transition(s)

v=1

Pure rotational
transition
Ro-Vibrational transition(IR and mid-IR)
v=0

Internuclear separation
Figure 1.1: Anharmonic Potential energy surface of a diatomic molecule, showing
a ground and electronic excited state, plotted against the internuclear separation.
Electronic transition is shown in red, ro-vibrational fundamental transitions in black
and hot band transition in blue. Pure rotational transition in any vibrational level is
also shown in the inset.
For a vibrational transition induced by a photon (vi →vk ,Δv=±1), the selection
rule dictates that the rotational level change should follow Δj=0,±1. This
ro-vibrational transition forms three separated branches, so called P, Q and
R-branch. The R-branch is defined by Δj=+1, the P-branch by Δj=-1 and the Q
branch has Δj=0. The typical P, Q, R branch spectrum of v3 band of methane and
the v2 band of carbon dioxide is shown in Figure 1.2. More explanation on the
quantum mechanical fundamentals of molecular spectroscopy can be found
elsewhere [7].
The number of normal vibrations within a molecule can be determined from the
number of atoms inside the molecule. Like any other particle moving in
3-dimensional space, the number of atoms n have 3n degrees of freedom. Therefore,
the total number of normal vibrations is found by excluding 3 degrees of
translations and 3 or 2 degrees of rotations for the non-linear or linear molecule.

15
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Thus, for a non-linear molecule, the total number of normal vibrations is 3n-6, and
for a linear molecule 3n-5. These vibrations are given descriptive names depending
on their motion such as: symmetric, asymmetric, bending, scissoring, rocking, and
twisting [7, 8]. For example, the degenerate bending mode of CO2 , which
corresponds to the ro-vibrational transitions of the vibration mode v2 , and CH4
asymmetric stretch v3 band are shown in Figure 1.2 (a) and (b) respectively.

List of Spectral Transitions

Figure 1.2: (a) P, Q and R branch of v2 band of CO2 in black and (b) v3 band of
CH4 in red. The data is obtained from the HITRAN 2016 database [9]

If we look at the total number of vibrational bands of two 3-atomic molecules,
i.e., CO2 and H2 O (Figure 1.3). The total number of vibrations for a linear CO2
molecule is 4 and for the non-linear molecule H2 O to be 3. However, the v1 band,
which corresponds to the symmetric stretch of the CO2 , is not IR active but Raman
active, meaning that there is no vibrationally induced dipole moment to absorb the
IR energy. In practice, the number of vibrational absorption bands can be quite
large, and can be seen as combined effect in terms of fundamental transitions and
overtones [7, 8].
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Figure 1.3: Three Fundamental vibrational modes of CO2 in (a) and H2 O in (b).

The mid-infrared wavelength region (2–20 µm) is of great interest for gas
absorption spectroscopy as the fundamental ro-vibrational transitions of most
molecules are present in this wavelength region. The quantum mechanical selection
rules, molecular symmetry, and molecular structure play a role in the unique
ro-vibrational absorption bands for a particular molecular species. Therefore, this
wavelength region is called the fingerprint region. An overview of the strongest
absorption bands for a number of small molecular gases is shown in Figure 1.4 for
that wavelength region. Compared to the near-IR wavelength region, the fingerprint
region offers manifold stronger rovibrational line strengths and absorption
cross-sections of the molecules, thus offering a much sensitive wavelength region for
gas absorption spectroscopy.
Due to the atmospheric presence of relatively large amounts of water and CO2 ,
the atmospheric transparency is the largest between 3-5 µm and 8-13 µm, although
outside these wavelength regions the transparency can be also large at specific
wavelengths in between the absorption lines [10]. Many mid-infrared coherent
sources have been used for this, ranging from tunable diode lasers, interband
cascade lasers, quantum cascade lasers, optical parametric oscillators and
supercontinuum sources [11–17]. Here, we will introduce two of the sources that are
used for our research of gas absorption spectroscopy: mid-infrared Frequency Combs
and mid-infrared Supercontinuum sources.

17
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Figure 1.4: The line strengths of various simple molecules like H2 O, O3 , N2 O, CO,
CH4 , NO, SO2 , NO2 , NH3 , OCS, C2 H6 . Data obtained from spectralcalc.com using
Hitran 2016 database.[9]

1.3

Gas absorption spectroscopy

Gas absorption spectroscopy is considered an efficient approach to record highly
consistent, well-resolved spectra of the molecular species, determining the structure
of molecules or quantitatively analyzing gas mixtures. A basic absorption
spectroscopy system requires a light source, an analyte in an enclosed cell (or in
open-path atmosphere) and a detection system. Among different gas-based
absorption spectroscopic methods, a tunable laser-based direct absorption technique
is the most straightforward approach. Figure 1.5 shows the basic principle for direct
gas absorption spectroscopy.
It consists of a tunable laser source with an intensity I0 , an absorption cell of
length L, containing a gas sample, and a detector to detect the attenuated
transmitted intensity IT . Several phenomena occur when a beam of light passes
through the gas cell: reflection from the cell windows, scattering by the gas and/or
windows, as well as absorption, dispersion, and transmission through the gas sample.
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Detector

IT

L

Figure 1.5: The basic principle of direct gas absorption spectroscopy, consisting of
a tunable laser, a gas enclosed in a cell with length L, and a detector
If we assume that reflection and scattering are negligible, then the transmitted
beam will be attenuated according to the Lambert-beer law. The attenuation of the
transmitted laser intensity IT depends exponentially on the length of light-matter
interaction L and the frequency dependent absorption of the gas α(ν), which is given
as
IT = I0 eα(ν)L = I0 eσ(ν)NL
(3)
where α(ν)(cm1 ) is the absorption coefficient of the molecular gas, σ(cm2 ) the
absorption cross section of the gas and N (# of molecules/cm3 ) the molecular number
density. At 0 ◦ C (T0 =273.15 K) N is Loschmidt’s number (=2.686×1019 molecules
cm3 atm1 ). The transmission T of the light is defined as
T=

IT
I0

!

= eα(ν)L

(4)

and the absorption is given as
A=1T=

I0  I T
I0

!

= 1  eα(ν)L

(5)

The product of absorption coefficient and the interacting length α(ν)L, is called
the Absorbance of the gas, and this can be defined using equation (4) as
I
Absorbance = α(ν)L =  ln T
I0

!

(6)

which is the most commonly used quantity in gas absorption spectroscopy.
From equation (3), it can also be seen that the absorbance is directly proportional
to the absorption cross-section, the molecular number density and the interaction
length. Therefore, in order to have a sensitive absorption method that can detect
a low molecular density, one can increase the interaction path length L or use
a strong absorption cross-section σ(cm2 ). Figure 1.4 shows some of the strong
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absorption transitions of a number of environmentally important molecules. Various
processes can broaden these individual ro-vibrational lines either homogeneously or
inhomogeneously [1, 18].
In homogeneous broadening, each molecule experiences the same effect, either
due to the natural lifetime of the transition or due to collisions.
• Natural broadening: This is an intrinsic, fundamental, and unavoidable broadening mechanism for a particular transition. Due to Heisenberg’s uncertainty
relationship between the uncertainty in energy difference in between the two
states involved in the transition ΔE, which also define the center frequency
of the transition ν0 , is related to the uncertainty in the time of transition Δτ,
i.e., ΔE.Δτ ≥ h/4π. Due to this principle, the uncertainty in measuring the
absorbed/transmitted frequency is Δν=1/4πΔτ. Typically, the magnitude of
natural linewidths in the infrared region is in the kHz range and the lifetime of
the excited states in the gas phase is typically at the ms timescale.
• Collisional broadening: For a gas, the lifetime of an excited state will be
reduced due to collisions with neighboring molecules. As a result, the linewidth
of the transitions will be broadened proportional with the pressure P of the
gas. This type of broadening is known as collisional or pressure broadening.
The normalized function of this type of collisional/lifetime broadening takes
the form of a Lorentzian profile given as
g(ν0 , ν)L =

2/πΔνL
1 + [2(ν  ν0 )/ΔνL )]2

(7)

As the gas molecules experience the same pressure in a given volume, this
broadening type is also called as homogenous broadening.
Due to variation in the velocity distribution, gas molecules experience inhomogeneous
broadening.
• Doppler broadening: If a laser beam passes through a gas mixture in thermal equilibrium, the molecules moving in the direction of the laser beam will
observe a blue shift of the laser frequency, and the molecules moving in the
opposite direction will observe redshift, this is reproduced in the shape and
width of the observed absorption. As each molecule contributes individually
to the absorbing frequencies, due to a thermal velocity distribution, this type
of linewidth due to the Doppler shift is inhomogeneous and is called Doppler
broadening.
The velocity distribution of the gas mixture at thermal equilibrium follows the
Maxwell-Boltzmann distribution; therefore, the linewidth of the transition follows the normal velocity distribution and thus has a Gaussian lineshape profile.
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Consequently, the normalized Gaussian function of the Doppler broadening is
given as
s
h
i
νν0 2
2
ln(2) (ln(2) Δν
)
D
g(ν0 , ν)D =
(e
)
(8)
ΔνD
π
Where the FWHM of the Doppler linewidth ΔνD is given as
s

ΔνD = 2ν0

2kB T ln(2)
Mc2

(9)

Where kB is the Boltzmann constant, T is the thermal equilibrium temperature
of the gas, and M is the mass of the molecule. Thus, increase in the temperature
of the gas mixture for a given molecule will cause an increase in Doppler
broadening.
Typically, at higher pressure, collisional broadening dominates the natural and
Doppler broadening, whereas at lower pressure of a few mbar or lower, the Doppler
broadening dominates[19]. At intermediate pressures the line profile and linewidth
of the transition is due to the combined effect of pressure and Doppler broadening.
Mathematically, this result in a convolution effect of the line shape: the Voigt profile
g(ν0 ,ν)ν , which is given as
g(ν)ν =

Z ∞
∞

0

0

g(ν )D ∗ g(ν  ν )L dν

(10)

This convolution cannot be calculated analytically, and therefore a numerical
approximation of equation (10) is given in terms of the error function for the complex
argument W(z) as [18]
2
g(ν)ν =
ΔνD
0

where
function.

√

2(νν ) ln(2)
z=
ΔνD

s

ln(2)
R(W(z))
π

(11)

√

+

Δν
ln(2)
j LΔν
D

and R denotes the real part of the complex

The frequency dependent area-normalized absorption line profile gabs (ν) of molecular gas at a particular pressure P and temperature T is related to the line strengths
Sij (cm1 molecule1 cm2 ) according to equation (3) as
α(ν) = σ(ν)N = Sij gabs (ν)N

(12)

The line strength Sij of the most important atmospheric molecules as a function
of temperature can be obtained from the HITRAN database [9] and is shown for
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few molecules in Figure 1.4. Normally, spectroscopic experiments are performed at
room temperature Tref , i.e., 296 K. In case of another temperature T, the effect on
the line strength Sij (T) is given as [20]
Q(Tref ) c2 E
Sij (T) = Sij (Tref )
e
Q(T)

00



1
1
Tref  T

1  ec2 νij /T 

1  ec2 νij /Tref





(13)

• Sij (Tref ) The line strength at Tref =296 K in (cm1 molecule1 cm2 ), between
lower state i and upper state j.
• Q(T): The total internal partition function of the gas, which is a combined partition function for internal molecular rotations and vibrations. The calculated
data for the partition functions of the molecular species from 70 to 3000K is
available in the HITRAN database [9].
00

• E : the lower energy state corresponding to the transition in [cm1 ].
• c2 =h.c⁄k, in which h=6.6260×1034 (J.s) Planck’s constant and
k=1.3806×1023 (J.K1 ) Boltzmann’s constant and c= 2.9979×1010 (cm.s1 )
the speed of light, therefore c2 (cm.K)=1.43877.
• νij : The wavenumber of the spectral line transition (cm1 ) in vacuum.
Thus, the proper effect of temperature on the line strength can be calculated
using equation (13). To practically use the Lambert-beer law for the quantification
of the gas, the absorbance of the gas should be related to the relative concentration
of the gas Crel , the pressure P(atm) of the gas, the line strength S in (cm2 atm1 )
and the absorption line shape function gabs (ν) of the gas as [19, 21]
Absorbance = α(ν)L = Sgabs (ν)PCrel L
Sij T0 N
where, S =
Patm Tk

(14)

where Crel is the relative concentrate of the gas, and Patm is the atmospheric
pressure.
Thus, the gas sample concentration can be calculated from the measured absorbance signal, if the pressure and the length of interaction are known. Similarly,
the broadband absorbance profile of the gas sample can be modeled using different
gas parameters discussed from equations (3–14).
As an example, Figure 1.6 shows the modeled absorbance of R-branch of a 20%
methane concentration in a nitrogen buffer gas, with 6 GHz spectral resolution and
an absorption length of L=50 cm at two different temperatures of 296 and 700 K.
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The effect of elevated temperatures were incorporated in the line strength according
to equation (13) and different HITRAN database parameters like air broadening,
self-broadening, and pressure shift of methane were incorporated in calculating the
Voigt profile.

1.4
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Figure 1.6: Calculated rovibrational spectrum of R-branch of 20% methane at 296
K (in dotted black) and 700 K (in red). The blue asterisk “*” shows some of the hot
band(s) transitions due to increase in temperature.

By increasing the temperature of the gas sample, the rotational distribution
of the ground state changes, and the lower rotational lines R(1)-R(12) decrease in
intensity, whereas the higher rotational lines increase in absorbance as compared to
the room temperature distribution. At the higher temperature, the first vibrational
level is populated and various hot band(s) also get observable, they are shown with
blue asterisks in Figure 1.6.
Thus, gas absorption spectroscopy is an ideal tool for identifying various gaseous
molecules with the help of their spectroscopic signature that is based on their line
positions. Using features such as absorption strength and linewidth, properties
associated with the gas can be measured, for example, concentration, pressure, and
temperature.
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1.4

Influence of gas dispersion on the passing electric field

So far, we have discussed the light-matter interaction with respect to the ro-vibrational
absorption of the light. However, light experiences not only attenuation but also
a phase shift, due to a frequency dependent change of the refractive index. The
refractive index of a material near an optical transition is frequency dependent and
is given as
0
na = n + n (ν)  iκ(ν)
(15)
0

in which n (ν) represents the dispersion and κ(ν) is the extinction coefficient.
At a given time (t=0), the amplitude of the wave passing through a dispersive
gas medium of length L is defined as
0

E = E0 ei(k0 n(ν )L)(k0 κ(ν)L)

(16)

The intensity measured on the detector is then given as
I ∝ EE∗

(17)

in relation to equation (16), intensity is given as
I = I0 eα(ν)L = I0 e2(k0 κ(ν)L)

(18)

From which the relation between the absorbance α(ν)L and the attenuation
coefficient is derived as
α(ν)L = 2k0 κ(ν)L
(19)
Thus, the absorbance is directly proportional to the imaginary part of the
refractive index of the gas medium, and the absorbance data can be used to measure
the attenuation coefficient of the gas. Thus, the simple gas absorption technique
only gives information about the attenuation coefficient.
To observe both real and imaginary resonant refractive index, absorption and
dispersion spectroscopy is performed together in a single technique.
The first demonstration of the dispersion spectroscopy was done by R.W. Wood
in 1901 for sodium vapor [22]. Since then, various spectroscopy methods have been
developed, which includes Frequency-Modulation Spectroscopy (FMS) [23], Chirped
Laser Dispersion Spectroscopy (CLaDS) [24], Noise-Immune Cavity-EnhancedOptical Heterodyne Molecular Spectroscopy (NICE-OHMS) [25, 26], Heterodyne
Phase-Sensitive Dispersion Spectroscopy (HPSDS) [27] or Faraday Rotation
Spectroscopy (FRS) [28]. Fourier Transform Spectroscopy (FTS), both with the
help of dispersive FTS and asymmetric Dual-Comb Spectroscopy (DCS) [29, 30],
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and Vernier spectroscopy [31] are two broadband methods capable of extracting
absorbance and dispersive changes of samples simultaneously. Due to the additional
benefits of dispersion spectroscopy, many applications of dispersion spectroscopy
have been developed for remote open-path gas sensing, isotope analysis, combustion
diagnostics and plasma diagnostics.
The purpose of these techniques is to find the change of phase information and
dispersion of the gas, which are related to each other [18]
0

Δφ(ν) = 2k0 n(ν )L

(20)

As discussed so far, the real and imaginary part of the refractive index cannot be
treated independently, i.e., the important variation in the attenuation coefficient due
to molecular resonance will also result in dispersion. The absorption and dispersion
can be numerically calculated with Kramers-Kroning relations, which is outside the
scope of this thesis. However, we have probed both optical constants with the help of
asymmetric DCS, which gave the broadband absorption and dispersion information of
the methane and ethane samples in an electrical discharge plasma, which is discussed
in more detail in chapter 5.
The dispersion spectroscopy offers two advantages as compared to absorption
spectroscopy
• Dispersion information is obtained from the phase shift relative to the undisturbed beam. For this, an interferometric method should be employed for
extraction of dispersion, such as FTS or DCS. Since the dispersion depends
only on the frequency-dependent refractive index and does not have intensity
dependence, dispersion spectroscopy is immune to intensity fluctuations and
intensity noise [32].
• The absorption shows an exponential (non-linear) dependence of the molecular
concentration. In contrast, the phase information and thus the dispersion along
the molecular resonance is always linearly proportional to the gas concentration,
given as
φ(ν)L = SPCrel gdisp (ν)L
(21)
where the gdisp (ν) is the dispersion lineshape and is connected to the absorbance
lineshape counterpart gabs (ν) given in equation (14) with the help of the
Kramers-Kronig relationship. Thus, in the case of a high concentration C,
absorption shows a non-linear dependence of the concentration, causing in the
saturation. For dispersion spectroscopy in highly absorbing samples, a linear
dependence remains and a higher detection dynamic range is provided.
In a simplified schematic, the transmission of the laser through a gas sample,
undergoing absorption and dispersion, can be summarized with the help of Figure
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1.7. Here, an arbitrary laser with constant intensity is passed through a 50 cm gas
cell containing 10 % concentration of methane in nitrogen at 25 mbar and room
temperature of 296 K. As, there is a R(1) line of v3 vibration band of methane in
this wavelength region, therefore the absorbance will cause attenuation of the
intensity, according to Lambert-beer law, i.e., IT =I0 e(αL) , given by Figure 1.7(b).
Figure 1.7(c) shows the modelled phase shift of the beam, which can be used to
calculate the dispersion according to equation (19). The dispersion signal always
increases linearly in magnitude except for the line position of the molecular
resonance. Thus, the shape of the dispersion typically looks as in Figure 1.7(c),
where the left and right sides are equal in modulus but have an opposite phase shift
[33].

(a)

(b)

(c)

Figure 1.7: (a) A constant spectral intensity of the arbitrary laser source, passing
through 10 % CH4 at 25 mbar in gas cell of 50 cm will undergo absorption (b) and
dispersion (c). This whole figure is a simulated example.
Here, the main emphasis of the thesis is the quantification of the concentration of
gaseous species using two types of Fourier Transform spectroscopy, namely DCS and
mechanical FTS. In addition, in chapter 5 asymmetric DCS is discussed to achieve
qualitative information on the change of the dispersion in plasma diagnostics. Before,
we go there we briefly discuss the broadband laser sources used in our research: the
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Fiber-based mode-locked laser source as an Optical Frequency Comb that is the
basis of the Dual-Comb Spectroscopy and the Supercontinuum source which is used
for the spectroscopic investigation from 3-10 µm using home-built mechanical FTS.

1.5

Optical Frequency Combs

An Optical Frequency Comb (OFC) is a laser source with a spectrum made up of
numerous distinct, evenly distributed, narrow emission lines with a coherent phase
across the spectral domain. OFC can be generated using a variety of techniques, such
as periodic modulation of a continuous-wave laser in an electro-optical modulator,
gain switching in semiconductor lasers, Four-Wave Mixing (FWM) in a non-linear,
high-Q, microresonator, FWM in electrically pumped Quantum Cascade Lasers, or
stabilization of the pulse train produced by a mode-locked laser (MLL) [34–40].
In 1978, J.N. Eckstein first demonstrated a Frequency Comb in the research
group of T.W. Hänsch at Stanford University, California USA, using a synchronously
pumped mode-locked cw dye laser with picoseconds pulse duration, resulting in
a narrow wavelength coverage limiting its usefulness [40]. Two decades later, in
1998, state-of-the-art advancements in four different research areas: ultra-stable
lasers, ultra-fast pulse lasers, ultra-nonlinear materials and responses, and ultrasensitive laser spectroscopy resulted in the first demonstration of an OFC, based on
a femtosecond Ti-Sapphire laser, in the group of Hänsch at Max Planck Institute
of Quantum Optics, Germany [41]. Advances in this area came in the wavelength
coverage and the phase stability of the Frequency combs [42, 43], with a significant
contribution from the research group of John Hall at Colorado University, Boulder,
USA. This culminated in the 2005 Nobel prize in Physic being awarded to T.W.
Hänsch and Joh Hall [44, 45]. Since 1998, OFCs have revolutionized the field of physics
and different technology areas, ranging from optical clocks, optical communication,
distance measurement, and molecular spectroscopy [46–49]. The basic principle of
femtosecond FC can be explained either from the time domain or the frequency
domain.
In the time domain, in mode-locked lasers (MLL), the pulses are phase-stabilized
to each other. The time-domain emitted electrical field is shown in Figure 1.8. The
train of coherent pulses are separated by a repetition time τrep (in nanoseconds),
which is the time for a pulse to make one roundtrip in the cavity. The duration of
the pulse depends on the gain bandwidth of the MLL and is in (tens to hundreds)
femtosecond range. Due to the dispersion inside the MLL cavity, the carrier envelope
phase of these pulses are shifted in each roundtrip by a constant value Δφceo , which
is evident from the phase slip between the group velocity and phase velocity of the
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pulses in Figure 1.8. This phase shift is given as

1
1

Δφceo = ωc Lc
νg νp

!

(22)

Where Lc is the cavity length of the MLL, νg the group velocity of the pulse, νp
the phase velocity of the pulse, and ωc is the carrier frequency.
In the frequency-domain, the FC can be shown by taking the Fourier transform
of an infinite train of pulses. As evident from the name of the frequency comb,
the spectrum domain consists of equally spaced frequency lines in the form of “a
comb,” and this frequency spacing is defined by the inverse of the repetition rate of
the MLL, i.e., frep = 1/τrep . Due to pulse to pulse carrier-envelope phase shift, the
entire frequency spectrum of the FC is shifted from zero by f0 that depends upon
the change of phase and is given as

f0 =

1 dφceo
2π dt

(23)

For each round trip dt=τrep , there is a phase change Δφceo

f0 =

Δφceo
1 Δφceo
= f rep
2π τrep
2π

(24)

As a result, the optical frequency fn , with n the mode number of the comb, can
be given as
f n = nf rep + f 0

(25)

In femtosecond frequency combs, the total number of comb modes is on the order
of 105 -106 . With frep and f0 there are two degrees of freedom; both should be known
and controlled for a stable frequency comb usage in various applications, including
gas absorption spectroscopy [42].
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Figure 1.8: Diagram of Optical Frequency combs generated from a femtosecond
mode-locked laser (MLL). (a) Time domain sequence of pulses (b) Discrete frequency
domain optical spectrum, obtained by taking a Fourier transform of the mode-locked
pulses.

1.6

Supercontinuum source

The second source primarily used in chapter 6 of this thesis is a Supercontinuum
source. A SuperContinuum (SC) is generated by intense laser pulses propagating
through a nonlinear medium (usually a highly non-linear optical fiber), undergoing
spectral broadening through a combination of non-linear processes including
cross-phase modulation, self-phase modulation, soliton fission, stimulated Raman
scattering, and four-wave mixing [50, 51]. A basic SC generation is shown in Figure
1.9, where an intense laser is used to pump the non-linear optical fiber.
Consequently, the SC light is generated due to non-linear effects and dispersion
[52, 53].
In the past, tailored silica photonic crystal-based optical fibers have been
developed to generate spatially coherent SC light in a spectral range from UV to
NIR with a spectral brightness 1000x higher than thermal sources, and have already
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revolutionized applications in biophotonics, imaging, metrology and spectroscopy
[54–58].
However, the extension of supercontinuum generation into the mid-infrared
wavelength region has required a complete redesign, including the substitution of
silica-based Photonic Crystal Fibers (PCFs), traditionally used as non-linear fibers,
with carefully engineered Zirconium-based (ZBLAN), Thulium, Tellurite, Arsenic
trisulfide (As2 S3 ), and Arsenic triselenide (As2 Se3 ) fibers and chalcogenide
glass-based fibers. [54, 57, 59–64].
Pump Laser

non-linear optical fiber

non-linear effects

dispersion

Supercontinuum
Internsity

Internsity

Short Pulse

Wavelength

Wavelength

Figure 1.9: Schematic diagram of Supercontinuum generation
Due to the spatial coherence and high brightness of SC sources, they are a
promising candidate for broadband multispecies trace gas sensing and have recently
shown their efficacy in various applications, including pollution monitoring, food
quality control, and hyperspectral imaging [16, 17, 65–67]. Therefore, in chapter 6 of
this thesis, we have used two ultra-broadband high-repetition-rate MIR SC sources,
combined with home-built FTS using off-the-shelf optical components for trace gas
sensing in a multipass cell (MPC) at atmospheric pressure with a 750 MHz spectral
resolution. We analyze the efficiency of the system, with the main focus on noise
reduction and comparing the Noise Equivalent Absorption Sensitivity (NEAS) of the
detection system based on the two SC sources.

1.7

The concept of NEAS

NEAS is one of the main key performance indicators used for comparing the sensitivities for different absorption methods. NEAS encompasses four important parameters
• SNR: Signal to noise ratio of the measurement.
• T: time of the measurement.
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• M: For broadband measurements, the spectral elements detected by the spectrometer, which is the ratio of the broadband wavelength coverage (Δν) and
the spectral resolution (δν) of the spectrometer: M= Δν
δν .
• L: the length of light-matter interaction.
By applying a first-order approximation of the Lambert-beer law (Equation (3)),
assuming a small absorbance
IT = I0 (1  α(ν)L)
I I
α(ν)L = 0 T
I0

(26)

where I0 is the initial light intensity before interacting with the gas and IT the
transmitted intensity. The difference in intensity I0 -IT , i.e., the noise during the
measurement, is small compared to I0 , and which can be from a number of sources,
mainly the intensity fluctuation of the source, the detector noise, mechanical/electrical
noise, besides contribution from the mirrors, lenses, gas cell windows in the optical
beam path from source to detector. Thus, the presence of different sources of noise
limits the sensitivity of spectroscopic sensors to measure the weak absorption signal,
which is given as
1
(α)min =
L

I0  I T
I0
! min
1 ΔI
(α)min =
L I0 min
!

(27)

in which I0 /ΔI is the SNR. The minimum absorption coefficient is approximated
by

1
(28)
SNR × L
Thus, to have a better sensitivity and a smaller value of (α)min there are three
solutions: one can increase the absorption cross section (part of α) by probing the
mid-infrared wavelength region; increase the interaction path length and/or reduce
the noise.
While the optical configuration mostly limits the interaction path length, one
can either increase the signal or decrease the noise. One way of reducing the noise
can be to average the number of measurements, N, as long
√ as the noise is primarily
white noise and, therefore, the SNR can be improved by N. However, in doing so,
the total acquisition time T of the measurement increases N times, relative to the
single measurement time t.
Therefore, the proper definition of the sensitivity should also incorporate the
(α)min =
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total acquisition time T, which can be either the time over a single measurement or
the (averaged) time to obtain a broadband spectrum (Δν) with the particular limit
of the spectral resolution (δν).
As mentioned earlier, a more suitable quantity for comparing the different methods is defined as the smallest absorption coefficient detectable over one second of
measurement time per spectral element, which is called the Noise Equivalent Absorption Sensitivity (NEAS). As before, the lower this quantity, the better ‘in theory’ is
the method. NEAS is usually expressed in cm1 Hz1/2 per spectral element
1
×
NEAS =
SNR × L

s

T
M

(29)

where T is the time it took to acquire the spectrum in seconds, and M is the number of individual spectral elements that make up the spectrum defined as M=Δν/δν.
NEAS provides a relatively comprehensive quantitative value to compare broadband spectroscopic methods. However, it should not be considered as a benchmark
to compare different spectroscopic quantities [68]. The decision of determining good
spectroscopic method for a particular research and application is ultimately a tradeoff
for which NEAS is a good starting point. This can be further complemented by
averaging over longer periods by applying an Allen Werle variance and the goal of a
particular spectroscopic approach. E.g., in chapter 4 and chapter 6, we highlight the
two different objectives of the used spectroscopic methods: mid-infrared dual-comb
spectroscopy and mid-infrared Supercontinuum-based FT spectroscopy.

1.8

Plasmas

Plasma is the fourth state of matter consisting of partially ionized gas, specifically
composed of a collection of different particles containing neutral (atoms, radicals, and
molecules) as well as positively and negatively charged particles (mainly electrons
and ions) [69]. In 1928, Langmuir, Tonks, and their collaborators were the first to
use the term ‘plasma’ to describe the ionized gas generated in a gas discharge, after
observing the gas discharges in the gas-filled vacuum tubes. They showed that the
matter in the electrical discharge tube consists of ions and electrons in a quasi-neutral
gas [69–71]. According to Langmuir: “We shall use the name plasma to describe this
region containing balanced charges of ions and electrons” [70].
Many different studies have been done over the last century to investigate different
types of plasma mechanisms. One of the important applications of gas discharges in
optics was in the invention of Laser when T.H. Maiman in 1961 used a gas discharge
emission (flash lamp) as a pump medium to excite a synthetic Ruby-crystal to operate
a Ruby laser [72]. Since then, different gas lasers like Helium-Neon (He-Ne), CO2 ,
Excimer and optically (flash lamp) pumping of solid-state lasers have become the
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stepping-stone for different studies and methods in plasma physics. These studies not
only sought to gain a better understanding of the fundamental processes in a plasma
discharge, but they also looked into potential applications such as plasma lighting,
plasma TVs, automotive, microelectronics, packaging, medical device industries.
From computer chip etching to solar cell production, they all benefit from advances
in different types of plasmas [69, 73, 74].
Plasma as a quasi-neutral gas can be generated with the help of a number of
techniques such as electrical discharge plasma or energetic beam (photon, electrons,
ions, neutrals) induced thermal excitation of the gas [75].
A thermal plasma is made by the thermal excitation of a gas. If there is no energy
supplied to the system, there is a thermal equilibrium between the atoms and/or
molecules and the inter-particle binding forces. When thermal energy is applied the
atoms/molecules will gain kinetic energy, ausing gas ionization at high temperatures.
The degree of ionization and the plasma temperature are closely related under
thermodynamic equilibrium conditions and is given by the Saha equation as [73]
3

ni
T 2   kUiT
e B
= 2.4051021 
nn
ni


!

(30)

where ni and nn are the density (#⁄m3 ) of ionized atoms/molecules and the
neutrals respectively at a given temperature T(K), next to Ui (J) the ionization energy.
For example, in case of nitrogen at room temperature (300 K) and atmospheric
pressure P, we take nn according to Loschmidt number (P⁄(kB T))≈3×1025 m3
and the ionization energy of nitrogen Ui ≈ 14.5 eV. The fractional ionization is
approximately
ni
≈ 10122
(31)
nn
Thus at room temperature, the degree of ionization is negligible, however at
very high temperatures, Ui becomes comparable to kB T. The ratio ni /nn increases,
and the gas goes to the plasma state. This process of creating plasma can also
occur gradually by increasing the temperature. The generation of a plasma does not
happen at a particular temperature and pressure combination, as in other states of
matter. At considerably high temperatures, it can still have neutral atoms, electrons,
and ions at thermal equilibrium. The gas is said to be fully ionized when ni ≈nn .
This is also the reason why thermal plasmas can naturally occur in astronomical
bodies such as the sun, where the temperature is millions of kelvin and not on Earth
[73]. A thermal plasma can be generated from the neutral gas in research laboratories
as long as there is a high thermal energy supply.
Another way of creating a plasma is by applying an electrical discharge in the
gas. This form of plasma is referred by various names: cold plasma, non-thermal
plasma and/or glow discharge plasma. Gas discharges are one of the simple methods
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of producing a plasma [69]. Like thermal plasmas, an electrical discharge ionized gas
includes a number of chemically active species, e.g., different types of radicals, ions,
excited atoms/molecules, next to neutral atoms/molecules. The distinction between
electrical discharge plasma and thermal plasma is that in an electrical discharge
plasma, due to their small mass, electrons absorb most of the applied electrical energy
and use their kinetic energy to excite, ionize and dissociate molecules, resulting in a
plasma.
The word "non-thermal plasma" refers to the fact that the translational energy of
the electrons is much larger than that of the neutral species, resulting in a higher
electronic temperature than the physical temperature of the plasma, hence the term
"cold plasma." This also leads to a non-thermal equilibrium between the various
motions of the molecules, such as translational, rotational, and vibrational motions,
or, in other words, different temperatures for molecular rotations, translations, and
vibrations, which is usually expressed in a non-thermal plasma as: Tvib ≥Trot ≥Ttrans
[76].
Non-thermal plasmas can be generated using a variety of methods, including
direct current (DC), microwave (MW) or radiofrequency (RF), dielectric barrier
discharge (DBD), and corona or spark discharge, all of which operate at different electrical powers, pressures, flows, and other plasma parameters [77–83]. These methods
were primarily motivated by the cold plasma’s low temperatures, allowing chemical
conversions to take place at lower temperatures (even below room temperature)
than under thermal conditions, opening up a wide variety of applications. However,
proper plasma modeling requires the analysis of plasma parameters, for example the
measurement of transient (radicals) or stable plasma reactants and products, which
requires detection and tracking the ground and excited state ro-vibrational transitions. This allows concentrations, plasma rotational and vibrational temperatures to
be determined and leads to a better understanding of chemical reactions and their
kinetics. In addition, an understanding of the conversions of stable molecules and
their transients helps to efficiently convert and reform molecules such as CH4 into
more valuable hydrocarbons (C2 H6 , C2 H4 , C2 H2 ), hydrogen, or syngas (CO + H2 ),
which are the basis for high-quality chemical products.
The conversion and reforming of methane provide significant chemical and technical advantages for chemical engineering and the petrochemical industry. Therefore,
the proper conversions and their kinetics need to be monitored. For this, methods
have been used such as mass spectrometry and optical detection based on emission
and absorption spectroscopy [84–89].
Optical-based detection has many advantages, including non-invasive, fast response time, in-situ, and species specificity. In particular, methods based on gas
absorption spectroscopy are of great importance. As most of the hydrocarbons have
their fundamental ro-vibrational transitions in the mid-infrared wavelength region,
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therefore the in-situ diagnostic methods such as broadband Fourier Transform Spectroscopy (FTS) and tunable Quantum Cascade lasers have been used to determine
species concentrations and their temperatures in the plasma.
Apart from trace gas sensing in plasmas, where high specificity and sensitivity
are not the only concerns, it is also important to investigate plasma-triggered chemical reactions and monitor short-lived species and transient phenomena. These aid
in understanding chemical reaction branching ratios and, in turn, can lead to an
increased chemical conversion efficiency in non-thermal plasmas.
Moreover, in addition to high sensitivity and time-resolution, broadband spectral
bandwidth and high spectral resolution are also required to identify and quantify the
different molecular species whose spectral features may overlap. All these characteristics, which are also mentioned in the concept of NEAS, make one spectroscopic
approach almost ideal for diagnosing fast chemical reaction dynamics and kinetics,
the so-called Dual-Comb Spectroscopy (DCS). DCS has the ability to combine the
coherence, specificity, and brightness of a tunable laser with the broadband and high
resolution features of FTS for gas absorption spectroscopy.
Here, we have used mid-infrared DCS to investigate methane- and ethane plasmas
for transient kinetics and dynamics as well as stable plasma reaction products over a
wide wavelength range, offering a new analytical approach for the plasma community.

1.9

Content of the thesis

The main aim of this study was to develop two complementary Fourier Transform
Spectroscopic methods in the mid-infrared wavelength region, i.e., time-resolved
mid-infrared DCS spectroscopy between 3.1-3.6 µm (3200-2800 cm1 ) and
mechanical Fourier Transform Spectroscopy employing two Supercontinuum sources
in the wavelength region of 2-4 µm (5000-2500 cm1 ) and 1.5-10.5 µm (6600-950
cm1 ). The purpose of time-resolved mid-infrared spectroscopy was to diagnose
plasmas, which yielded promising results in the species specificity and quantification
of the hydrocarbon methane and ethane plasmas. The purpose of SC source-based
FTS was to offer a broad spectral bandwidth with adequate spectral resolution in
the spectral range of 2-10 µm for sensitive spectroscopy with less experimental
complexity.
The thesis starts with the development of a Dual-Comb Spectrometer with
adequate spectral stability and resolution, in order to obtain high-quality results;
details are given in chapter 3. Briefly, the DCS is based on the non-linear conversion
of near-infrared Frequency Combs, emitted from Yb:fiber mode-locked lasers. The
DCS provides a spectral bandwidth of 300 cm1 (Full-Width Half Maximum,
FWHM), which is adjustable between 2380-3570 cm1 . With the mid-infrared DCS,
gas absorption spectroscopy was performed in a spectral region of 2800-3200 cm1
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on various samples consisting of single species detection of methane, multispecies
detection of a mixture of the broadband absorbers acetone and ethyl acetate, and an
environmental mixture of the two interfering species methane and water at
atmospheric conditions. The DCS provided a spectral resolution of 6 GHz with a
spectral precision of 120 MHz; the minimum detectable concentration of ∼100
ppb.m for CH4 over a measurement time-average of 10 s, based on the Allen-Werle
variance and few orders of magnitude faster individual measurement time of
spectrum compared to typical mechanical FTS. These results make it an ideal
method for time-resolved spectroscopy.
In chapter 4, plasma diagnostics was performed in a static electrical discharge
over a 50-cm long electrical discharge tube; in a methane/helium mixture. Three
types of information were obtained from this experimental study: the initial
methane conversion during plasma operation, the production of new species, in this
case, ethane, and the molecular rotational-vibrational excitation of methane,
demonstrated by hot band absorptions. The information gathered from the static
experiments inspired to study plasma dynamics and kinetics. For this, externally
triggered plasma discharges were made to investigate the gas dynamics at the
millisecond timescale (4 ms time resolution) and the microsecond time scale (20 µs
resolution).
chapter 5 provides a complete picture of absorption and dispersion in a
methane/helium and ethane/helium electrical discharge. It is possible to observe the
effect of various plasma parameters, e.g., flow, pressure, power, and concentrations,
on the plasma-triggered chemical reactions. Here, only the power is varied as a
proof of concept, and a detailed study of both gas mixtures is studied under various
static and kinetic conditions. Absorption and dispersion spectroscopy provided
information on the complex refractive index and its variation under the influence of
the electrical discharge. Due to the non-thermal plasma, the rotational temperature
differs from the vibrational temperature of the methane gas. This is demonstrated
by the vibrational hot band absorption and the rotational distribution over the
R-branch of the methane v3 band.
chapter 6 concludes the thesis with the development of a compact mechanical
FTS, using of-the-shelf optics and standard electromechanical components,
employing 2 supercontinuum sources in the spectral wavelength region of 2-4 µm
and 1.5-10.5 µm. The spectrometer has a 1 GHz spectral resolution and is validated
for the pressure-broadened gas absorption spectroscopy employing a multipass cell
(effective path length 31 m). The short-wavelength SC source (2-4 µm) is combined
with the FTS for detection of methane and multispecies detection of ethane and
ethyl acetate, taking into account the shot-to-shot intensity noise of the SC source.
This noise performance was assessed with three detection schemes, from which
baseband balanced detection was selected for the detection. The long wavelength SC
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source was used to perform absorption spectroscopy on NO in the spectral region of
5.1-5.5 µm and SO2 in the 7.1-7.7 µm wavelength region.
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Chapter

2
Mid-infrared dual-comb spectroscopy
2.1

Introduction

Mid-infrared Dual-Comb Spectroscopy (DCS) has taken an increasing interest in the
last decades because of two important and vital features. Firstly, it is advantageous
to probe sensitively many molecular features present in the mid-IR fingerprint region.
Secondly, since there is no mechanical motion, the DCS offers a faster sampling
rate compared to classical Fourier Transform Spectrometers. The various features
that underpin these two advantages are: rapid data acquisition, higher detection
sensitivity, and broad spectral coverage. All these features contribute toward highly
innovative broadband spectroscopy.
In general and compared to the standard Fourier Transform (FT) spectrometer,
the development of DC-spectrometers faces various challenges, particularly in the
mid-infrared wavelength region; the most important one is to develop customized
Frequency Comb (FC) sources. Most of the DCS work focuses on creating two
identical FC sources that are frequency stable enough to provide high-resolution
spectroscopy. For standard Fourier Transform Spectroscopy (FTS), the difficulties
are to develop a spectrometer that is mechanically robust enough to provide highresolution spectroscopy. Both methods can be compared on their merits in terms of
spectral bandwidth, spectral resolution, total measurement time, and to obtain a
good signal-to-noise ratio of the spectrum, as discussed in chapter 1 section 1.7.
Before we go into the specifics of the DC spectrometer, it is important to
understand the physical and mathematical background of the FT spectrometer,
because it is a good basis for understanding DCS in terms of data acquisition,
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spectral and time resolution.

2.2

Fourier Transform Spectrometer

Worldwide, the most commonly used spectroscopy method in Physics and Chemistry
labs is Fourier Transform Spectroscopy (FTS). The FT spectrometer is based on the
Michelson Interferometer, first introduced by Albert Michelson at the end of the
19th century in 1891 [1].
A simple representation of the FT spectrometer (see Figure 2.1), as a scannable
two-wave interferometer, can be summarized as Michelson Interferometer in which
an interferogram is made with movable mirrors. FT spectrometers use an external
light source, which can be either an incoherent thermal light source or a coherent
laser source, traveling in the two arms of the FTS. The FT spectrometer has a beam
splitter (BS) that is used to partially reflect and partially transmit the beam from a
light source, thereby generating two optical beams towards mirrors M1 and M2 .
Mirror M1 is static, whereas mirror M2 has a constant speed along the axis
perpendicular to its plane. The reflected light from both these mirrors is recombined
on the BS and an interference beam is partially reflected towards the detector. In
the recombination an interference is created, due to the Optical Path length
Difference (OPD) between the two arms. The spectral information is obtained by
taking a Fourier transform of this interferogram, and thus it’s named Fourier
Transform Spectrometer.

2.2.1

FTS using a monochromatic source

If we assume a monochromatic source and two static mirrors an interference
intensity can be detected by the detector. By changing the position of mirror M2
the intensity is changed depending on the OPD and the wavelength of the source. If
we consider the electric field of two beams divided by the beam splitter as E1 and
E2 , then the intensity as result of an interference of electric fields can be obtained as
I = E21 + E22 + 2E1 .E2

(1)

The first two terms are the modulus square of the respective electric fields and
the third term is the cross-term, which gives rise to the interference. As the
intensity is the time-averaged energy density of the individual waves, therefore, if
the two interfering light beams have the same polarization and angular frequency ω,
then equation (1) can be written as
q

I = [I1 + I2 ] + 2 I1 .I2 [cos (2πnΔL/λ)]

(2)
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M1
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Light source

Beam splitter

»

»»

»

»
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»

M2

Detector

Figure 2.1: The optical scheme of a Fourier Transform Spectrometer. M1 as a
static mirror and M2 as a moving mirror. The interferogram is obtained at the
detector by the moving mirror M2 over a finite distance.
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With ΔL being the optical path length difference, n the refractive index, and λ
the wavelength of the monochromatic source. If we assume I1 =I2 =0.5 Is , with Is as
incoming intensity (beam splitter 50:50), then the interference at the detector can
be written as
I(d) = 0.5Is + 0.5Is cos [2πnΔL/λ]

(3)

I(d) = 0.5Is [1 + cos(δ)]

(4)

or:

in which δ is the phase difference due to the OPD given as
δ=



2π
nΔL
λ


(5)

Equation (4) consists of a constant term, which is the summation of intensities
in two arms and a modulating part that varies with the OPD. Considering the
refractive index n≈1 (assuming optics of an FTS is placed in an ambient air
atmosphere) and taking only the modulated part, equation (4) can be written as
I(ΔL) = 0.5Is cos (2πΔL/λ)

(6)

The term 1/λ can be replaced by the wavenumber (ν) and has the units of cm1 .
As the spectrum of the source is wavelength dependent, therefore, equation (6) can
be rewritten as
I(ΔL) = 0.5Is (ν)cos (2πνΔL)

(7)

As it is evident from equations (2–7), the intensity measured at the detector
I(ΔL) shows a strong dependence on the phase difference (δ) as well as the
intensities I1 and I2 . This dependence of phase is shown in Figure 2.2. Figure
2.2(b) shows the effect of intensity variation I1 and I2 when both of these intensities
are not equal, e.g. due to non-ideal optics.
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Figure 2.2: (a) Interferogram for the same intensity I1 =I2 , in this case, I1 and I2
are chosen to be equal in the magnitude of 0.25; therefore, points of inflection are at
I1 +I2 = 0.5 (b) is the interference pattern of the two waves when they are unequal
in magnitude. In this case I1 = 0.22 and I2 =0.03; therefore, the inflection points
are at 0.25.
It is evident that the intensity I(ΔL) shows a strong cosine dependence on the
phase δ, ΔL and λ. What will happen if there is a broadband light source with an
emission spectrum S(ν), and the mirror moves with a constant velocity back and
forth over distance ΔL?

2.2.2

FTS using a broadband source

Within Fourier analysis a superposition of harmonic (e.g. sinusoidal) waves can be
Fourier Transformed into a frequency spectrum with the composed frequencies.
Using a broadband light source refers to the radiation of a wide range of
monochromatic light sources. Mathematically, this broadband spectrum can be
given as

S(ν) =

N
X
k=1

ak cos (2πνk t)

(8)

where νk is the wavenumber of k-th monochromatic source and ak is the
amplitude of k-th monochromatic source within the broadband spectrum. The
interference of all these monochromatic sources at a particular optical path
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difference ΔL of two mirrors of FTS is called an interferogram, which is now given as

Iint (ΔL) =

Z ∞
0

0.5S(ν) [1 + cos(δ)] d(ν)

(9)

where S(ν) denotes the spectral density of the source. After the interferogram is
obtained by changing the mirror position from Lmin to Lmax (as an interferogram
cannot be measured for an infinitely large distance) and considering only the
R
0
modulated part of an interferogram (Iint (ΔL)= 0∞ 0.5S(ν)cos(δ)d(ν)), the spectral
density of the source can be obtained using the Fourier transform of equation (9),
which can be written as [2]
Z L
max 0
S(ν) =
Iint (ΔL)cos (2πνΔL) d(ΔL)
Lmin

(10)

As in FTS, the data is not measured continuously; therefore, the spectrum
obtained from an FTS can be written in terms of discrete Fourier transformation as

N1
X

2πrk
S(kΔν) =
I(rΔx)cos
N
r=0

!

k = 0, 1, 2, 3, 4, 5, . . . . . . . . . . . . N  1

(11)

Here, the continuous variation of optical path difference (ΔL) is replaced by
NΔx, and as a consequence, the wavenumber ν by kΔν. According to equation (11),
the spacing of the spectrum or the resolution Δν of the FTS is dependent on the
step size Δx and a total number of sampling point as
1
(12)
NΔx
Thus, theoretically, the range of motion of the moving mirror is inversely proportional to the achievable resolution, which indicates that greater the travel distance
of the mirror, the better is the resolution of the FTS.

Δν =

2.2.3

Data generation in FTS

One complete sweep of the FTS mirror generates an interferogram, which can be
measured with the help of a data acquisition card with a specific sample rate obeying
the Nyquist criterion. It can be seen from equation (12) that by increasing the number
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N of steps with length Δx, the total optical path length difference increases and
results in a higher resolution. To collect a high resolution spectrum in a reasonable
amount of time, the mirror should move with the highest speed possible over a large
OPD; as such the capacity of the sampling rate at the detector plays a vital role in
this.
The shape of an interferogram depends on the spectrum of the light source. As
we saw in Figure 2.2, a monochromatic source gives a sinusoidal interferogram in
the time domain, which undergoes constructive and destructive interference with
respect to the phase of the combined beams. The changing position of the (moving)
mirror defines this phase. The position where the absolute phase is zero is defined
as the Zero Path Difference (ZPD). ZPD means that both mirrors are at an equal
distance from the beam splitter, and there is no OPD between the two beams.
In general, broadband sources are used in combination with an FTS. If we

ZPD

4
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2
3

ZPD
Interferogram

Intensity (a.u.)

3
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2
1.5
1
0.5
0
-0.2
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-0.1

-0.05

0

0.05

0.1

0.15

0.2

Optical path difference (OPD)

Figure 2.3: The sinusoidal waves with three different frequencies (ω1 ,ω2 ,ω3 ) in
colour and their sum as in interferogram in black. The interferogram intensity is
maximum at the ZPD.
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consider a light source with three sinusoidal frequencies (ω1 ,ω2 ,ω3 ) and a finite
travel distances of the mirrors, we obtain an interferogram as function of OPD as
shown in Figure 2.3. At ZPD all frequencies are in phase and interfere constructively
providing a maximum in the interferogram. The position of the maximum intensity
is shown by a vertical dotted line. The optical path difference is created by moving
the mirror between its predefined end positions. In that case, each wavelength of the
light source will undergo constructive and destructive interference depending on the
displacement of the mirror position, which is recorded as a sinusoidal wave on the
detector. Therefore, the interferogram obtained at the detector of the FTS is the
summation of interferograms of the individual frequencies, which is shown by a solid
black line.
Similarly, the same explanation is valid for a broadband light source. In that case,
the burst’s central part will be narrowed, according to the Fourier transformation
theory. Figure 2.4, shows a typical interferogram from a broadband source, where
the full-width half maximum of the central burst is narrow, and the side wings are
flat. The central burst gives information about the slow varying envelope of the
broadband source, and the side wings provide information about the free induction
decay (FID) of any molecules present in the beam path [3].

53

2.2. Fourier Transform Spectrometer

ZPD

100
80

50
0

60

-50

Intensity (a.u.)

40

-0.03

20

0

0.03

0
-20
-40
-60
-80
-100
-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Optical path difference (OPD)

Figure 2.4: Typical interferogram from a broadband source showing a central burst
in the middle and side wings. The position of ZPD is given by a dotted line, and the
zoom into the narrow central burst is shown in the inset.

The Fourier transformation of the recorded interferogram, shown in Figure 2.4,
gives the spectrum of the light source. Suppose, we assume that the interferogram
in Figure 2.4 is made up of 100 sinusoidal waves with a central frequency at 200
kHz and a free spectral range (FSR) of 1 kHz. In that case, the Fourier transform of
the interferogram is given as in Figure 2.5. However, along with Fourier
transformation, resolution limit, phase corrections, and apodization need to be
considered to represent the spectral features of the source correctly. It is beyond the
scope of this thesis to give a full overview of these methods and instrumentation of
the Fourier Transform spectrometer; therefore the reader of this thesis is directed to
reference [4]. However, the detailed explanation of the specially developed FTS for
the high repetition rate Supercontinuum source in the spectral range of 1-10 µm is
given in chapter 6 of this thesis.
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Figure 2.5: The theoretical spectrum obtained after taking the Fourier transform
of the interferogram given in Figure 2.4.

2.3

Fourier transform spectrometer for gas absorption spectroscopy

Fourier transform spectroscopy has been extensively studied for broadband gas
absorption spectroscopy. When a gas sample is placed in the beam path of the light
source, the gas sample will absorb light at different frequencies according to the
molecular transition probabilities and occupation of the ro-vibrational molecular
levels.
To achieve a proper absorption spectrum, initially, an undisturbed (background)
spectrum (I0 ) of the light sources is measured. To achieve a good signal-to-noise
ratio (SNR) the FTS is scanned multiple times; one scan is made, either forward or
backward, between the turning points of the moving mirror. As the signals add
coherently, whereas the white noise is random, therefore
√ by adding interferograms
from multiple scans (M), one can improve the SNR by M (assuming white noise).
Thereafter, the same procedure is repeated by placing the gas sample in the
beam path towards the FTS, resulting in a transmitted beam (I). The normalized
transmission (T) of the spectrum is obtained by

T=

I
I0

(13)

Figure 2.6 shows the normalized transmission spectrum of a methane test
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sample with a 20% concentration diluted in nitrogen in the spectral region of
2800-3200 cm1 with a spectral resolution of 6 GHz.

Normalized Transmission (T)
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Figure 2.6: The normalized transmission spectrum of 20% methane diluted nitrogen
with a spectral resolution of 6 GHz.

2.4

Advantages and limitations of FTS

There are many advantages of the FTS such as
• As compared to the conventional grating-based dispersive spectroscopy method,
the FTS can provide a higher spectral resolution uniformly over its spectral
coverage.
• Most FTS use a circular aperture in the instrument’s opening; thus, it provides
a Jacquinot advantage of higher throughput than grating-based spectrometers
that are using a linear slit and 1-dimensional dispersion [4].
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• Within an FTS, the position of the moving mirror is measured by an additional
interferometer based on, e.g., a He-Ne laser, travelling the same optical path
within the FTS. Using a monochromatic light source, the interferogram can
be digitized and zero crossings can be recorded at regular intervals during the
movement of the mirror (see Figure 2.2). As such, the mirror position is known,
i.e., multiple times λ/2 of the monochromatic source. Thus, FTS provides a
high accuracy and precision on the wavelength scale over its spectral bandwidth,
since all spectral elements are measured simultaneously and digitized with the
reference of a stable He-Ne laser interferometer.
• It is cost-effective, easy, and robust to use; therefore, it is widely used in the
labs of multidisciplinary fields like chemistry, physics, photonics, medicine, and
electronics.
There are some limitations, however, mainly related to the dependence of the spectral
resolution on the total length over which the mirror moves (as shown in equation
(12)) and the speed of this mirror. Two of the critical limitations are as follows:
• In the near-infrared, an optical path length difference of less than one meter is
sufficient to obtain the Doppler width transition of molecular gas species. In
the mid-infrared wavelength region, an OPD of meters is required to obtain a
high-resolution; this puts severe constraints on the size and costs of an FTS [2].
• Traditionally, the FTS has been used in combination with incoherent sources,
making them non-ideal for high-sensitive molecular gas phase spectroscopy,
which primarily use multipass cells (MPC’s) and optical high-finesse cavities to
increase the interaction length of the light. As a non-coherent source is used,
it needs a long averaging time, to achieve a good signal-to-noise ratio.
This renders the effectiveness of the FTS to specific molecular gas applications, in
which the spectrum of an analyte needs to be measured with fair spectral resolution
in a short acquisition times. An example can be the harsh environment of a plasma
or combustion process, where the chemical reaction rate is fast, order of magnitude
faster than the standard acquisition time of one scan of the FTS. It is not sufficient
to record the dynamics of a chemical reaction at the time scale of milliseconds,
microseconds or lower [5]. In that case, step-scan FTS methods are used to record
the time-varying process [6, 7], but also there it takes a long time to achieve a good
spectral resolution for each measurement step.
In the last decades, new spectroscopic methods for time-resolved Fourier transform
spectroscopy, such as Dual-Comb Spectroscopy (DCS), can overcome this time
resolution limitation, as well as incoherent spatial and temporal spreading of thermal
sources. They can provide a full image in absorption and dispersion spectra of
molecular species in less time and with a reasonable spectral resolution.
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Dual-Comb Spectroscopy

Dual-Comb Spectroscopy (DCS) is a fast way of performing molecular spectroscopy.
As the name suggests, it requires two Frequency Comb (FC) sources. One FC is
fixed in repetition rate and the second FC is at a slightly shifted repetition rate
frequency, with respect to the first one. Beating the two combs on a detector gives a
beating frequency in a detectable range (usually in a few MHz). This is analog to an
FTS with two arms with a moving and fixed mirror. The moving mirror is causing a
Doppler shift of the light. Beating the Doppler shifted light with the original light
reflected form the fixed mirror gives kHz beating frequencies. Both results are the
down-conversion of optical frequencies into MHz and kHz frequencies. In DCS, there
is no mechanical movement in the spectrometer. Due to the absence of any
mechanical movements, dispersive elements, and incoherent light sources, DCS offers
many advantages, such as faster acquisition time, high signal-to-noise ratio, high
detection sensitivity, and high spectral resolution and simultaneous measurement of
absorption and dispersion signals for the species under consideration. Ultimately, it
combines the characteristics of two important spectroscopic methods, the coherency
and brightness of laser absorption spectroscopy and broadband spectral coverage of
FT spectroscopy [8].
In 2002, Schiller was the first to propose DCS as a new way of performing a fast
molecular absorption and dispersion spectroscopy in a spectral bandwidth that is
dependent on the spectrum of the two optical FCs [9]. Since then, numerous DC
spectroscopic methods have been shown in the literature for narrowband and
broadband spectroscopy on various platforms ranging from on-chip to free-space
optics [10–13]. New platforms will continue to grow and eventually push the limits
in spectral bandwidth, linewidth, and the footprint of DC spectroscopic devices. For
example, on-chip devices have a high potential for medical diagnostics and sensing
metrology applications that require small footprints [14].
Before going into details of the dual-comb spectrometer, it is convenient to
explain two different kinds of DCS configurations, shown in Figure 2.7. In both
cases the two coherent OFC sources are slightly shifted in repetition frequency and
electronically referenced with overlapping spectral bandwidth. Figure 2.7(a) shows
a symmetric configuration to probe gaseous species which results in a symmetric
interferogram, containing the Free Induction Decay (FID) of the gaseous species in
both tails. In Figure 2.7 this is shown for a test sample of methane. Figure 2.7(b)
shows an asymmetric configuration; one of the OFC is bypassing the gas cell and
after interfering on a beam splitter with second OFC forms an asymmetric
interferogram on the detector with a FID on one side, hence the name asymmetric
interferogram. Both absorbance, and dispersion of the molecules can be obtained
simultaneously after performing the Fourier transformation of the asymmetric
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interferogram [15].
Frequency Comb 1
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Molecular FID

Molecular FID

M
Frequency Comb 2

(a) Symmetric Dual-Comb Spectroscopy

Frequency Comb 1
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Detector

Sample Gas cell
Sync

Molecular FID
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Frequency Comb 2
(b) Asymmetric Dual-Comb Spectroscopy

Figure 2.7: (a) Symmetric configuration of DCS, showing the Free Induction Decay
(FID) of species in both arms of the interferogram (b) Asymmetric configuration of
DCS, showing a FID on one side of the interferogram.
In the remainder of this chapter, we will discuss only the working principle of
the time-domain and frequency-domain DCS generated from two mode-locked lasers.
After that, a brief overview of the non-linear conversion mechanism of near-infrared
combs for the mid-infrared dual-comb spectrometer based on the singly-resonating
optical parametric oscillator used in this research to perform the plasma diagnostics
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[5, 16].

2.5.1

Frequency-domain visualization of a dual-comb spectrometer

There are two ways of looking into the principle of DCS, one is in the time domain,
and the other is in the frequency domain. The time-domain picture helps to
understand the spectrometer’s data acquisition and sampling of the mode-locked
pulses to form an interferogram. The frequency-domain image helps to understand
the spectral shape of the frequency combs and the spectral features of the test
samples.
The following sections will first discuss the frequency domain picture because it
gives a much more straightforward understanding of the spectrometer and
underlying mathematics to explain the down-conversion from optical frequency to
radiofrequency domain, where off-the-shelf detectors and electronics can be used to
record and process the data.
Consider two Optical frequency combs OFC1 and OFC2 , which are frequency
stabilized with respect to their repetition rate (frep1,2 ) and carrier-envelope phase
frequency fceo1,2 . Any mode frequency fn , which is defined by a mode number in
each comb, can be determined when (frep1,2 ) and (fceo1,2 ) are known. Each mode
frequency in the comb can be determined as follows
f n,1 = nf rep,1 + f ceo,1

(14)

f n,2 = nf rep,2 + f ceo,2

(15)

Due to the difference in repetition frequency we can define now Δfrep and Δfceo
Δf rep = f rep,1  f rep,2
Δf ceo = f ceo,1  f ceo,2

(16)

If we combine two combs on the photodetector, and the difference in repetition
frequency is in the RF domain, this beating can be detected by a photodetectors
with a bandwidth in the RF domain. The overlap of two frequency combs will form
RF beat signals between the comb modes of both combs. The beat signal difference
can be expressed as
f n,1  f n,2 = nΔf rep + Δf ceo

(17)

This down-conversion phenomenon into an RF comb considering the same orders
can be easily visualized in Figure 2.8. The down conversion of the optical
frequencies is given by a scaling factor S, which is typically used for calibrating the
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RF comb back into an optical comb. This scaling factor is given as
S=

Δf rep
f rep,1

(18)
frep, 1 = frep, 2 + Δfrep

frep, 2

Δfrep

Figure 2.8: Frequency down conversion principle in a dual-comb spectrometer.
(a) Two OFCs (here with 11 frequencies) with repetition rates frep,2 and frep,1 are
combined on a photodetector. (b) The down-converted RF comb generated by
combining the OFCs with mode spacing of Δfrep , which can be tuned by changing
the difference of repetition rates of the OFCs. Note that none of the optical and RF
combs are starting from zero frequency. This is merely a rough demonstration.
In principle, all the modes of the first comb will beat with the same mode number
n of the second frequency comb, to form the RF domain picture of nΔfrep . This RF
spectral information is enough to reproduce the spectroscopy information. Note that
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only the first harmonic of Δfrep beat is selected, due to a low pass filter and the
limited electronic bandwidth of the photodetector. Higher harmonics are rejected
as shown in Figure 2.9, where five modes of both frequency combs are assumed,
having also a difference in Δfceo value. The combination of the bandwidth of the
detector and the cutoff frequency of the low pass filter is selected to be f rep /2, to
ensure that all beat notes of the neighboring modes are down converted in the RF
domain between 0 and f rep /2, depending on the values of the repetition frequencies
and the difference in carrier-envelope frequencies (Δfceo ) of the combs.
If Δfceo and Δfrep change, then the downconverted RF spectrum will shift and
slide on the frequency scale in the former case and will breathe in and out in the
latter case. Therefore, selection and stabilization of the Δfceo and Δfrep values is
necessary for the proper dual-comb operation.
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Figure 2.9: (a) A simplified picture of 5 modes in two OFC and (b) down converted
RF spectrum. The down converted signal will be obtained as mirror images in
different orders centered around mfrep ±fceo , where m=1,2,3. . . . . . . The first order is
shown under the profile of the low-pass filter bandwidth, and its starting point is the
difference in carrier envelope frequency value. By tuning the fceo and frep desired
RF spectrum can be obtained.

2.5.2

Time-domain visualization of a dual-comb spectrometer

The electric field of an optical frequency comb m (m=1,2) can be considered as a
superposition of plane, monochromatic waves. If they are moving in the propagation
→
−
direction k then the moving electric field of comb m is
Em (r, t) =

X
n

En,m ei(2πf n,m t+k.r)

(19)
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where En is the amplitude of the nth mode of comb m, and f(n,m) is the optical
frequency of the nth mode of comb m. At a particular observation point (r=0) the
electric fields can be given as
Em (t) =

X
n

En,m ei(2πf n,m t)

(20)

If we consider the asymmetric configuration of DCS, i.e., the 2nd comb bypasses
the sample and the 1st one comb passes through the sample, comb 1 will undergo a
change in amplitude as well as phase at frequency fn ; provided that this frequency is
in resonance with an optical transition of the sample. This change in amplitude and
phase of the electric field is given by the factor: eαn,1 (f n )iφn,1 (f n ) . Thus the electric
fields of respective combs become
E1 (t) =

X
n

En,1 eαn,1 (f n )iφn,1 (f n ) ei(2πf n,1 t)

(21)

En,2 ei(2πf n,2 t)

(22)

E2 (t) =

X
n

After interfering on the beam splitter and impinging upon the photodetector, the
combined amplitude and phase of the electric field becomes
E1 (t) + E2 (t) =

X
n

En,1 eαn,1 (f n )iφn,1 (f n ) ei(2πf n,1 t) + En,2 ei(2πf n,2 t)



(23)

The intensity of the photodetector signal is given as
I(t) ∝ [E1 (t) + E2 (t)] [E1 (t) + E2 (t)]∗

(24)

All possible combination of all modes of the two OFCs are possible, but for the
sake of simplicity we will only deal with the neighboring nth modes of the two OFCs.
Therefore, the intensity on the photodetector of the zero-order beat signal in the
RF-domain is given as
I0 (t) ∝

Xh
n

En,1 eαn,1 (f n )iφn,1 (f n ) ei(2πf n,1 t) + En,2 ei(2πf n,2 t) ×
i

En,1 eαn,1 (f n )+iφn,1 (f n ) ei(2πf n,1 t) + En,2 ei(2πf n,2 t)

Xh
n

I0 (t) ∝

X

i

(E2n,1 e2αn,1 (f n ) + E2n,2 + 2En,1 En,2 eαn,1 (f n ) ×

n
o
ei(φn,1 (f n )+2π(f n,1 f n,2 )t) + ei(φn,1 (f n )+2π(f n,1 f n,2 )t) )

n

(25)
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Equation (25) can be simplified with the help of an Euler’s formula and equation
(17), provided that there is a difference in carrier-envelope frequencies Δf ceo , as

I0 (t) ∝

X
n

E2n,1 e2αn,1 (f n ) +E2n,2 +2En,1 En,2 eαn,1 (f n ) cos 2π(nΔf rep + Δf ceo )t + φn,1 (f n )
h

i

(26)
If we have a symmetric DCS configuration, in which both the OFCs pass
through the sample, the beat note between two neighboring modes of the combs on
the detector is given as
I0 (t) ∝

X
n

E2n,1 e2αn,1 (f n ) + E2n,2 e2αn,2 (f n ) + 2En,1 En,2 eαn,1 (f n ) eαn,2 (f n ) ×
n

h

io 

cos 2π(nΔf rep + Δf ceo )t + φn,1 (f n )  φn,2 (f n )

(27)

Equations (26) and (27) both consist of the summation of three terms. The first
two terms contribute to the direct current (DC) level of the detector; at DC level
the spectral information cannot be achieved. The third term, however, contributes
to the modulating alternating current (AC) level of the detector as a function of
time (t). Therefore, the sum over the third term forms an interferogram as function
of time (t).
As discussed earlier, a proper detector bandwidth and a low-pass filter are
needed to acquire only the first order of beat signal of the combs, which is
modulated at a frequency of nΔf rep +Δf ceo . The higher orders at multiples of the
repetition frequencies could also be used for the detection, because of low 1/f noise
behavior of the detectors. However, the main limitations remain, such as the low
bandwidth of the off-the-shelf detectors and the low sampling frequency of the
available data acquisition systems.
It should also be noted that the dual-comb configuration is selected based on the
information needed for the analysis. If both the phase and amplitude information is
needed, then an asymmetric arrangement is used, as evident in the third term of
equation (26). In equation (27), the phase information cancels out in the symmetric
arrangement, and thus only the amplitude modulation, i.e., absorption of the OFC
can be obtained in a symmetric arrangement.
The time-domain picture of the two OFCs can be sketched with the help of a
train of pulses of the two mode locked laser, in which one train of pulses for OFC1
have a periodicity of 1/Δf rep,1 while the OFC2 , which is faster in time because of
the lower repetition rate, will smoothly glide over the OFC1 , as shown in Figure
2.10(b). Consequently, an interferogram is generated on the detector due to the
cross-correlation of the two pulses. The zoom into one of the interferograms
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recorded on the detector shows that the peak intensity of the interferogram is
formed by the temporal coincidence two FC pulses. All the interferograms have a
central burst, defining the spectral shape of the OFCs in the absence of a sample
and the tails go to zero.
The periodicity of the interferograms is the inverse of the difference in the
repetition rate Δf rep . Thus, Δf rep not only defines the downconversion factor of the
optical frequencies into the RF domain (equation (18)), but it also determines the
speed of the data acquisition in DCS. Thus by tuning Δf rep to a higher value, faster
data acquisition is possible.

Intensity (I(t))

(a)

1
Δfrep

//

//

Acquistion time (t)

(b)

Ek (t')

//

//
//
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//

//
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Figure 2.10: Time domain picture of interferogram formation in DCS (a) The
generated interferogram on the detector due to the temporal sliding of the two OFCs
in the time domain on top of each other as shown in (b).

If we compare Figure 2.10(a) and Figure 2.4, one single interferogram in Figure
2.10(a) is acquired by the interplay of two OFCs with their different repetition
frequencies. In Figure 2.4 the same information can be obtained by moving (one
of) the mirrors. In both cases, the shape of an interferogram and the spectrum
in the frequency domain is defined by the spectral shape of the sources and the
spectral response of the photodetector. However, the speed of the data acquisition in
DCS is much faster than the FTS for a single interferogram, and even for multiple
interferogram acquisition.
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Practical trade-offs between spectral bandwidth, acquisition time, and spectral resolution in DCS

Ideally, one would want a dual optical frequency comb system with a wide spectral
bandwidth, fast acquisition time and a good spectral resolution. However, these
three quantities are interrelated, and therefore a trade-off is required to achieve the
best possible DCS performance.
One to one optical mapping from the OF comb to an RF comb is possible if
the RF bandwidth of the optical detector obeys Δw ≤ frep /2. From this value, the
maximum difference in the Δfrep is possible to calculate to obey the Nyquist criteria,
which states that there will be no aliasing of the beat of the neighbouring comb
modes as long as the interferogram’s sampling rate is greater than two times the
bandwidth of the optical comb Δν.
Δf rep
f rep
Δν = Δw =
f rep
2
!

(28)

where Δw is defined as the RF bandwidth after down conversion of Δν. Thus
with the help of equation (28), the requirement for the maximum scaling factor is
given as
Smax =

f rep
2Δν

(29)

It is also clear from equation (28); the RF bandwidth does not exceed the
maximum limit of frep /2. As we saw in the previous section that by increasing the
Δf rep the faster data acquisition is possible, which also means that the spectral
width of the RF comb will increase according to Fourier transformation theory.
Thus, it will cause fundamental beat notes of the comb modes to overlap with the
beating higher-order modes (aliases). Therefore, the optimum difference of
repetition rate keeping in view Nyquist criteria is
f 2rep
(30)
2Δν
Now, if the sampling frequency is equal to frep , the measurement time t of one
interferogram, the total number of sampling points (samples) in the interferogram
are equal to tfrep . Therefore, the resolution in the RF domain (δf) is given as

Δf rep =

Δw
tf rep

(31)

f rep
1
=
2tf rep
2t

(32)

δf =
δf =
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In the optical domain, the spectral resolution can be calculated with the help of
a scaling factor Smax , given as
Optical spectral resolution = δν =

RF resolution
Smax

(33)

1

δν = f 2t

rep

(34)

2Δν

δν =

Δν
tf rep

(35)

The optical spectral resolution δν in terms of Δf rep , can be written as
δν =

f rep
tΔf rep

(36)

Both equations (35) and (36) show the trade-off of spectral bandwidth,
acquisition time, and spectral resolution in a single acquisition of the spectrum.
Equation (36), on the other hand, is handy to calculate the optical resolution of the
DCS independent of the wavelength of the OFC sources. If we assume that the OFC
source has a repetition rate frep = 90 MHz and Δfrep is 250 Hz and we assume that
the data acquisition of 4 ms for an interferogram, then the maximum possible
resolution obtained from the DCS in the ideal case is 90 MHz.
Equation (36) also gives information about the following factors
• A longer acquisition time t of the interferogram and larger Δfrep will provide a
better optical spectral resolution.
• The desired spectral resolution is only possible if we have frequency stable
repetition frequencies frep and carrier-envelope frequencies fceo . Therefore,
in an ideal DCS experiment, the repetition frequencies and carrier-envelope
frequencies of the OFC are stabilized with the help of stable RF sources and
f-2f interferometric systems [17].
Practically, the measurement time of the interferogram is dependent on three
factors: the stability of the two combs, the sampling frequency, and the available
memory for the data acquisition of one interferogram. In our experiments, we used
an OFC with the repetition rate of 90 MHz, the difference in the repetition rate of
250 Hz, and a measurement time window of 240 µs instead of 4 ms, due to the
limitation of the memory buffer in our DAQ card as well as mutual decoherence of
the OFCs. The acquired data of an interferogram was sampled at the frequency of
125 MHz, which was chosen to be intentionally higher than the minimum Nyquist
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criteria of 90 MHz in our case.
The measurement time window of 240 µs instead of 4 ms is shown in Figure
2.11. The actual interferogram data are acquired with the DCS system used in this
research.
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Figure 2.11: (a) Time domain measurement of DCS interferogram. Out of the 4
ms time duration, the interferogram data is only acquired for 240 µs, around the
central burst. Extra zeros are inserted along both tails to show the deadtime zone
until next interferogram acquisition. (b) The acquired 240 µs of interferogram data
around the central burst.
The shorter acquisition time of 240 µs, lowers the spectral resolution to the
theoretical limit of 3 GHz in our experiment, according to equation (36). The reason
for an acquisition time of 240 µs is based on an essential factor that influences the
resolution, coherency, and signal to noise ratio of the DCS experiment. This essential
factor is the frequency stability of the two OFCs, with respect to the two degrees of
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freedom of frep and fceo .
In our approach, we only stabilize the repetition rates of the two comb sources to
the precision of two stable RF sources, and thus our DCS is not stabilized for the fceo .
This, has an important consequence for the data acquisition time, spectral resolution,
and the signal-to-noise ratio during the averaging process of the spectrum.
If we only stabilize the repetition rates of the two comb sources and do not
stabilize the carrier-envelope frequencies (see Figure 2.10(b)), the two pulse trains
will arrive at the same time on the detector and will remain coherent for a short
period of time, but due to the instability of the fceo they become decoherent.
As every spectroscopy technique relies on the averaging of consecutively acquired
spectra to achieve a particular resolution and signal to noise ratio, the consequence
of the non-stability of the fceo is that for each measurement in the time domain, the
interferograms will have a random phase with respect to each other. As a result, the
spectra in the frequency domain will be shifted with respect to each other. Thus the
averaging will degrade the performance of the DCS with respect to the resolution
and frequency calibration.
This phase difference is shown in Figure 2.12(a) for two consecutive interferograms
of the test methane sample measured in the spectral bandwidth of the 2800 to 3200
wavenumbers, 4 milliseconds apart from each other. The 800 ns of data shows
the difference of phase delay between each shot. This phase delay will result in
the frequency shift in the spectrum after taking the Fourier transform. Thus the
averaging of the consecutive spectra will result in the smearing out of the gas
features, i.e., degradation in the spectral resolution. To show the smearing out of the
spectral information, Figure 2.12(b) shows the Fourier transform of one acquired
interferogram, as it can be seen that it consists of sample features and noise. To
obtain a better signal-to-noise ratio, we average the spectrum. However, if we average
all 5000 spectra measured during this measurement, the averaging performance will
degrade, as shown in Figure 2.12(c).
To solve this problem, various techniques are used to ensure mutual coherence of
the frequency combs, such as active phase-locked feedback [12], adaptive dual-comb
spectroscopy [18], feed-forward DCS stabilization techniques [19] and post-processing
algorithms [20, 21] to compensate for phase correction. There is a non-exhaustive
list of stabilization methods for DCS systems in terms of the architecture and
wavelength of interest. Furthermore, not all DCS systems can be phase-locked to
achieve a stabilized fceo . This is particularly in the mid-infrared wavelength region.
Therefore, post-processing methods are preferred over active stabilization, which
can be experimentally complex and associated with high costs [15, 22–24]. A postprocessing technique based on a passive optical reference is discussed in detail in
chapter 3; the effect of this post-processing is shown in Figure 2.11(d). As can
be seen, the result is a high-quality averaged spectrum that does not require an
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experimental complex stabilization method.
1

Interferogram 1
Interferogram 2

5000

0

-5000

0

100

200

300

400

500

600

700

Single Spectrum

(b)

Intensity (I (a.u.)

Intensity (I (a.u.)

(a)

0.8
0.6
0.4
0.2
0

800

0

1000

2000

Time (ns)
1

5000

6000

7000

6000

7000

(d)

Intensity (I (a.u.)

Intensity (I (a.u.)

4000

1
(c)

0.8
0.6
0.4
0.2
0

3000

Arbitrary axis

Averaged spectrum without correction
1000

2000

3000

4000

Arbitrary axis

5000

6000

0.8
0.6
0.4
0.2
0

Averaged spectrum with correction
0

1000

2000

3000

4000

5000

Arbitrary axis

Figure 2.12: (a) The phase fluctuations from short to short in our non-fceo
stabilized DCS. (b) Fourier transformation of the single interferogram acquired in
240 µs showing the v3 vibational features of methane along with the noise. (c) The
averaged spectrum from the acquired 5000 spectra without any frequency correction.
(d) The averaged spectrum with frequency correction. For further details please refer
to chapter 3.

2.6

Mid-infrared frequency combs based on a nonlinear conversion of near-infrared combs

So far, we have only discussed the theoretical limitations of the various parameters
that are responsible for the performance of DCS. However, in terms of spectroscopy,
the mid-infrared wavelength region is of great importance as the molecular fundamental (ro-vibrational) transitions are an order of magnitude stronger in this wavelength
region (2-20 µm), as compared to the near-infrared wavelength region.
The OFC technology, based on fiber mode-locked lasers, is very mature in the
visible and near-infrared wavelength region; however, there are no fiber-based OFC
for mid-infrared wavelength region. To generate OFC for this wavelength region,
non-linear conversion is used to convert near-IR combs into mid-IR combs. The
two most used methods are Difference Frequency Generation (DFG) and Optical
Parametric Oscillation (OPO). Both methods increase the complexity of the DCS,
in terms of stability and mid-infrared comb power levels. A detailed review on the
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topic of mid-infrared combs is given elsewhere [25], and the detailed discussion on
the mid-infrared dual-comb spectroscopy with the help of single-resonant OPO is
shown in chapter 3.
Here, we will restrict ourselves to a short discussion on the fundamentals of
nonlinear conversion in media and one of the most efficient non-linear conversions
from near-infrared combs into mid-infrared combs, using a singly resonating OPO.

2.6.1

Basics of non-linear optics

The following parameters can represent the propagation of plane monochromatic
laser beams in vacuum or air
• Intensity I
• Beam radius w
• Beam divergence θ
→
−
• Wavelength λ or angular frequency ω or the propagation vector k
• Polarization P
Some of these parameters, like beam radius, depending upon the beam divergence,
naturally develop while traveling inside air. To alter the other properties of light is
by light-matter interaction, which can be either via a linear interaction of the
electric filed with the material or via non-linear interaction depending upon the
strength of the electric field.
Suppose the electromagnetic light interacts with the material. In that case, the
response can be macroscopically described by observing the polarization field, which
is dependent on the magnitude of the electric field. In case of small magnitude of
the applied electric field, generated polarization is linearly proportional to the
applied electric field. However, the generated polarization due to a strong non-linear
interaction of electric field shows non-linear dependence as is given as
P = ε0 χE1 + ε0 χ2 E2 + ε0 χ3 E3 + ...........

(37)

where ε0 is the permittivity of free space and χn is the nth order susceptibility,
which is a tensor of rank n+1.
If we assume the interaction of the electromagnetic field with the material based
on the following assumptions
• Homogeneous: meaning that the properties of materials are the same at each
point in space.
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• Isotropic: meaning the relationship between source term P and field E is unaffected by spatial direction. This relationship is possible in isotropic materials
like amorphous materials, gases, etc., and as a consequence of it, P will always
be parallel to the E. However, if the material is crystalline, the interaction can
be isotropic or anisotropic.
• Linear: meaning that the relationship between E and P is linearly related
to each other. This interaction is only possible if the E field’s magnitude is
sufficiently small, which causes small displacements in the dipole oscillations,
and they behave like a harmonic oscillator.
then the induced polarization P can be approximated to the first term in equation
(37).
P = ε0 χE1

(38)

This is known as the linear optical regime. However, when the applied electric
field is comparable to the intra-atomic E field in the medium, this linear regime is
no longer valid, and a non-linear optical response results which is given in equation
(37). The higher order non-linear interactions with the material generate new
frequencies, such as second-harmonic generation, difference-frequency generation,
and optical parametric oscillation. The identification and the application of these
new processes were only possible after the invention of lasers, with their strong
E-fields. As the higher-order susceptibility terms χ2 ,χ3 ,. . . . . . are small, a
standard incoherent light source will generate negligible intensities. Thus, non-linear
generation of light is only possible with high-energy density laser beams.
The study of linear and non-linear optical materials is a vast field. Here we will
restrict our discussion to the use of second-order non-linear χ2 interactions in a
crystalline material of Lithium Niobate (LN), and the use of periodically poled
lithium niobate (PPLN) crystal for satisfying the phase matching condition to
generate new coherent frequencies.

2.6.2

Second order non-linear effects

If the medium has no center of inversion symmetry, then we can observe χ2
processes in isotropic as well as non-isotropic materials. These processes include
• SFG: Sum frequency generation
• SHG: Second-harmonic generation
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• DFG: Difference frequency generation
• Parametric processes: Optical parametric generation, amplification, and oscillation
The generation of these processes can be explained on the basis of inserting a strong
electromagnetic field into the constitutive relationship of equation (37). Therefore, if
we consider a strong electric field impinging on the optical medium and considering
its real part, it can be written as
Et = E0 cos(kz  ωt)

(39)

which will generate the polarization according to the first two terms of equation
(37) as
P = ε0 χE0 cos(kz  ωt) + ε0 χ2 E20 cos2 (kz  ωt)

(40)

This can be further simplified to
1
1
P = ε0 χE0 cos(kz  ωt) + ε0 χ2 E20 + ε0 χ2 E20 cos(2(kz  ωt))
(41)
2
2
Thus equation (41) represents the average dipole oscillations due to an external
E field at frequency ω, resulting in three terms. The first term represents the
oscillations at frequency ω, the second terms is a time-independent term indicating
accumulation of charges at the surface of the optical medium due to displacement of
charges, known as the optical rectification, and the third term represents the
oscillations of the dipole at a frequency 2ω, known as the sum frequency generation
(more specifically a SHG) of the new electric field at frequency 2ω, as oscillating
dipoles radiate an electromagnetic field.
From a quantum mechanics point of view, this phenomenon can be understood
from the law of conservation of energy and momentum, where the annihilation of
two photons with energy hωand momentum hk results in the creation of a photon
with energy 2hω=hω1 and a momentum 2hk=hk1 , thus these law of conservations
requires that

ω1 = 2ω
k1 = 2k

(42)

The condition of the law of conservation of momentum is also known as the
phase-matching condition.
If we now consider a more general case of three-wave interaction in the χ2

Chapter 2. Mid-infrared dual-comb spectroscopy

74

medium, we can represent our initial electromagnetic field consisting of two angular
frequencies ω1 and ω2 given as
E(t) = E1 ei(ω1 t) + E2 ei(ω2 t) + cc

(43)

Where cc is for complex conjugate. Inserting this equation in the first two terms
of equation (37) results in
P(t) = ε0 χ E1 ei(ω1 t) + E2 ei(ω2 t) + cc + 2ε0 χ2 {E1 E∗1 + E2 E∗2 }
n

o

+ ε0 χ2 E21 e2i(ω1 t) + E22 e2i(ω2 t) + 2E1 E2 ei(ω1 +ω2 )t + 2E1 E∗2 ei(ω1 ω2 )t + cc
(44)
h

i

Thus the generated field polarizations will consist of dipole moments oscillating
at ω1 and ω2 which are linear polarization terms. However, on the other side, the
first two terms in the square brackets represent the oscillating dipoles at frequencies
2ω1 and 2ω2 which is called a second harmonic generation (SHG).
The third term in the square brackets consisting of frequency (ω1 +ω2 ) represents
sum frequency generation (SFG), in which two photons at the frequency ω1 and
ω2 annihilate to form a photon at a frequency ω1 +ω2 =ω3 . SHG is a specific case
of SFG when ω1 =ω2 =ω. The fourth term in the square brackets ω1 -ω2 represents
the DFG, in which two photons at the frequency ω1 and ω2 form a photon at the
frequency ω3 =ω1 -ω2 . These three non-linear processes are shown in Figure 2.13.
In a typical DFG process, three interacting waves are given a particular name.
The photons with the highest energy are called pump photons ω1 =ωp and the
photons with the lowest energy are called idler ω3 =ωi , and the photons with the
intermediate energy are called as the signal photons ω2 =ωs . As shown in Figure
2.13(c), the two input beams of the pump and signal, which are typically in the
near-infrared region, are used to generate the idler beams in the mid-infrared region,
which can be used for the spectroscopic application.
However, in a DFG process, the presence of signal photon can also stimulate the
pump photon to emit an idler photon at a frequency ωi =ωp -ωs . In this case, two
signal photons and one idler photon emit from a non-linear crystal. As there are
two signal photons radiating from the optical material, the signal field is said to be
amplified. This process is called Optical Parametric Amplification (OPA). However,
this process can also spontaneously occur in the presence of background noise, with
only seeding the pump photon into a non-linear crystal. This way, the pump photon
will split into a signal photon and an idler photon. This parametric generation of
signal and idler photons is called Optical Parametric Generation (OPG). In order
to amplify the signal or both signal and idler beams, the non-linear crystal can be
inserted into an optical cavity with highly reflecting (HR) mirrors, dielectrically
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Figure 2.13: Schematics of few second order non-linear interactions (a) SFG (b)
SHG (c) DFG

coated to form an Optical Parametric Oscillator (OPO). If the mirrors are only
HR-coated for the signal beam, it is called a singly-resonant OPO (SR-OPO), and if
the mirrors are HR-coated for both idler and signal beams it is a doubly-resonant
OPO (DR-OPO). Triple-resonant OPOs have HR coating for all 3 wavelength. The
schematic of these parametric interactions with the χ2 medium is shown in Figure
2.14.

2.6.3

Non-linear
wave
equation
and
appropriate
phase-matching condition in three-wave mixing

So far, we have briefly seen the effects of a strong electromagnetic field at a
particular frequency on the non-linear polarization fields inside the optical materials,
which in turn generate new frequency-dependent electromagnetic fields, provided
that the law of conservation of energy is obeyed.
These generated polarization fields act as a new source in Maxwell’s equation,
and this interaction of polarization field with the electromagnetic field in a
non-conducting medium (σ=0) can be written in terms of the wave equation for the
optical wave propagation in non-linear media as [26]
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Figure 2.14: Typical three-wave mixing processes occurring in a non-linear χ2
medium.

1 ∂ 2E
2
∇ E 2 2 =
c ∂t

1 ∂ 2P
ε0 c2 ∂ t2

(45)

If we consider the three-wave mixing in the χ2 medium of three electromagnetic
waves propagating in z direction at three different frequencies, and if the energy
transfer among the modes is only significant after the waves travel over a longer
distance than their wavelengths [26], then the wave equation in a non-linear medium
simplifies from a second-order differential equation to a first-order differential
equation for each time-independent electromagnetic fields E1 (ω1 ,z), E2 (ω2 ,z), and
E3 (ω3 ,z) where ω1 >ω2 >ω3 as
∂ E1
iω d
=  1 eff E3 E∗2 eiΔkz
∂z
cn1
∂ E2
iω d
= 2 eff E1 E∗3 eiΔkz
∂z
cn2
∂ E3
iω d
= 3 eff E1 E∗2 eiΔkz
∂z
cn3

(46)
(47)
(48)

where deff is the effective non-linear coefficients, and Δk is the wave-vector
mismatch given as
Δk = k1  k2  k3

(49)

This is known as the phase-matching condition or the conservation of momentum
condition for three electric fields. The efficiency of the non-linear processes is only
achieved if the vector-mismatch is zero, i.e., Δk=0. It is called a phase-matching
condition because physically, it represents the mismatch of phase between the optical
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fields propagating with different speed of light in the optical material. Thus if Δk=0,
the coherent interference of beams will result in amplification along the direction of
propagation. However, using the normal dispersive material relationships
ω1
n(ω1 )
(50)
c
ω
k2 = 2 n(ω2 )
(51)
c
ω
k3 = 3 n(ω3 )
(52)
c
The index of refraction increases with the frequency; this makes the condition of
phase-matching impossible to achieve. Due to this chromatic dispersion, interacting
electric fields undergo a periodic constructive and destructive interference along the
propagation length of the optical material and due to the phase mismatch between
the input beam and the generated photons, the efficiency of the non-linear electric
fields emitting out of the crystal will be limited.
The length for which the interacting fields are coherent is called the coherence
length of the crystal. This coherent length can be calculated from the phase
difference of π. Thus
k1 =

Phase difference = δ = π
Δk × Lc = π
π
Lc =
Δk

(53)

Thus the coherence length is the maximum useful length inside the crystal where
the generated fields, for example, second/third harmonic, will add coherently with
the previously generated second/third harmonics.
Traditionally, this mismatch can be solved by the help of the birefringence
property of anisotropic materials, which is achieved by launching a high-intensity
pump beam at a particular angle θ where the ordinary index of the fundamental
beam matches with the extra-ordinary index of the generated E fields. This
technique of phase matching is called Birefringence Phase Matching (BPM).
However, this technique is mostly effective for a small wavelength range and/or
specific polarization angle conditions, and only works with anisotropic materials.
Therefore, another approach is used for solving the phase mismatch of a broad
spectrum of electromagnetic waves in anisotropic (e.g., LN) crystals as well as in
isotropic (e.g., GaAs) crystals, which is called Quasi-phase matching (QPM).
QPM was first introduced by Armstrong et al. in 1962 in ZnS crystal [27]. It is
based on periodically inverting the non-linear coefficients at a distance identical to
the coherence length defined in equation (53). As the material is inverted every
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coherence length distance, the polarized light will undergo a phase shift by π
radians, thereby again causing a coherent addition of the generated non-linear E
fields after the change in crystal orientation. The period of this inversion is two
times the coherence length as shown in Figure 2.15, and is called as poling (?)
period ∧G . The vector phase-matching condition in the case of QPM is defined by
adding this poling period as
ΔkQPM = k1  k2  k3 

�

-�

� -�

2π
∧G

�

(54)

-�

Lc
Λ𝐺 =2Lc
Figure 2.15: The schematic of inversion of the non-linear coefficient by periodic
poling in QPM crystals.
In modern systems, the inversion of the crystal orientation is done with the help
of periodically poling of, for example, ferroelectric Lithium Niobate, the ferroelectric
domain property is periodically reversed [28], resulting in periodically poled Lithium
Niobate (PPLN). As given by equation (54), the period of this grating is chosen on
the basis of interacting frequencies. By selecting the proper poling period and by
tuning ∧G with the help of a temperature change, the tuning of the generate
frequencies is possible.
In this research, we have used 5% MgO (Magnesium oxide) doped PPLN crystals
with eight varying grating periods, ranging from 27.91 to 31.59 µm to generate
mid-infrared light 2300-3600 cm1 using femtosecond near infrared light and an
OPO cavity [15, 23, 29]. The reason for adding 5% MgO is to increase the optical
and photorefractive resistance of the LN by preserving its high non-linear coefficient
and increasing the damage threshold [30].
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2.6.4

Femtosecond Singly resonating Mid-infrared Optical
Parametric Oscillator Comb

In this research, we used a singly-resonant high-power femtosecond two crystal OPO
as mid-infrared comb sources for dual-comb spectroscopy. The femtosecond OPO
design is discussed in more detail in the previous research [15, 29] as well as in
chapter 3 [23].
However, the basic principle of the singly resonant femtosecond OPO is given in
Figure 2.14(c); its design is similar to the single resonant continuous wave (cw)
OPO. The main difference with the cw OPO is that it is pumped by a femtosecond
mode-locked near-infrared laser. The length of the OPO cavity is be matched
according to the repetition rate of the femtosecond pump source for synchronous
operation.
The scheme of the singly resonant OPO is shown in Figure 2.16. The
femtosecond near-infrared pump source is an amplified Yb-fiber mode-locked laser
emitting up to 2W of average power with 80 fs pulses at a central wavelength of
1040 nm. The OPO cavity consists of six mirrors in folded X-shape cavity, which are
highly reflective for the signal wavelengths (1370-1750 nm). Four chirped mirrors
are used for the dispersion compensation, and the length of the cavity corresponds
to the repetition rate (90 MHz) of the pump source, resulting in a length of 166.55
cm. The OPO crystal is a 5-mm long MgO doped PPLN kept in an oven at 180 ◦ C
for appropriate tuning of the idler output frequencies.
As the input beam is a frequency comb source with a repetition rate and
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Figure 2.16: Experimental setup of the singly-resonating OPO.
carrier-envelope frequency, the generated signal and idler beams will also be
frequency combs with the same repetition frequency, but different carrier-envelope
frequencies. According to the law of conservation of energy, the optical frequencies
of the individual pump (p), signal (s) and idler (i) comb frequencies are related as
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ωp,l = ωs,m + ωi,n

(55)

Where l,m,n are the mode numbers of the comb lines (integers) for the pump,
signal, and idler optical frequencies. This can be written as
lf rep + f ceo,p = mf rep + f ceo,s = nf rep + f ceo,i

(56)

Thus, in a synchronously pumped OPO, the stabilization of the pump source’s
frep is enough to stabilize the repetition frequencies of the signal and idler. However,
the carrier-envelope frequencies are different, and from equation (55), they are
related as
f ceo,p = f ceo,s + f ceo,i

(57)

Therefore, to stabilize the carrier-envelope frequency of the idler, the f(ceo,p) and
f(ceo,s) needs to be stabilized with the help of f-2f interferometry for the former and
by stabilizing the cavity length of the OPO cavity for the latter [31].
To have a fully stabilized mid-infrared dual-comb spectrometer is even more
challenging and complicated. It requires at least five locking loops in this case of the
single two-crystal mid-infrared dual-comb OPO [15], as used in this research. Due to
the non-availability of enough f(ceo,p) actuators on the pump frequency combs, the
mid-infrared DCS used in this research is a non-fceo stabilized DCS, and leverages
from the benefits of passive optical referencing technique for correcting the fluctuation
of idler frequencies generated from the DCS [23].
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Chapter

3
Mid-infrared dual-comb spectroscopy with absolute frequency calibration using a passive
optical reference

Abstract
We demonstrate an absolute-frequency-calibrated mid-infrared dual-comb spectrometer using a reference absorption cell. The source is based on a singly-resonant
OPO containing two MgO:PPLN crystals in a common ring cavity, synchronously
pumped by two mode-locked Yb-fiber lasers. The repetition-rate of the two pumps
are stabilized while their offset frequencies and the OPO cavity length are not actively
controlled. The reference spectrum is used to correct the frequency fluctuations in the
sample spectrum providing a high-quality averaged spectrum with spectral resolution
of 6 GHz and calibration precision of 120 MHz, without adding any complexity to
the experimental setup or signal processing.

Adapted from: M. A. Abbas, A. Khodabakhsh, Q. Pan, J. Mandon, S. M. Cristescu, and F.
J. M. Harren, "Mid-infrared dual-comb spectroscopy with absolute frequency calibration using a
passive optical reference," Opt. Express 27, 19282-19291 (2019), DOI: https://doi.org/10.1364/
OE.27.019282
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Introduction

Dual-comb spectroscopy (DCS) [1–3] is a powerful alternative for traditional or
comb-based Fourier-transform spectroscopy (FTS) using a mechanical moving mirror
[4, 5]. DCS provides a broad spectral coverage with a high spectral resolution in
a very short acquisition time. For majority of the spectroscopic applications, the
mid-infrared spectral region beyond 2.5 µm is of particular interest, as most of the
molecules have their strongest rotational-vibrational transitions in this wavelength
region. The optical frequency comb (OFC) sources suitable for spectroscopy are
usually generated from mode-locked femtosecond lasers. However, mode-locked lasers
are mostly limited to the visible and near-infrared wavelength ranges and robust
mid-infrared mode-lock lasers are still under development [6]. Therefore, the main
approach to generate mid-infrared combs for spectroscopy is nonlinear conversion
from near-infrared combs by optical parametric oscillation (OPO) or difference
frequency generation (DFG) [7]. Compared to femtosecond DFG-based sources,
femtosecond OPOs [8, 9] usually offer higher conversion efficiency and as a result
have higher output power. The higher output power yields a dual-comb spectrum
with higher signal-to-noise ratio (SNR) and, hence, a better detection sensitivity. On
the other hand, femtosecond DFG-based sources [10, 11] do not need a resonance
cavity and can generate carrier-envelope-offset-free frequency combs, which simplifies
the experimental setup and/or signal processing of dual-comb spectrometers [12].
Recent developments on dual-comb spectrometers based on both OPO [13] and
DFG [14, 15] enhance the available spectral bandwidth, spectral resolution, spectral
precision and detection sensitivity of these systems. However, these improvements
are achieved at the cost of more bulky and complicated experimental setups including
f-2f interferometry, several stabilization loops and/or extensive signal processing.
Using OPOs for mid-infrared dual-comb spectroscopy, while keeping the experimental setup simple, remains a challenge since the optical cavity of the OPO
introduces instability into the generated signal and idler combs, both in amplitude
and frequency. Two independent, fully stabilized, degenerate doubly-resonant OPOs
(DROPOs) have demonstrate the best amplitude and frequency stability, as well as
spectral precision in a DCS setup [13]. This is especially due to the fact that the
carrier-envelope offset frequencies (fceo ) of the signal and idler combs from a DROPO
do not change randomly, but linearly depend on the offset frequency of the pump
[16]. Therefore, stabilizing the fceo of the pump laser is sufficient to have a stable fceo
of the signal and idler. In addition, working in a degenerate regime (subharmonic
OPO), yields a well-known fceo of the signal/idler, which is equal to half of the fceo
of the pump laser (or the alias of this frequency with respect to frep ). To implement
a DCS system based on two well-stabilized degenerate DROPOs, the fceo values of
each pump is first detected by f-2f interferometry and then independently stabilized
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to a radio frequency (RF) signal [17]. Since the repetition rates (frep ) and the length
of the DROPO cavities should be stabilized as well, the final system consists of two
f-2f interferometry setups and at least six (medium to high bandwidth) stabilization
loops [13].
One can also use two singly-resonance OPOs (SROPOs), which eliminates the
need for active stabilization of the length of the OPO cavities. DCS is demonstrated
by using two free-running mode-locked lasers pumping two singly-resonance OPOs
[18, 19]. In the first demonstration, the repetition rate difference (Δfrep ) as well as
the fceo of the two pump lasers were recorded along with the time domain interferogram. The Δfrep and fceo values were used to correct for distortions in the spectrum,
due to their instantaneous fluctuations. The residual linear frequency mismatch
between the individual spectra was revealed by a cross-correlation algorithm and
compensated before averaging, yielding a spectral resolution of 0.5 cm1 for the
averaged spectra [18]. In the second demonstration the fceo of the pumps were not
monitored, which simplified the setup due to elimination of two f-2f interferometers.
Each single interferogram was recorded in a time much faster than the de-coherence
time of the two idler combs (specially the fluctuations in fceo values of the two idler
combs), thus the spectral information remains intact in each spectrum obtained
after Fourier transform, and is only shifted to a different center frequency. The
same cross-correlation algorithm is used to correct for the shifts, achieving a spectral
resolution of 0.3 cm1 after averaging [19]. In both cases the averaged spectrum
needs to be shifted manually (by comparison to the simulated spectrum) to achieve
absolute frequency calibration. In addition, the efficiency of the cross-correlation
algorithm in revealing the frequency mismatch values largely depends on the SNR of
the spectrum retrieved from a single interferogram. Therefore, the usability of this
method is mainly limited to highly absorbing samples.
The alternative approach to two independent SROPOs is to merge the two OPO
cavities into one [8, 9, 20, 21]. Despite the disadvantage that the Δfrep between the
two combs should be small to maintain synchronously pumping operation, this approach offers significant advantage in term of relative stability and coherence between
the two idler combs. Our previous work yielded a rather fair spectral resolution (0.5
cm1 ) for a limited averaging time, without stabilization/correction of the fceo of the
idler combs [9, 21]. Here, we adopt a passive optical referencing method, similar to
what is proposed in [10] and implemented in [22] for near-infrared DCS. The general
idea is to monitor an absorption line of a known gas sample, as well as the broadband
spectrum of the sample under test. Similar to [19], as long as the measurement time
for each individual interferogram is shorter than the de-coherence time of the two
idler combs, we can assume that the fceo of the idler combs are constant for each
individual measurement. Therefore, a simple frequency shift after Fourier transform
would correct for the fceo changes in consecutive measurements. This allows for a
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DCS with longer averaging time, and potentially finer spectral resolution, as well as
an absolute frequency calibration, thanks to the known frequency position of the
monitored absorption line. Here, we also demonstrate the possibility of retrieving
the concentration value of the sample species by fitting a theoretical model spectrum
to the measurement.

3.2

Experimental setup

The experimental setup is demonstrated in Figure 3.1. The OPO has already been
explained in details in [9, 21]. Briefly, two femtosecond Yb-fiber lasers (Menlo
Systems, Germany) are used as pump sources. They have cross polarized beams,
emitting around 1040 nm and delivering 80 fs pulses at a repetition rate of ∼ 90 MHz,
with a maximum average power of 2.5 W. The OPO is based on a singly resonant ring
cavity, in which the two cross-polarized pump beams counter propagate; the cavity
contains two 5 mm-long MgO:PPLN (Periodically Poled Lithium Niobate, Covesion
Ltd., UK) crystals. The length of the cavity is designed to achieve synchronously
pumped operation, i.e., ∼3.3 m long. The OPO cavity consists of 4 curved dielectric
mirrors with 100 mm radius of curvature (AR coated at 1064 nm & 3650-4850 nm and
HR coated at 1350-1500 nm) and 6 flat, chirped, dielectric mirrors for group velocity
dispersion compensation (HR coated at 1370-1750 nm, all from Layertec GmbH,
Germany). The OPO cavity has two idler outputs, each delivering pulses with 200
mW of maximum average power, a spectral full width at half maximum (FWHM)
bandwidth of up to 300 cm1 and tunable between 2380 cm1 and 3570 cm1 (2.8-4.2
µm), using different poling periods of the crystal. The frep of each pump laser is
controlled by a piezo-electric transducer (PZT) inside the corresponding oscillator
cavity. We stabilize the frep of each pump laser by locking their 10th harmonic
at 900 MHz to a separate RF signal generator (R&S, SMB100A, Germany) using
a proportional-integral (PI) controller (DigiLock 110, Toptica, Germany) with a
closed-loop bandwidth of ∼100 Hz. One signal generator acts as the master and
provides the clock for the slave one. The two frep values are slightly different to make
the repetition rate difference of Δfrep ≈ 250 Hz. The fceo of the two pumps are free
running and not monitored. A PZT actuator is connected to one of the OPO cavity
mirrors and used to manually tune the cavity length for synchronous pumping. The
OPO keeps running for several hours without any need to correct or stabilize the
cavity length.
For dual-comb spectroscopy, the polarization of one of the idler beams is rotated
(the idler beams are cross-polarized in the OPO cavity following the polarization
of their pumps), to align the polarizations of the two beams. Afterward, they are
recombined on a pellicle beamsplitter, producing two pair of beams on reflection
and transmission. One pair of idler beams are used for the dual-comb spectroscopy
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Figure 3.1: The experimental setup. SG1,2 : signal generator, DBM: doublebalanced mixer, PI: proportional-integral controller, BPF: band-pass filter, PD1,2 :
near-infrared photodetector (1 GHz), BS13 : beam splitter, λ/2: half-waveplate,
L14 : lens, M14 : curved dielectric mirror, CM16 : flat chirped dielectric mirror,
DM1,2 : dichroic mirror, BD: beam dump, PD3,4 : mid-infrared photodetector (50
MHz), LPF: low-pass filter.
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of the sample and sent through a 50 cm single-pass absorption cell. A gas flow of
1-5 l/h1 can be maintained through the cell at a pressure of 20-1013 mbar. The
transmission through the cell is detected by a thermoelectrically cooled photodetector
(PVI-4TE, Vigo, Poland) with a bandwidth of 50 MHz. The detected signal, i.e.,
the interferogram, is low pass filtered (corner frequency at 50 MHz) and sampled at
a rate of 125 Msample/s using a fast data acquisition card (NI-5762 coupled with
a PXI FPGA Module, National Instruments, US). The second pair of idler beams
is used to monitor a single absorption line of a reference gas. This allows absolute
frequency calibration and effective averaging of the recorded sample spectra. For
this, a single pass absorption cell of 20 cm is used, containing a pure reference gas at
low pressure. The composition of the gas can vary depending on the wavelength of
the idler beam. For measurements at the spectral window around 3.3 µm, methane
(CH4 ) is used at a pressure of ∼100 mbar. A single absorption line (at ∼3038.5 cm1 )
is isolated by the use of a diffraction grating and a mechanical slit forming an optical
band-pass filter. The beam is finally focused by a cylindrical concave mirror on a
thermoelectrically cooled photodetector (PVI-4TE, Vigo, Poland) with a bandwidth
of 50 MHz. The output of the detector is sampled on the second channel of the same
data acquisition card that samples the main interferogram. The clock of the data
acquisition card is locked to the clock of the master signal generator by an internal
phase-locked loop (PLL). The reference interferogram is also used as the trigger to
start the data acquisition. The data acquisition card is set to save a pre-defined
number of samples (30,000 samples, recorded in ∼240 µs) equally before and after
the trigger event. Therefore, a symmetrical interferogram is recorded around the
central burst for the two channels. Both interferograms are saved on a regular PC
for post-processing.

3.3

Spectral Calibration

The recorded interferograms are post-processed in MATLAB. A Blackman apodization function [23] is applied to both sample and reference interferograms to minimize
the ringing effect around the (narrow) absorption lines (especially in the reference
spectrum). The ringing is due to the original box-car (uniform) apodization function
that arose from abrupt cutting of the interferogram, which limits the precision of
detecting the center of the reference absorption line. The Fourier transform of each
individual interferogram of the reference and sample yield the Radio frequency (RF)
down-converted image of the corresponding optical spectrum. The reference spectrum
contains the spectral information of a single absorption line, with a spectral bandwidth of about 20 cm1 [see Figure 3.2(a)]. The RF domain spectral grid for both of
the spectra is converted to the optical frequency domain grid by the corresponding
scaling factor (frep /Δfrep ). The known position of the absorption line in the optical

91

3.3. Spectral Calibration

frequency domain is used to calculate the frequency shift correction needed to bring
each reference and sample spectrum to the absolutely-calibrated optical frequency
scale. Figure 3.2 shows five single-shot reference spectra [absorption line at 3038.498
cm1 in Figure 3.2(a) and Figure 3.2(b)] and broadband spectra [a part of the
spectra around the Q branch of CH4 in Figure 3.2(c) and Figure 3.2(d)]; both are
consecutively recorded on the same frequency scale. The reference absorption cell
contains pure CH4 at 100 mbar, while the 50-cm-long sample absorption cell contains
5% CH4 in N2 at 100 mbar. Figure 3.2(a) and Figure 3.2(c) demonstrate the spectra
in RF domain, where strong variations in the recorded spectra is clearly visible.
Figure 3.2(b) and Figure 3.2(d) depicts the same spectra, in absolutely-calibrated
wavenumber domain, after frequency scaling and shift correction. The sample spectra
are averaged after this frequency scaling and shift correction (not shown in the figure).

Figure 3.2: Absorption spectra of five consecutively acquired interferograms from
reference and sample cells in RF domain in (a) and (c), respectively. The known
optical frequency of the absorption line at 3038.498 cm1 in the reference spectra
(b) is used to absolutely calibrate the frequency scale of the sample spectra in the
optical domain (d).
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Results
Single species detection

Figure 3.3(a) shows the measured absorption spectrum of 250 ppm CH4 diluted
in N2 at atmospheric pressure (in black) averaged for ∼4 s (1000 averages). The
spectrum is normalized to an averaged background spectrum, the latter is recorded
when the sample absorption cell is filled with pure N2 at atmospheric pressure.
We compare this experimental absorption spectrum to the theoretical model (in
blue) developed based on the corresponding parameters from the HITRAN database
[24] using a Voigt profile, and convoluted with a Blackman instrument line-shape
function corresponding to the applied apodization function. Note that the simulated
spectrum is inverted and the two measured and simulated spectra are offset for
clarity. We fit the developed model spectrum to the measured spectrum (with
the CH4 concentration as the fitting parameter), as well as a sum of a low order
polynomial and few low frequency sinewave functions to correct for the remaining
baseline and etalon fringes. The retrieved concentration is 249(3) ppm where the error
is the standard deviation of 10 consecutive measurements. The residual of the fit is
shown in Figure 3.3(b) and indicate an excellent agreement between the measurement
and the model. The spectral resolution of the retrieved spectra is ∼6 GHz (∼0.2
cm1 ). The precision of the frequency calibration is dictated by the precision of
detecting the center of the reference absorption line, which is ∼120 MHz (∼0.004
cm1 ). To demonstrate the capability of the system for measuring low pressure gas
absorption spectra, we measured 1% CH4 diluted in N2 at 100 mbar. The measured
normalized absorption spectrum averaged for ∼4 s (in black) is shown in Figure
3.4(a) compared to the theoretical model (in blue) developed based on HITRAN
database parameters, Voigt profile and Blackman instrument line-shape function,
as described earlier. The retrieved concentration from the fit is 0.99(2)% where the
error is the standard deviation of 10 consecutive measurements and the residual of
the fit is shown in Figure 3.4(b). The general agreement between the measurement
and the fit is good; however, there are some features in the residual at the position of
the absorption lines. This discrepancy is mainly due to the narrower absorption lines
of the sample at lower pressures, where absorption linewidth would be comparable
to the precision of the frequency shift correction and calibration. Therefore, the
efficiency of the averaging degrades and the averaged measured spectrum deviates
from the developed model.

3.4.2

Multispecies detection of broadband absorbers

We measured broadband absorption spectrum of a mixture of acetone and ethyl
acetate in a 6.5-cm long, windowless, absorption cell containing one liquid droplet
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Figure 3.3: (a) Normalized transmission spectrum of 250 ppm CH4 diluted in N2
at atmospheric pressure (black, 1000 averages), along with a theoretical fit model
(blue, inverted) developed based on the corresponding parameters from the HITRAN
database, Voigt profile and Blackman instrument line-shape function. (b) Residual
of the fit.
of each species at atmospheric pressure. We normalize the measured spectrum to
a background spectrum that is recorded after removing the absorption cell. We fit
the model spectra of the two species calculated using PNNL database [25] (spectral
resolution of 6 GHz) along with a sum of a low order polynomial and few low frequency
sinewave functions (for removing any remaining baseline and etalon fringes) to the
measured normalized transmission spectrum. Figure 3.5(a) shows the measured
normalized transmission spectrum (in black) averaged for ∼4 s, along with the fitted
model spectra of acetone (in blue), ethyl acetate (in red), and the sum of the two
fitted spectra (in green). The retrieved concentrations from the fit are 1.13% for
acetone and 1.21% for ethyl acetate. The residual of the fit is shown in Figure 3.5(b).
The featureless residual demonstrates the excellent agreement between measurements
and PNNL database.

3.4.3

Absorption spectrum of the laboratory air over a free
path

The DCS system is also capable of retrieving the concentration of a trace gas in the
presence of an interfering species with much stronger absorption. To demonstrate
this, we measured the absorption spectrum of the laboratory air without any sample
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Figure 3.4: (a) Normalized transmission spectrum of 1% CH4 diluted in N2 at
100 mbar (black, 1000 averages), along with a theoretical fit model (blue, inverted)
developed based on the corresponding parameters from the HITRAN database, Voigt
profile and Blackman instrument line-shape function. (b) Residual of the fit.
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Figure 3.5: (a) Normalized transmission spectrum of acetone and ethyl acetate
(black,1000 averages) measured in a 6.5-cm long absorption cell containing a droplet
of each species; along with a theoretical fit model of acetone (blue), ethyl acetate
(red), and the sum of the two fitted spectra (green) developed based on the PNNL
database. (b) Residual of the fit.
cell. The interaction length between the idler beams and the laboratory air, i.e., the
distance between the crystal(s) in the OPO cavity and the photodetector, is ∼5.4 m.
Figure 3.6 shows the measured transmission spectrum for different number of averages
(with different offset for clarity). The H2 O absorption lines due to the water vapor
are hardly distinguishable from noise on a single-shot spectrum without averaging
(blue curve in Figure 3.6). However, after ∼4 s averaging (1000 spectra), not only the
H2 O absorption lines are clear, we can also observe atmospheric CH4 absorption lines
and retrieve both concentrations by multispecies fitting. We normalize the measured
spectrum to its slow-varying envelope to obtain the normalized transmission. Figure
3.7(a) shows this normalized transmission in black, compare to the fitted simulated
spectra of H2 O and CH4 in red and blue, respectively (inverted and offset for clarity).
The theoretical models are calculated from HITRAN database parameters for H2 O
and CH4 , Voigt profiles, and Blackman line-shape function. The developed model
spectra, as well as a sum of a low order polynomial and few low frequency sinewave
functions (to correct for the remaining baseline and etalon fringes), are fitted to the
measured spectrum with concentrations of H2 O and CH4 as the fitting parameters.
The residual of the fit is depicted in Figure 3.7(b). The retrieved concentrations
are 1.95(8) ppm for CH4 and 0.691(3)% for H2 O, which match to the expected
atmospheric concentrations. The two enlargements in Figure 3.7(a), show two
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different spectral regions with stronger absorption features of CH4 .

Figure 3.6: Transmission spectrum of atmospheric air for different number of
averages (with different offset for clarity).

3.4.4

Long term stability and detection limit

To estimate the long term stability and minimum detection limit of the system, we
measure the background spectra with the sample absorption cell filled with N2 , at
atmospheric pressure for 80 s, and normalize each consecutively measured spectrum
to the first spectrum. Afterwards we fit a sum of the model spectrum of CH4 at
atmospheric pressure (based on the corresponding parameters from the HITRAN
database, Voigt profile and Blackman instrument line-shape function) and a slowly
varying baseline, to these normalized spectra with CH4 concentration (per interaction
length) as the fitting parameter. The concentrations found from these fits are shown
in Figure 3.8(a). The Allan-Werle plot of the retrieved concentrations is shown in
Figure 3.8(b) in black (dots), as well as a τ1/2 dependence characteristic line in
red (dashed line) for the white-noise-dominated regime fitted to the corresponding
measurement points. The Allan-Werle plot shows more than three decades of whitenoise-dominated regime, with a minimum detectable concentration of ∼100 ppb.m
for CH4 after ∼10 s of integration.

3.5

Conclusions

We used a passive optical reference for absolute-calibration of a dual-comb spectrometer based on femtosecond OPOs, eliminating the need for the stabilization of the
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Figure 3.7: (a) The measured absorption spectrum of atmospheric air in the
laboratory (in black) averaged for ∼4 s along with a theoretical fit model of CH4 (in
blue, inverted) and H2 O (in red, inverted) developed based on the corresponding
parameters from the HITRAN database, Voigt profile and Blackman instrument
line-shape function. The enlargements show two different spectral regions with
stronger absorption features of CH4 . (b) Residual of the fit.

Figure 3.8: CH4 concentrations found from fitting the theoretical model to the
normalized background of atmospheric pressure N2 . (b) Allan–Werle plot of the
retrieved concentrations (black dots) along with the fitted τ1/2 dependence characteristic line (red dashed line) for the white-noise-dominated regime.
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comb offset frequency and OPO cavity length. To achieve a distortion-free spectrum
the measurement time should be shorter than the de-coherence time between the two
idler combs. Since the spectral resolution is proportional to the acquired number of
points around the central burst of the interferogram, the short measurement time
limits the resolution of the spectrometer to a few GHz range. We used a Blackman
apodization function to minimize the ringing effect around the (narrow) absorption
lines and applied the corresponding Blackman instrument line-shape function to
the simulated spectra. We demonstrated multispecies detection and concentration
retrieval of different species using the developed model spectra for both small and
large molecules. The measured spectra in atmospheric pressure demonstrate excellent
agreement to the developed models based on existing molecular databases, while spectra measured at low pressure show slight discrepancy compared to the simulations.
This discrepancy is mainly due to the narrower absorption lines at lower pressures,
whose linewidth would be comparable to the precision of the frequency shift correction and calibration. Compared to fully stabilized dual-comb spectrometers based on
femtosecond OPOs [13], our developed system is less complicated and demanding;
but it provides coarser spectral resolution and frequency precision. On the other
hand, compared to similar OPO-based DCS systems using cross-correlation of the
measured spectrum for offset correction [18, 19], our method provides an absolutefrequency-calibrated spectrum, with a consistent and good frequency precision, long
term stability and spectral resolution; fully independent from the SNR of the sample
spectrum. Finally, compared to conventional Fourier transform spectrometers, our
method provides similar spectral resolution and precision, but the measurement time
is a few orders of magnitude shorter than a typical mechanical FTS. This feature
makes our method suitable for applications that require a fast measurement, e.g.,
time-resolved spectroscopy.
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Chapter

4
Time-resolved mid-infrared dual-comb spectroscopy

Abstract
Dual-comb spectroscopy can provide broad spectral bandwidth and high spectral resolution in a short acquisition time, enabling time-resolved measurements. Specifically,
spectroscopy in the mid-infrared wavelength range is of particular interest, since most
of the molecules have their strongest rotational-vibrational transitions in this “fingerprint” region. Here we report time-resolved mid-infrared dual-comb spectroscopy,
covering ∼300 nm bandwidth around 3.3 µm with 6 GHz spectral resolution and 20
µs temporal resolution. As a demonstration, we study a CH4 /He gas mixture in an
electric discharge, while the discharge is modulated between dark and glow regimes.
We simultaneously monitor the production of C2 H6 and the vibrational excitation
of CH4 molecules, observing the dynamics of both processes. This approach to
broadband, high-resolution, and time-resolved mid-infrared spectroscopy provides
a new tool for monitoring the kinetics of fast chemical reactions, with potential
applications in various fields such as physical chemistry and plasma/combustion
analysis.
Adapted from: M. A. Abbas, Q. Pan, J. Mandon, S. M. Cristescu, F. J. M. Harren, and A.
Khodabakhsh, “Time-resolved mid-infrared dual-comb spectroscopy,” Sci. Rep. 9(1), 1–9 (2019),
DOI: https://doi.org/10.1038/s41598-019-53825-8
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Introduction

Time-domain monitoring of fast chemical reactions is of particular interest in several
fundamental and applied scientific fields, including physical chemistry,
plasma/combustion analysis, biology, and atmospheric studies [1–4]. Broadband,
time-resolved absorption spectroscopy can provide the possibility to simultaneously
monitor time-dependent parameters of the chemical reactions, such as
concentrations of intermediate/final chemical products, transient free radicals and
ions, as well as branching ratios, reaction rate coefficients, temperature and number
densities of molecular excited-states. Generally, the main challenge is to obtain a
broadband spectrum with high spectral resolution and high detection sensitivity in a
short measurement time. Continuous-wave (cw) laser absorption spectroscopy can
provide time-resolved measurements for a single chemical species with a high
detection sensitivity. However, for a broad spectral coverage the laser source needs
to be scanned over the spectral range, inevitably reducing the measurement speed.
Alternatively, one can use broadband time-resolved absorption spectroscopy
techniques, which are traditionally based on incoherent light sources. They can
provide an ultra-broadband time-resolved spectrum, but they need a long averaging
time to achieve a high signal-to-noise ratio (SNR) and detection sensitivity. Two
widely used methods are step-scan mechanical Fourier transform spectroscopy (FTS)
[5–7] and dispersion-based detection [8–11]. The former exhibits very long
measurement times due to the step-scanning, while the latter yields shorter
measurement times, but usually has a coarse spectral resolution.
In contrast to these traditional broadband methods, optical frequency comb
spectroscopy (OFCS) simultaneously provides a broad spectral coverage and a high
spectral resolution. It can also yield a high SNR within a short measurement time,
due to the coherency and high spectral brightness of optical frequency comb sources.
Specifically, OFCS in the mid-infrared wavelength range (2–20 µm) has been of
particular interest, since almost all molecules have their fundamental
rotational-vibrational transitions in this region with distinct absorption patterns
(i.e., fingerprints). Various OFCS techniques have been utilized in the mid-infrared
wavelength region; e.g., combining an optical frequency comb with a mechanical
FTS [12, 13], dual-comb spectroscopy (DCS) [14–18] and dispersion-based methods
[19–23]. A comprehensive review of these spectroscopic methods can be found
elsewhere [23].
Monitoring of chemical reactions using OFCS in static or semi-static conditions
can provide interesting results [24–26], however the full potential of this technique
would be exploited by time-resolved measurements. Time-domain/time-resolved
spectroscopy using optical frequency combs with time resolutions well below second
time scale has emerged strongly in the last decade. In a first demonstration, DCS
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was used for measuring molecular free induction decay in the near-infrared
wavelength range using two Er:fiber mode-locked lasers [27]. A few other works have
been reported in near-infrared region using Ti:sapphire mode-locked lasers including
dual frequency comb-based transient absorption (DFC-TA) spectroscopy for
measurement of the relaxation processes of dye molecules in solution from
femtosecond to nanosecond timescales [28], and DCS for the study of laser-induced
plasma from a solid sample, simultaneously measuring trace amounts of Rb and K
in a laser ablation [29]. Er:fiber mode-locked lasers has also been used in
time-resolved dual-comb spectroscopy (TRDCS) to monitor a fast, single shot
reaction [30] and also in continuous-filtering Vernier spectroscopy for combustion
analysis [31] both with milliseconds time scale resolution. In the visible range (∼530
nm), cavity-enhanced transient absorption spectroscopy (CE-TAS) has been
demonstrated for study of the ultrafast dynamics of I2 in a molecular beam [32], and
more recently, TRDCS has been reported for measurement of number density and
temperature in a laser-induced plasma by monitoring three excited-state transitions
of Fe [33]. In the mid-infrared region, cavity-enhanced time-resolved frequency comb
spectroscopy (TRFCS) is utilized for monitoring of transient free radicals and
kinetics of the OD + CO → DOCO reaction by 2D cross-dispersion of the spectrum
on a liquid N2 cooled camera using a virtually imaged phase array (VIPA) etalon in
combination with a conventional grating [3, 34, 35]. Time-resolved dual-comb
spectroscopy based on quantum cascade lasers (QCLs) has also been demonstrated
in the mid-infrared region. Generally, these spectrometers provide a shorter spectral
bandwidth and coarser spectral resolution compared to mode-locked-laser-based
spectrometers; however, they can provide a better time resolution. A single-shot
sub-microsecond demonstration is reported for monitoring of protein reactions in the
liquid phase [36] and the same system is also used for monitoring of
high-temperature reaction between propyne and oxygen in the gas phase [37].
Here, we report time-resolved dual-comb spectroscopy (TRDCS) in the
mid-infrared wavelength region by nonlinear conversion of near-infrared combs
emitted from mode-locked lasers, and demonstrate its application for monitoring
fast chemical dynamics. For this, we study the vibrational excitation/de-excitation
of CH4 in an electrical discharge and the concentration of the reaction product
C2 H6 , at millisecond and microsecond time scales, while the discharge is modulated
between dark and glow regimes.
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Results
Dual-comb mid-infrared spectrometer

The dual-comb spectrometer (Figure 4.1) is based on a femtosecond singly-resonant
optical parametric oscillator (OPO) containing two nonlinear crystals in a single
cavity. The crystals are synchronously pumped by two Yb:fiber mode-locked lasers
(counter propagating and cross polarized) with a stabilized repetition rate (frep )
difference of Δfrep ≈250 Hz and free running carrier-envelope offset frequencies (fceo )
[38, 39]. The two mid-infrared idler beams (∼3.3 µm) are combined on a beam
splitter producing two pairs of beams. One pair is transmitted through a ∼50 cm-long
discharge tube (diameter 3 mm, water-cooled) containing CH4 diluted in He, and
focused onto a fast photodetector. The discharge tube has a continuous gas flow (4
normal liter/hour, 4 Nl/h) and is connected to a gas handling system. The second
comb pair is sent through a reference absorption cell (filled with CH4 at low pressure)
and dispersed by a diffraction grating. A part of the spectrum is focused on a
second photodetector to monitor a single well-defined absorption line of the reference
sample. The time-domain interferograms in the output of the two photodetectors
are digitized, a Blackman apodization function is applied to the both (sample and
reference) interferograms, and followed by a Fourier transformation to yield the
corresponding absorption spectra. The apodization function is used to minimize the
ringing effect around the (narrow) absorption lines [40], which also limits the effective
measurement time-window of each interferogram to ∼120 µs around the central burst.
Therefore, each individual interferogram is measured in 120 µs with a repetition
period of 1/Δfrep (≈4 ms). The absorption line in the spectrum of the reference gas
is used to correct for the frequency jitter in the sample spectrum, which is mainly
due to the free running fceo values; it also provides an absolute optical frequency
calibration. The free-running fceo of the two combs makes the experimental setup
much less complex compared to the state-of-the-art, fully stabilized, mid-infrared
dual-comb spectrometers, which are also capable of recording full interferograms
in milliseconds time scale [16, 17]. Note that although a longer measurement timewindow can theoretically provide a better spectral resolution; however, it is not
practical in our system due to the short coherency time of the two idler combs caused
by free running fceo values. In other words, a measurement time-window more than
120 µs would cause the average spectrum to be broadened and distorted. A detailed
discussion about this issue as well as the explanation of the data acquisition and
signal processing of the optical referencing method can be found elsewhere [40] and
a more detailed description of the experimental setup is presented in the Methods
section. To demonstrate the performance of the spectrometer, we filled the discharge
cell with 50% CH4 diluted in He, at 25 mbar total pressure and a total flow rate of 4
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Figure 4.1: Experimental setup. Two femtosecond Yb:fiber lasers with stabilized and
slightly different frep (and free running fceo ), synchronously pump two MgO:PPLN
crystals in a single OPO cavity, providing two mid-infrared idler beams. The two
combined idler beams are sent through the sample (discharge) cell and a reference
gas cell. The latter yields the dual-comb spectrum of a single well-defined absorption
line, which is used to correct for the free running fceo , as well as absolute frequency
calibration of the sample spectrum. M flat mirror, M14 concave dielectric mirror,
CM flat chirped dielectric mirror, DM dichroic mirror, BD beam dump, BS beam
splitter, λ/2 half-waveplate, L lens, PD photodetector, LPF low pass filter.
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Nl/h, and measured the transmission spectrum without the discharge. Figure 4.2(a)
shows the normalized transmission spectrum of the fundamental CH4 transition
from the ground state to the v3 vibrational state (in black, 500 averages, ∼2 s
measurement time, offset for clarity). To achieve normalized spectrum, we divided
the transmission spectrum of the sample to an averaged background spectrum. The
background spectrum was measured when the discharge cell was filled by pure He at
25 mbar. We developed a theoretical model spectrum of CH4 (in blue, inverted and
offset for clarity) based on the HITRAN database [41] parameters and a Voigt profile,
convolved with a Blackman instrument line-shape function (corresponding to the
applied apodization function). To achieve the CH4 concentration, we fit the model
spectrum to the measurement with CH4 concentration as the fitting parameter, and
also take into account the remaining baseline and etalon fringes by including a sum
of a low order polynomial and few low frequency sinewave functions in the fit. The
retrieved CH4 concentration is 49.7(9)%, where the error is the standard deviation
of 10 consecutive measurements. We obtained a spectral resolution of ∼6 GHz (∼0.2
cm1 ), with an absolute precision of ∼120 MHz (∼0.004 cm1 ). The residual of the fit
is shown in Figure 4.2(b), indicating the good agreement between the measurement
and the model, however some structures remain in the residual which are mainly
due to the comparable precision of the frequency calibration to the unapodized
absorption linewidths. To estimate the absorption sensitivity per spectral element,
we take the ratio of two consecutive background (pure He) spectra and fit and remove
a baseline as in the treatment of the absorption signals described above.The noise at
∼3020 cm1 is σ=1.3 × 102 at T=8 ms, and considering interaction length of L=50
cm and number of resolved elements equal to M=1335 (=267 cm1 /0.2 cm1 ), the
absorption sensitivity per spectral element, calculated as σ/L(T/M)1/2 , is equal to
6.4×107 cm1 Hz1/2 .

4.2.2

Methane spectrum in a static discharge

We measured the normalized transmission spectrum of the aforementioned gas sample
(50% CH4 in He, 25 mbar) in a static discharge. We applied a DC voltage of 10 kV and
a stabilized current of 10 mA (current density 1.4 mA/mm2 ) to the discharge tube
and kept a constant sample gas flow of 4 Nl/h through the cell. Figure 4.3(a) shows
the measured normalized spectrum of the sample with the discharge (in red, 500
averages, ∼2 s measurement time) compared to the measured normalized spectrum
of the sample without the discharge (in black, 500 averages, ∼2 s measurement
time). Note that, neither a baseline correction nor an etalon-fringes removal process
is applied to these spectra to demonstrate that no particular artifact is added to
the spectrum due to the discharge. In the discharge the CH4 absorption is reduced,
which indicated a lower population in the vibrational ground state, due to vibrational
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Figure 4.2: Measured spectrum without discharge. (a) Normalized transmission
spectrum of 50% CH4 diluted in He at 25 mbar total pressure and room temperature
(black, 500 averages), along with a fit model spectrum of CH4 (in blue, inverted and
offset for clarity) using HITRAN database parameters. (b) Residual of the fit.

excitation, ionization and molecular dissociations. This is accompanied by the
appearance of two groups of additional absorption lines in the spectrum with the
discharge, enlarged in Figure 4.3(b,c). The additional absorption lines in Figure
4.3(b) are due to the produced C2 H6 in the discharge. Since the C2 H6 model in the
HITRAN database is incomplete, we measured the room temperature absorption
spectrum of 10% C2 H6 diluted in He (25 mbar total pressure) in order to obtain a
proper reference spectrum for C2 H6 . We fit the retrieved reference spectrum to the
recorded discharge spectrum, with the concentration of C2 H6 as the fitting parameter.
This fitted spectrum is shown in Figure 4.3(b) (in blue, inverted for clarity), and
the retrieved C2 H6 concentration from the fit is 6.52(11)%. Note that, we excluded
few C2 H6 absorption lines from the broadband fitting routine, since they showed
deviation from the corresponding absorption lines in the reference spectrum, most
probably due to differences in number densities at these levels caused by the discharge.
The second group of additional absorption lines, indicated by “*” in Figure 4.3(c),
are due to vibrational hot band transitions in CH4 , since CH4 molecules are excited
in the discharge. Many more (weaker) hot band absorption lines appear in all three
P-, Q-, and R- branches, but are not highlighted in the figure. The first vibrational
excited state of CH4 is v4 (energy level ∼1310 cm1 ) followed by v2 (energy level
∼1533 cm1 ). The majority of the detected hot band absorption lines undergo a
vibrational v4 + v3 ← v4 transition and a smaller portion originate from the v3 +
v2 ← v2 transition. All hot band ro-vibrational transitions can be assigned using
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the HITRAN database.

Figure 4.3: Methane spectrum in the discharge. (a) Normalized spectrum with the
discharge (in red, 500 averages) compared to the normalized spectrum without the
discharge (in black, 500 averages). (b) An enlargement to the absorption lines of
C2 H6 produced in the discharge compared to a fitted room temperature spectrum
of C2 H6 (in blue, inverted). (c) An enlargement to a number of stronger rotational
lines (indicated by ‘*’) within the hot band transitions of CH4 .

4.2.3

Time-resolved measurement at milliseconds time scale

To perform time-resolved measurements, we modulated the current of the discharge,
with a square-wave function in an “off” (dark) and “on” (glow) regime (20% duty
cycle for “on” time). The current modulation was synchronized with the repetition
rate difference (Δfrep ≈250 Hz) of the dual-comb spectrometer, and the modulation
frequency, fmod , was chosen to be equal to Δfrep divided by 100, i.e., fmod =Δfrep /100
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(≈2.5 Hz). Therefore, each period of the discharge modulation was recorded by a
set of 100 consecutive interferograms, each at its own time-bin (more details in the
Methods section). This allowed averaging of the spectra (after Fourier transform
of the interferograms) for each corresponding time-bin of different discharge cycles
to achieve high SNR averaged spectra. Therefore, we monitored each period of
the discharge modulation with a time resolution equal to the inverse of Δfrep , i.e.,
Tres =1/Δfrep (≈4 ms). We obtained the normalized spectra of the gas sample (50%
CH4 in He, 25 mbar, flow rate 4 Nl/h) over the entire period of the modulation (400
ms) with a time-resolution of 4 ms. Figure 4.4(a) shows the retrieved concentrations
of the generated C2 H6 , and Figure 4.4(b) demonstrates the absorbance of R(7) line
at ∼3082.2 cm1 corresponding to the vibrational v3 + v4 ← v4 hot band transition
of CH4 , as an indicator of the number of excited CH4 molecules. The discharge was
turned on and off at t = 0 ms and t = 80 ms, respectively. The corresponding values
at each data point is retrieved from an averaged spectrum measured in 1 s (250
averages), hence the total measurement time for the entire data set (containing 100
data points) is 100 s. Note that we began to record the data after the modulation was
applied for a few minutes, in order to avoid any possible transient conditions from a
static to a dynamic regime. As shown in Figure 4.4(a), after turning the discharge on
at t = 0 ms, the concentration of C2 H6 increases from 0.71% to 2.4% in ∼20 ms and
reaches to a pseudo-plateau region. The absorbance of the hot band line abruptly
appears at t = 0 ms, as shown in Figure 4.4(b), not resolvable with the current (4
ms) time resolution. After this abrupt appearance, the absorbance demonstrates a
decrease to half of its initial value in ∼20 ms and reaches to a pseudo-plateau region.
The comparable time scale in the increase of the C2 H6 concentration and decrease of
the hot band absorbance suggests that these two processes are likely to be correlated.
After the discharge is turned off at t = 80 ms, the C2 H6 concentration increases
instantaneously from 2.5% to 6.7%, while the hot band transition disappears. None
of these two processes can be resolved with 4 ms time resolution. After the sudden
increase, the C2 H6 concentration decreases linearly, within the gas refresh time of
the long and narrow discharge cell, before it reaches a pseudo-plateau region slowly
decreasing from 1.0% to 0.71% by the end of the cycle. The latter demonstrates
the remaining C2 H6 molecules in the discharge cell most probably due to purging
inhomogeneity.

4.2.4

Time-resolved measurement at microseconds time scale

To perform time-resolved measurement at microseconds time scale, the squarewave current modulation was synchronized with Δfrep , with an equal frequency
fmod =Δfrep (≈250 Hz), while the current modulation could be deliberately timedelayed (phase-shifted) with respect to Δfrep (more details in the Methods section).
For each particular time-delay the consecutive interferograms were recorded and
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Figure 4.4: Time-resolved measurement at milliseconds time scale. (a) Concentrations of generated C2 H6 and (b) absorbance of the R(7) rotational line at ∼3082.2
cm1 in the vibrational v3 + v4 ← v4 hot band of CH4 , with 4 ms time resolution,
recorded while the discharge is switched between dark and glow regimes. Different
states of the discharge are separated by red dashed lines and are indicated by “On”
and “Off” labels.
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directly averaged after Fourier transform to yield a high SNR spectrum. To cover the
period of the current modulation, the time-delay was step-scanned and an averaged
spectrum was measured for each step. In this configuration the time resolution is
equal to the time-delay steps (e.g., 20 µs); however, for rapid changes happening
faster than the measurement time of each individual interferogram (120 µs), the
measurement results would be smoothened by a moving average. We obtained the
normalized spectra of 50% CH4 in He (25 mbar, flow rate 4 Nl/h) over the entire
discharge modulation period of 4 ms (square-wave function, ∼10% duty cycle for
“on” time). The step size was 20 µs near the switching events and 50 µs far from
the switching events. Figure 4.5(a) shows the generated C2 H6 concentrations and
Figure 4.5(b) demonstrates the absorbance of the same CH4 hot band line of R(7)
at ∼3082.2 cm1 , that was previously monitored in the millisecond time scale. Data
are shown for a time span of 1 ms around the 400 µs period that the discharge
was on. The corresponding values at each data point is retrieved from an averaged
spectrum measured in 1 s (250 averages), hence the total measurement time for the
entire data set (containing 42 data points) is 42 s, excluding the standby time for
varying the time-delay. In contrast to the results obtained in the milliseconds time
scale, no discontinuity of the monitored parameters is observed in the microseconds
time scale measurements. Note that after applying the current modulation to the
discharge, the system operated for a few minutes before recording the data, to avoid
any possible transient conditions from a static to a dynamic regime. Due to the
high frequency of the discharge modulation the gas flow is insufficient to purge the
generated C2 H6 on each modulation cycle, which leads to an accumulation of C2 H6
up to a concentration of 7.7% just before the discharge is turned on, as shown in
Figure 4.5(a). When the discharge is turned on at t = 0 µs, the C2 H6 concentration
initially decreases rapidly to 3.0% in ∼100 µs, after which it increases slightly to
3.2% in the next 300 µs. This slight increase reflects early-time dynamics, observed
at the milliseconds time scale measurements right after turning the discharge on. In
Figure 4.5(b), the absorbance of the monitored hot band line demonstrates a rapid
increase to a comparable amplitude that has been observed with the milliseconds
time scale measurements. The rise time is ∼60 µs, which is faster than the observed
fall time of the C2 H6 concentration. After the rapid formation of the hot band line,
the absorbance amplitude is slowly decreased from ∼7.5 × 103 cm1 to ∼6.5 × 103
cm1 , right before the discharge is turned off. This is in agreement with the observed
decay dynamics in the milliseconds time scale measurement, following the initial
abrupt increase. After the discharge is turned off, the C2 H6 concentration increases
from 3.2% to 7.6% in ∼500 µs. Meanwhile, the absorbance of the monitored hot
band line decreases to zero in ∼200 µs. The dynamics of the vibrational excited
CH4 and the generated C2 H6 are opposing each other, with the former slightly faster
than the latter. The dynamics of C2 H6 implies that when the discharge is turned
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Figure 4.5: Time-resolved measurement at microseconds time scale. (a) Concentrations of generated C2 H6 and (b) absorbance of the R(7) rotational line at ∼3082.2
cm1 in the vibrational v3 + v4 ← v4 hot band of CH4 , with 4 ms time resolution,
recorded while the discharge is switched between dark and glow regimes. Different
states of the discharge are separated by red dashed lines and are indicated by “On”
and “Off” labels.
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on, it dissociates the C2 H6 into free radicals, such as C2 H5 ˙ and CH3 ˙, while after
the discharge is turned off these radicals recombine, and amongst others, form C2 H6 .
This interpretation also explains the abrupt increase of C2 H6 concentration after the
discharge was turned off in the milliseconds time scale measurements (Figure 4.4(b)
at t=80 ms).
At these pressures in the discharge, we can also observe that the dissociation
(formation) of C2 H6 , to (by recombination of) free radicals is slower than vibrational
excitation (de-excitation) of CH4 molecules. The vibrational de-excitation of methane
is mainly due to the collisions. We measured the collisional de-excitation decay time
of different rotational lines in the hot bands, by fitting exponential functions to the
absorbance of the hot band lines (after the discharge is turned off).
Figure 4.6 shows the corresponding measurements and fits for absorbance of
three rotational hot band lines, R(2) at ∼3043.9 cm1 and R(7) at ∼3082.2 cm1
corresponding to the vibrational v3 + v4 ← v4 hot band transition, and R(8) at
∼3091.4 cm1 corresponding to the vibrational v3 + v2 ← v2 hot band transition.
The hot band ro-vibrational transitions were assigned using the HITRAN database.
The collisional de-excitation decay times retrieved from the fits are 57(5) µs, 52(3)
µs, and 54(2) µs, respectively. Although the decay times are shorter than the
measurement time of each individual interferogram (120 µs), they are not affected by
the moving average, since the shape and decay rate of an exponential function will
not be affected by integration. This is also evident by the good agreement between
the measurements and the fit exponential functions.

4.3

Conclusion

We demonstrated the capabilities of time-resolved dual-comb spectroscopy (TRDCS)
in the mid-infrared wavelength range based on nonlinear conversion of near-infrared
combs emitted from mode-locked lasers. For this, we studied the vibrational excitation
and de-excitation of CH4 in a modulated electrical discharge and its reaction product
C2 H6 at milliseconds and microseconds time scales. The total acquisition time for
each measurement was in the order of tens of seconds. The spectrometer covered
a wavelength range from ∼3.1 µm to ∼3.4 µm with a spectral resolution of 6 GHz
and a single shot acquisition time of ∼120 µs. By tuning the OPO light source, it
is possible to monitor the other wavelength ranges from 2.7 µm to 4.7 µm. In this
initial demonstration of TRDCS, we observed the products at %-levels due to the
relative short interaction path length. The detection sensitivity of the spectrometer
can be enhanced by using a multipass arrangement or an enhancement resonant
cavity. Higher detection sensitivity, in combination with the broad spectral tunability
of the OPO, provides the possibility to monitor less abundant interesting species
in the discharge process in different wavelength ranges, e.g., free radicals, transient
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Figure 4.6: Collisional de-excitation of three hot band lines. The rotational lines
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species and ions. In the dynamics, a wealth of information becomes available, which
we only scratched the surface in this first demonstration. A comprehensive timeresolved study of a discharge process for the kinetics of reactions and branching
next to temperature information could be feasible. The system can also be used
for studying any fast chemical reaction that can be periodically triggered with an
acceptable level of reproducibility. Finally, it should be noted that DCS has an
inherent trade-off between the measurement time and the spectral resolution, which
provides flexibility to choose a proper combination for each particular application.
The minimum measurement time can be deliberately selected to be the shortest time
with which the spectral resolution is still sufficient for detecting the desired species
and/or resolving the target spectral features.

4.4
4.4.1

Methods
Optical setup

The two mid-infrared frequency combs are generated from a singly-resonant optical
parametric oscillator (OPO) based on two MgO:PPLN crystals (Covesion Ltd., UK)
positioned in a common OPO cavity. Each crystal is synchronously pumped by a
Yb:fiber mode-locked laser (Menlo Systems, Germany) emitting around 1040 nm.
The pump beams are counter propagating in the ∼3.3 m-long OPO cavity and
are perpendicularly polarized. The repetition rates (frep ) of the mode-locked lasers
are ∼90 MHz and stabilized to a common reference clock but are slightly different
(Δfrep ≈250 Hz), yielding the repetition rate difference in the generated idlers combs.
The carrier-envelop offset frequency (fceo ) of the two pump mode-locked lasers as
well as the OPO cavity length are not stabilized. Each idler beam can provide
up to 200 mW of average power, covering a wavelength range of around 350 nm,
and is tunable from 2.7 to 4.7 µm using different poling periods in the nonlinear
crystals. The two idler beams (after polarization adjustment) are combined by a
beam splitter to produce two pair of beams on reflection and transmission. One
pair is transmitted through the discharge tube, filled with CH4 diluted in He at a
total pressure of 25 mbar. The transmitted beams are focused on a fast (50 MHz)
thermoelectrically cooled HgCdTe photodetector (PVI-4TE, Vigo System, Poland),
detecting the down-converted RF interferogram. The second pair is transmitted
through a reference absorption cell, containing pure CH4 at 100 mbar, and is dispersed
by a diffraction grating. A small part of the dispersed spectrum, containing a single
well-known absorption line of CH4 (at 3038.498 cm1 ), is focused on a second HgCdTe
photodetector (PVI-4TE, Vigo System, Poland). The outputs of the two detectors
are recorded by a two channel 125 MSam/s, 16 bits, analog-to-digital convertor
(NI-5762, National Instruments, US) and saved on a computer for data processing.
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A common 10 MHz clock is used to synchronize the dual-comb spectrometer, the
data acquisition, and the modulation of the discharge current.

4.4.2

Data processing and averaging

Each of the recorded interferograms is Fourier transformed to reconstruct the spectrum. The free running carrier envelope offset frequencies and unstabilized OPO
cavity length reduce the complexity of the experimental setup, but they cause a
changing frequency shift in consecutive recorded spectra. Since the fluctuations of
the offset frequencies and the OPO cavity length are negligible in the measurement
time of a single interferogram (120 µs), i.e., the two idler combs are coherent in this
time scale, a linear frequency shift is sufficient to correct for these changes in each
single measurement. To address this frequency shift, we use the frequency position of
the known reference absorption line and correct the frequency shift of each individual
spectrum before averaging, which also yields an absolute optical frequency calibrated
spectrum. The spectra are averaged after the shift correction.

4.4.3

Discharge setup and modulation

The Pyrex discharge tube is ∼50 cm long, with an internal diameter of 3 mm
and it is water cooled. The hollow cathodes are at the two ends of the tube and
the anode is at the center. A current-stabilized high-voltage (HV) power supply
(Haefely Hipotronics, US, providing up to 25 kV, 40 mA) is used for generating a
DC discharge in the tube. The power supply is able to limit the current overshoots
during switching/modulation of the discharge. The discharge can be switched on
(glow) and off (dark) by modulating the current of HV power supply using a signal
generator, whose clock is synchronized with the repetition rate different (Δfrep ) of the
dual-comb spectrometer. The modulation signal is a square-wave whose frequency,
duty cycle, and time-delay (with respect to the Δfrep ) can be adjusted independently.
Therefore, the data acquisition and discharge process are synchronized and can
also be programmed to have a time delay with respect to each other. The timing
schematic of the discharge modulation with respect to the DCS interferogram is
shown in Figure 4.7(a) for millisecond and Figure 4.7(b) for microsecond time scales.
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Figure 4.7: Timing schematic for discharge modulation with respect to the DCS
interferogram in (a) millisecond and (b) microsecond time scales.
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Chapter

5
Broadband time-resolved absorption and dispersion spectroscopy of Methane and Ethane
in a plasma using a mid-infrared dual-comb
spectrometer

Abstract
Conventional mechanical Fourier Transform Spectrometers (FTS) can simultaneously
measure absorption and dispersion spectra of gas-phase samples. However, they
usually need very long measurement times to achieve time-resolved spectra with
a good spectral and temporal resolution. Here, we present a mid-infrared dualcomb-based FTS in an asymmetric configuration, providing broadband absorption
and dispersion spectra with a spectral resolution of 5 GHz (0.18 nm at a wavelength of
3333 nm), a temporal resolution of 20 µs, a total wavelength coverage over 300 cm1
and a total measurement time of ~70 s. We used the dual-comb spectrometer
to monitor the reaction dynamics of methane and ethane in an electrical plasma
discharge. We observed ethane/methane formation as a recombination reaction
Adapted from: M. A. Abbas, L.v. Dijk, K.E. Jahromi, M. Nematollahi, F.J.M. Harren, and A.
Khodabakhsh, “Broadband Time-Resolved Absorption and Dispersion Spectroscopy of Methane
and Ethane in a Plasma Using a Mid-Infrared Dual-Comb Spectrometer,” Sensors 2020, 20, 6831,
DOI: https://doi.org/10.3390/s20236831
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of hydrocarbon radicals in the discharge in various static and dynamic conditions.
The results demonstrate a new analytical approach for measuring fast molecular
absorption and dispersion changes and monitoring the fast dynamics of chemical
reactions over a broad wavelength range, which can be interesting for chemical kinetic
research, particularly for the combustion and plasma analysis community.

5.1

Introduction

The conversion of ethane and methane to other hydrocarbons in plasmas has been
extensively studied, both theoretically and experimentally. Different non-thermal
plasma techniques, such as direct current (DC), MW or RF discharge, dielectric
barrier discharge (DBD), and corona or spark discharge, have been demonstrated for
this purpose under various conditions [1–8]. The aim of these studies is to develop
an efficient process, for converting small hydrocarbons, such as methane, to other
valuable hydrocarbons. For this, it is particularly advantageous to find an efficient
non-thermal (non-equilibrium) plasma operation, since it requires less energy and can
operate at lower temperatures as compared to thermal (equilibrium) plasmas [9].
To characterize the plasma process and maximize the conversion efficiency, various
molecular species and reaction processes have to be measured and monitored during
plasma operation. For this, methods are employed based on mass spectrometry [10]
and optical detection, for the latter, specifically emission/absorption spectroscopy
[11–15]. The main advantage of optical-based detection is their fast response time,
in-situ measurement, and species specificity. Among the many laser-based gas spectroscopic methods, plasma diagnosis in the mid-infrared wavelength region (2–20
µm) is of great interest, since strong fundamental, ro-vibrational transitions of most
molecules are present in this fingerprint wavelength region.
The coherent mid-infrared sources for probing these fundamental transitions can
be either narrowband or broadband. In the past, narrowband, tunable lead-salt diode
lasers have been applied for plasma diagnosis, detecting mid-infrared active molecular
species like hydrocarbons, fluorocarbon, boron, etc. A comprehensive review can be
found in [16] and references therein. The main disadvantage of using lead-salt lasers
is their need for cryogenic cooling and narrowband tuning range (~7 cm1 ), limiting
the number of detectable species. Recent advances in the continuous-wave (CW)
and pulsed quantum cascade lasers (QCL) and interband cascade lasers (ICL) led to
the greater flexibility and compactness of mid-infrared sources for plasma diagnostics.
These narrowband sources are tuned over single molecular absorption lines, with
high spectral resolution and sensitivity owing to their continuous tunability and high
spectral brightness. External cavity quantum cascade lasers (EC-QCL) have made
it possible to probe the molecular transitions of multiple species in a wide spectral
range (~300 cm1 ). However, plasma processes include complex chemical reactions at
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different timescales, involving molecular species such as neutrals, ions, and radicals,
each with their distinct spectral feature. In order to monitor these reactions, a high
temporal resolution and a broad spectral bandwidth are required simultaneously; this
is not possible with cw sources. Time-resolved broadband spectra can be recorded
using pulsed broadband sources in combination with a Fourier transform spectrometer
(FTS) [17] or a dispersive-based spectrometer [18, 19]. The use of such sources for
plasma diagnostics is comprehensively discussed elsewhere [20, 21].
Over the past decade, dual-comb spectroscopy (DCS) [22–24] has demonstrated
the possibility of simultaneously providing a broad spectral bandwidth with high spectral resolution in a short measurement time. Subsequently, mid-infrared DCS [25–29]
has emerged as an alternative technique to traditional FTS. In DCS, the interferogram is made by the interference of femtosecond pulses from two mode-locked lasers,
each generating a frequency comb, which have a slightly different repetition frequency
with respect to each other. Similar to traditional FTS, the interferogram is recorded
using a single-point detector and the absorption spectrum is achieved by a Fourier
Transformation of the recorded interferogram. Due to the lack of mature, modelocked lasers in the mid-infrared wavelength range, non-linear conversion systems
like difference frequency generation (DFG) or optical parametric oscillation (OPO)
are used to generate mid-infrared frequency combs for DCS [27, 30–33]. Recently,
mode-locked QCLs have also been used for mid-infrared DCS, and demonstrated
promising spectroscopic results [26, 34]. As such, mid-infrared DCS have received
increasing attention for various applications, such as combustion diagnostics [35–37],
study of protein dynamics [38], radical-radical interactions in flash photolysis mixtures [39], and DC/pulsed plasma discharges [40].
In order to measure dispersion spectra, in addition to absorption spectra, dispersive FTS and DCS in an asymmetric arrangement have been demonstrated in the
past [31, 34, 41–46]. For this, the sample is placed in one arm of the interferometer, and an asymmetric interferogram is recorded with a single detector; hence the
name asymmetric/dispersive FTS. This technique can provide molecular absorption
and dispersion spectra from the complex refractive index of the sample. In our
previous work, we have developed a mid-infrared DCS system and demonstrated its
performance using a discharge plasma [40]. Here, we have modified our DCS in an
asymmetric arrangement to measure time-resolved absorption and dispersion spectra,
simultaneously. We use this to study methane and ethane in a DC discharge, under
static and dynamic conditions. The spectra are recorded with a spectral resolution
of 5 GHz (0.18 nm at a wavelength of 3333 nm), a spectral bandwidth of 300 cm1
(2850–3150 cm1 ), and a time resolution of 20 µs. To the best of our knowledge,
this is the first demonstration of broadband, time-resolved, absorption/dispersion
spectroscopy in the mid-infrared wavelength range for plasma diagnostics. This approach opens up new opportunities in plasma diagnostics. Simultaneous monitoring
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the phase and absorbance of species in plasma processes are particularly useful for
quantifying their complex susceptibility and refractive index, indicating their plasma
densities [47].

5.2
5.2.1

Materials and Methods
Absorption and Dispersion Spectroscopy

A monochromatic electromagnetic (light) wave probing a gas sample experiences a
change in phase and amplitude, at a frequency that is in resonance with a molecular
transition. This is given as
E = E0 ei(ωtk0 na l)
(1)
where E0 is the amplitude of the electric field, ω the angular frequency of the light,
k0 the wave vector pointing in the propagation direction, l the interaction length
of light with the sample, and na the complex refractive index of the sample near a
molecular transition. E is generally a function of the frequency of light, ν = ω/2π.
At a particular time (t = 0)
E = E0 ei(k0 na l)
(2)
Near the molecular resonance, the complex refractive index is given as [48]
na (ν) = n + n0 (ν)  iκ (ν)

(3)

in which n is the non-resonant refractive index and n0 (ν)  iκ (ν) is the complex
resonant refractive index, in which n0 (ν) represents the dispersion and κ (ν) is the
extinction coefficient, the latter quantifies the absorption of the light wave, appearing
in Lambert-beer law as I = I0 e(2k0 κ(ν)l) .
The phase change, Δϕ (in radians), experienced by the light in the medium, is
proportional to the dispersion n0 (v) and is given by
Δϕ = 2k0 n0 (ν) l

(4)

and the absorbance of light is given by
αl = 2k0 κ (ν) l

(5)

Dispersion spectroscopy has two main advantages:
(i) The intensity of dispersion lines is always proportional to the amount of gas
species, whereas absorption lines can saturate at strong absorptions and high
concentrations. Therefore, phase spectroscopy provides a larger dynamic range
to measure highly absorbing samples.
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(ii) Dispersion spectra can be immune to intensity fluctuations, as the phase
depends only on the refractive index and not on the laser intensity [49].
For recording molecular absorption and dispersion simultaneously, spectroscopic
methods are based on tunable CW lasers [48] using frequency modulation spectroscopy (FMS) [50], noise-immune cavity-enhanced optical heterodyne molecular
spectroscopy (NICE-OHMS) [51, 52], heterodyne phase sensitive dispersion spectroscopy (HSPDS) [53], chirped laser dispersion spectroscopy (CLaDS), [54] or
Faraday rotation spectroscopy (FRS) [55]. Fourier transform spectroscopy (FTS) [56]
and Vernier spectroscopy [57] are two broadband methods capable of extracting
absorbance and phase changes of samples, simultaneously. Two common FTS methods for this purpose are dispersive Fourier transform spectroscopy (DFTS) [41]
and dual-comb spectroscopy (DCS) [31, 44]. In DFTS, the sample is placed in one
arm of the Michelson interferometer and a single-sided, asymmetric interferogram
is obtained on the detector, in the time domain by scanning the retro-reflecting
mirror of the FT spectrometer. Both absorption and dispersion can be obtained after
applying a fast Fourier transform (FFT). Similarly, in DCS this information can be
obtained by placing the sample in one of the frequency comb beams, while the other
comb beam bypasses the sample, before being combined with the first comb on the
detector. As mentioned earlier, the main advantage of DCS over a mechanical FTS
is the lack of moving mirrors, which provides very fast data acquisition with high
spectral and temporal resolution.

5.2.2

Experimental Setup

Figure 5.1 demonstrates the schematic of the experimental setup. It consists of
the mid-infrared dual-comb source and the plasma discharge system. Here, we
explain each sub-system, as well as the data acquisition and signal processing in the
following subsections.
Mid-Infrared Dual-Comb Source
Two near-infrared, Yb-fiber-based, femtosecond mode-locked lasers (1064 nm, Menlo
Systems, Planegg, Germany), with stabilized repetition frequency (frep , ~90 MHz)
and free-running carrier-envelope offset frequencies (fceo ), are used as pump sources
for two singly-resonant, optical parametric oscillators (OPOs) sharing a single ring
cavity [31]. For Dual-Comb Spectroscopy (DCS), one pump comb has a slightly
different repetition frequency (frep ) with respect to the second pump comb, so that
the difference in the repetition frequency (Δfrep ) can be set between 200 and 300 Hz.
A 10 MHz reference clock is used for referencing all of the frequency sources (for frep
control), triggering the data acquisition, and modulating the discharge [40, 58].
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2.2. Experimental Setup
Figure 1 demonstrates the schematic of the experimental setup. It consists of the mid‐infrared
dual‐comb source and the plasma discharge system. Here, we explain each sub‐system, as well as the
data acquisition and signal processing in the following subsections.

Figure 1. Experimental setup for mid‐infrared dual‐comb absorption and dispersion spectroscopy in

Figure
5.1: Experimental setup for mid-infrared dual-comb absorption and disperan electrical discharge plasma. M1–4, curved cylindrical mirrors; CM, chirped mirrors; PZT,
sion
spectroscopy
in anBSelectrical
discharge plasma. M1–4 , division;
curved cylindrical
mirrors;
1 and BS2, pellicle beam splitter for beam
BS3 and BS4, pellicle
piezoelectric transducer;
CM,
chirped
piezoelectric
BS1 and
BS2 , PD
pellicle
beam
1,2, HgCdTe
beam
splittersmirrors;
for beam PZT,
combination;
BD, beamtransducer;
dumps; DM, dichroic
mirrors;
splitter
for beam division; BS3 and BS4 , pellicle beam splitters for beam combination;
photodetectors.
BD, beam dumps; DM, dichroic mirrors; PD1,2 , HgCdTe photodetectors.
2.2.1. Mid‐Infrared Dual‐Comb Source
Two near‐infrared, Yb‐fiber‐based, femtosecond mode‐locked lasers (1064 nm, Menlo Systems,
Planegg, Germany), with stabilized repetition frequency (frep, ~90 MHz) and free‐running carrier‐
envelope offset frequencies (fceo), are used as pump sources for two singly‐resonant, optical
parametric oscillators (OPOs) sharing a single ring cavity [31]. For Dual Comb Spectroscopy (DCS),
one pump comb has a slightly different repetition frequency (frep) with respect to the second pump
comb, so that the difference in the repetition frequency (Δfrep) can be set between 200 and 300 Hz. A
10 MHz reference clock is used for referencing all of the frequency sources (for frep control), triggering
the data acquisition, and modulating the discharge [40,58].
The two mode‐locked lasers are orthogonally polarized, using half‐wave plates before entering
the OPO in a counter‐propagating manner. Two 5‐mm‐long periodically poled Lithium Niobate
(PPLN) crystals (Covesion Ltd., Romsey, UK), containing eight poling periods, are used in the OPO.
The OPO has a ring cavity configuration and consists of four concave mirrors (AR coated at 1064, and
3650–4850 nm, HR coated at 1350–1500 nm, Layertec GmbH, Mellingen, Germany) with a focal length
of 5 cm, and six flat, chirped mirrors (HR coated 1370–1750 nm, Layertec GmbH), the latter six for
dispersion compensation (for simplicity Figure 1 shows two chirped mirrors). One of the chirped
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The two mode-locked lasers are orthogonally polarized, using half-wave plates before entering the OPO in a counter-propagating manner. Two 5-mm-long periodically
poled Lithium Niobate (PPLN) crystals (Covesion Ltd., Romsey, UK), containing
eight poling periods, are used in the OPO. The OPO has a ring cavity configuration
and consists of four concave mirrors (AR coated at 1064, and 3650–4850 nm, HR
coated at 1350–1500 nm, Layertec GmbH, Mellingen, Germany) with a focal length of
5 cm, and six flat, chirped mirrors (HR coated 1370–1750 nm, Layertec GmbH), the
latter six for dispersion compensation (for simplicity Figure 5.1 shows two chirped
mirrors). One of the chirped mirrors is mounted on a translational stage, connected
to a piezo-electronic transducer (PZT) for coarse and fine-tuning of the length of the
OPO cavity. The cavity length was adjusted around 330 cm to match the repetition
frequencies (frep ) of both near-infrared pump lasers (~90 MHz), enabling both of the
counter-propagating signal beams to be in resonance with the cavity modes [31]. Two
orthogonally polarized mid-infrared beams are generated from the OPO along with
collinear residual pump beams. Two dichroic mirrors (HR coated at 1064, and HR
coated at 3200–3900 nm, Layertec GmbH) are used to separate idler and pump
beams. The two idler beams have a spectral bandwidth (full width half maximum)
of ~300 cm1 and a maximum of 200 mW average power. A half-wave plate is used
for rotating the polarization of one mid-infrared beam to align both polarizations.
Dual-Comb Spectrometer Design for Absorption/Dispersion Spectroscopy
Each idler beam is split into two channels, called the sample and reference channels.
A 50-cm-long discharge tube is placed in the sample channel, whereas in the reference
channel, a 30-cm-long absorption cell is placed for optical frequency calibration. For
the splitting of each beam, we use two 50:50 beam splitters (BS1 and BS2 ) and two
50:50 beam splitters (BS3 and BS4 ) for recombination of the beams. In the sample
channel, the idler beam of comb-2 passes through the discharge tube, while the idler
beam of comb-1 bypasses the tube, and the two beams are combined on BS4 . In the
reference channel, the two idler beams are combined by BS3 , and afterward both
pass through the reference gas cell (containing pure methane at 100 mbar). As such,
the sample channel has an asymmetric configuration (providing both absorption
and dispersion spectra), while the reference channel is symmetric (only yielding the
absorption spectra). The asymmetric interferogram of the sample channel is detected
by an HgCdTe photodetector (PD1 , 50 MHz bandwidth, PVI-4TE Vigo System SA,
Ożarów Mazowiecki, Poland), as shown in Figure 5.16 in the Appendix 5.5 (in blue).
The reference absorption cell is used for absolute frequency calibration of the sample
spectrum. The output beam from the reference cell is dispersed with the help of a
diffraction grating, and a mechanical slit is used to band-pass-filter the spectrum
around a single line of methane centered at 3038.5 cm1 before focusing the beam on
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a HgCdTe photodetector (PD2 , 50 MHz bandwidth, PVI-4TE Vigo System SA). We
use the optical frequency position of this reference absorption line for removing the
fceo fluctuations and frequency calibration of the dual-comb spectrum. More details
on absolute frequency calibration can be found in [58].
The femtosecond pulses need to arrive at the same time on the detectors, therefore
the lengths of sample and reference channels are adjusted in such a way that both
idler combs travel an equidistant path, from the generation point in the non-linear
crystal to the recombination beam splitters, i.e., BS3 and BS4 . This way, we avoided
any relative time-delay between sample and reference interferograms, and record both
in the same time-frame of the data acquisition. Figure 5.16(c,d) in the Appendix 5.5
show the effect of an induced displacement in the time domain between the sample
and reference interferograms inserting a 3 mm thick CaF2 window in the path of one
of the beams. It clearly shows the sensitivity of the optical layout to path length
difference. Therefore, well-matched optical path lengths are necessary; however, no
active control of the path lengths is required.
Discharge System and Gas Mixtures
As shown in Figure 5.1, the experimental setup for creating the discharge, in static
DC and dynamic operation, consists of a discharge tube, a High Voltage power supply
(Haefely Hipotronics, Brewster, NY, USA), and an external signal generator (33500B,
Agilent, Santa Clara, CA, USA) for modulating the current of the HV power supply.
The glass discharge tube is 50 cm long with a 3 mm internal diameter. Water (at
23 ◦ C) is flowing around the discharge tube at a constant flow rate to control the
temperature of the discharge tube during operation. The discharge is split at the
anode (in the center) towards two hollow cathodes at both ends of the tube. The
anode is connected to the high voltage (HV) power supply (DC voltage 25 kV, current
40 mA). Each cathode is connected in series with a current regulator (containing
ballast resistors) for limiting the current within acceptable bounds through the
discharge tube.
For the discharge experiments, we used a gas mixture of methane in helium
(40:60 ratio) and mixture of ethane in helium (33:67 ratio), and studied the dynamics
in absorption and dispersion spectra of the reactants, and produced species, as a
result of the discharge. For the methane-helium mixture experiment, a constant flow
rate of 1.5 Nl/h (normal liters/hour) was applied using flow controller, while for
ethane-helium mixture a flow rate of 3 Nl/h was used. In both cases, a total pressure
of 25–30 mbar was maintained in the discharge, using a pressure controller and a
vacuum pump after the discharge tube. The inlet of the gas mixtures was chosen
to be near the anode, whereas the outlets are placed near the cathodes at both
ends, as shown in Figure 5.1. A static discharge operation was obtained by keeping
discharge current at a constant level. For dynamic discharge operation, the discharge
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current was modulated by a square wave (on-off). A dual-channel signal generator
(33500B, Agilent), referenced to the same 10 MHz reference clock that is used for
stabilizing the repetition rate of the two frequency combs, is employed to generate
the square-wave modulation (at 265 Hz, 6.6% duty cycle). The second output of the
signal generator is connected to the external trigger input of the data acquisition card
to provide synchronization of the data acquisition and discharge pulses, as described
in the next section.

Data Acquisition and Synchronization
A LabVIEW-based program controls the data acquisition from the spectrometer. The
hardware for fast data acquisition consists of a two-channel AD convertor (NI-5762,
National Instruments, Austin, TX, USA) combined with a Field Programmable Gate
Array module (FPGA, PXIe-7962R National Instruments). The interferograms from
the sample and reference photodetectors are low pass filtered (at 50 MHz) and sampled
with a rate of 125 MSample/s, recording 30,000 data points on each channel, yielding
a single-shot acquisition time of Tacq = 240 µs. The recorded interferograms are
stored in first-in-first-out (FIFO) buffers in the FPGA and transferred to the host PC
immediately, after recording each sample and reference interferogram. Further data
processing is performed offline using a MATLAB-based program. For microsecond
time-resolved measurements, the dual-channel signal generator (synchronized to
the reference clock) is used to modulate the discharge by its first output channel
and provides a trigger signal for the DAQ card on its second output channel. The
second output channel of the signal generator can be manually delayed compared to
the first one, providing a tunable time-delay between the discharge modulation and the
triggering of the data acquisition. Therefore, transient discharge dynamics can be
probed at different, relative time-delays, with respect to the discharge modulation.
We used a minimum time-delay step of 20 µs to record the interferograms. The
time-delay is fixed for each time-step (data acquisition time ~3 s, used for averaging
the spectra), such that the entire period of the discharge modulation was probed
at different time delay intervals, by a step-scanned mechanism. A more detailed
description of the timing scheme and synchronization can be found in [40].

Data Processing
The recorded interferograms are time-stamped and post-processed using a Matlabbased program. A Blackman apodization function is applied to the interferograms in
the post-processing to improve the signal-to-noise ratio and remove ringing effects
around the narrow absorption lines in the sample and reference spectra [58]. The
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Blackman apodization function A(x) is given by:
πx
2
2πx
21 1
+ cos
+ cos
A (x) =
50 2
a
25
a








(6)

in which x denotes the x-coordinates of the interferogram (the individual sampling
points) and a denotes the total number of samples in the interferogram before
apodization i.e., 30,000.
After apodization, a fast Fourier transform (FFT) is applied to each reference
and sample interferogram yielding the reference and sample spectra in the RF domain.
The spectra are then converted to the optical domain via the corresponding scaling
factor (f rep /Δf rep ). A shot-to-shot variable frequency shift remains in the measured
spectra, due to the fceo fluctuations on both mid-infrared combs. To remove these
shifts, we use the known position of an absorption line in the reference spectrum
(~3038.5 cm1 ) and correct for the shifts in both dispersion and absorption spectra
of the sample. The absorption and dispersion spectra are averaged after the shift
correction, yielding high SNR, and absolute-frequency-calibrated spectra [58].

5.3
5.3.1

Results and Discussion
Proof of Principle

We evaluated the performance of the experimental setup by measuring the absorption
and dispersion spectrum of the v3 band of methane diluted in helium (10:90 ratio)
at 30 mbar. Figure 5.2(a) shows the measured absorbance spectrum (in black,
an average of 700 shots, 240 µs acquisition time for each single shot), as well as
the modeled methane (in red, inverted for clarity) and water absorbance spectrum
(in blue, inverted for clarity). The water spectrum is modeled for an interaction
length of 275 cm at atmospheric pressure; i.e., the distance from the output of the
OPO cavity till the photodetector (PD1 ). The modeled spectra are calculated from
the HITRAN 2016 database [59], using a Voigt profile and convolving a Blackman
instrument line-shape function corresponding to the applied apodization function to
the interferogram (Equation (6)). To achieve the concentrations, we fit the modeled
spectra to the measured spectrum and remove the baseline and etalon fringes from
the measurement, by adding a low order polynomial and few low-frequency sine
waves to the fit [60]. A methane concentration of 10.8% and a water concentration of
1.05% were retrieved from the fit, with a spectral resolution of 5 GHz and a spectral
precision of 120 MHz [58]. Figure 5.2(b) shows the observed-fit residual with a
2.72% standard deviation at the noise level. Although the measured and modeled
spectra are generally in good agreement with each other, there are some remaining
features in the residuals. This is due to the narrow absorption lines of methane at
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low pressure, where the linewidths are comparable to the calibration precision of
the system. Figure 5.2(a) also shows the extinction coefficient κ (ν) on the right
ordinate axis, calculated from the absorbance data using Equation (5). Figure 5.2(c)
shows the measured phase (dispersion) spectrum of the gas sample and atmospheric
water retrieved from the same data set as the absorbance spectrum. The resonance
dispersion features, corresponding to the absorption peaks of methane and water,
are easily recognizable. The recorded phase is a direct measure of the molecular
dispersion n0 (ν), which is shown on the right ordinate axis in Figure 5.2(c).
To calculate the noise equivalent absorption sensitivity (NEAS) of the spectrometer, we took the ratio of two consecutive spectra, filling a sample cell (L=50 cm) with
helium, and fit and remove the baseline and etalon fringes as in the case of absorption
spectra. The noise in the wavelength range of 2950–3120 cm1 is σ=5.64×102 . Considering the spectral resolution (~0.17 cm1 ) and the number of spectrally resolved
elements (M ≈ 1000), the NEAS = (σ/L)×(T /M )1/2 = 3.19×106 cm1 Hz1/2 per
spectral element. To determine the long-term stability of the system, we averaged
the spectra over 3 s, in the white noise dominated regime. This averaging time
is well below ~10 s averaging time-limit dictated by the Allen-Werle plot for our
spectrometer [58].
The measured absorbance shown in Figure 5.2(a) can also be used to calculate
the absorption cross-section (σν in m2 /molecule) of methane in a gas sample using
Absorbance = αl = σν nl

(7)

in which n is the particle density of the absorbent gas in molecules/m3 , given as
n=

P
kB T

(8)

where P is the pressure, kB is the Boltzmann constant and, T is the thermodynamic temperature. Hence, the absorption cross-section is
σν cm2 /molecule =




(104 αkB T)
P

(9)

Figure 5.3(a) shows the measured and modeled absorption cross-section σν of the
P(1) transition in the v3 vibrational band of methane. As the absorption crosssection data is derived from the absorbance data in Figure 5.2(a), it automatically
considers the broadening processes in terms of Voigt profile, convolved with Blackman
instrumental line shape function. Figure 5.3(b) shows the residual of the fit; the
small features in the residual are due to the comparable precision of the frequency
calibration and the unapodized absorption linewidth.
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in which 𝑛 is the particle density of the absorbent gas in molecules/m3, given as:
𝑛

𝑃
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where P is the pressure, 𝑘 is the Boltzmann constant and, T is the thermodynamic temperature.
Hence, the absorption cross‐section is:
𝜎 cm /molecule

10 𝛼𝑘 𝑇
𝑃

(9)

Figure 3a shows the measured and modeled absorption cross‐section 𝜎 of the P(1) transition
in the ν3 vibrational band of methane. As the absorption cross‐section data is derived from the
absorbance data in Figure 2a, it automatically considers the broadening processes in terms of Voigt
profile, convolved with Blackman instrumental line shape function. Figure 3b shows the residual of
the fit; the small features in the residual are due to the comparable precision of the frequency
calibration and the unapodized absorption linewidth.
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5.3.2

Methane in a Static (DC) Discharge

In this section, we study the absorption and dispersion spectrum of methane in
helium (40:60 ratio (25 mbar) in a static discharge at a constant gas flow of 1.5 Nl/h.
Before applying the discharge the methane absorption spectrum was measured first
(Figure 5.4(a), in blue, 600 averages). Thereafter, we applied a discharge with a
stabilized current of 10 mA (DC voltage 10 kV) corresponding to an average current
density of 1.41 mA/mm2 . In the corresponding absorption spectrum (Figure 5.4(a),
in red, 600 averages, inverted for clarity), it can be clearly seen that the methane
absorption lines decrease in intensity. This is an indication of a reduced ground
state population in methane and/or a reduction in methane concentration, due
to collisional excitation of the molecule to higher ro-vibrational levels, as well as
fragmentation or ionization into neutral radicals and molecular ions. Simultaneously,
additional absorption lines appear, indicated by “*” in the red spectrum. These lines
correspond to the R QK branches of the v7 band in ethane (C2 H6 ), along with weaker
lines corresponding to the P and R branch of the v7 - and v10 -band in ethane [61–63].
Ethane is produced in the discharge and results from recombination reactions of
generated radicals. It should be noted that there is a cascade of chemical reactions
in the electrical discharge, generating numerous charged (ions) and neutral species
(atoms, radicals, excited molecules). Here, we restrict our discussion to excitation
and de-excitation of the observed molecules, their dissociation reaction by electron
impact, and their formation via recombination of radicals. The main pathway for
the formation of C2 H6 is the dissociation of CH4 by an electron impact, followed by
recombination of two CH3 radicals, given as
e+ CH4 → [· CH3 ] + [·H] + e
[·CH3 ] + [· CH3 ] + M → C2 H6 + M

(dissociation)
(recombination)

(10)
(11)

in which M represents the third collisional partner, due to the conservation of
momentum, which can be the surface of the discharge tube or other molecular species.
A more thorough analysis of the chemical reactions requires a detailed study of
different dissociation and recombination reactions, rate constants and conversion
efficiencies of the species involved in the reaction, which is outside the scope of this
work. It can be found elsewhere with various discharge conditions [64, 65].
The discharge processes can also be studied via the refractive index of the gas
medium. Figure 5.4(b) shows the observed phase spectra before (in blue, 600 averages)
and during the discharge (in red, 600 averages). Similar to the absorbance spectra, a
decrease in the phase is observed at the CH4 lines, next to the increase of phase at
the C2 H6 ro-vibrational transitions during the discharge. The calculated extinction
coefficient κ (ν) from the absorbance data before and during the discharge is shown
on right ordinate axis of Figure 5.4(a). Similarly, the molecular dispersion is
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various spectra at different current values to avoid transient states.
As we are only observing methane and ethane kinetics in the discharge, we show the measured
absorbance spectra for only a small wavenumber range (from 2980 to 3000 cm−1) in Figure 5.
Figure 5a,b show the measured absorbance spectra for different discharge current densities,
demonstrating CH4 and C2H6 absorption features. A vertical offset shifts the consecutive absorbance
spectra for a good visual presentation. Up to a current density of 0.99 mA/mm2, a clear decrease in
intensity of the CH4 absorption lines can be observed. Simultaneously, C2H6 absorption features
appear. From 1.27 to 3.54 mA/mm2, a continuous decrease in CH4 absorption features is observed,
clearly indicating a depopulation of the vibrational ground state. However, C2H6 formation
demonstrates a reduction at higher current densities, before settling onto a semi‐stable value. This
decrease in C2H6 indicates that more ethane molecules are exited and/or dissociated than produced.
These kinetics are shown in Figure 6, where the peak intensities of two different methane
(P(1)~2988.9 cm−1and P(2)~2979.0 cm−1) and ethane (RQ0~2986.7 cm−1 and PQ1~2983.3 cm−1) absorption
features are plotted as a function of current density, to provide a more clear representation of the
kinetics of both molecules. The same kinetics can be found in the phase spectra. Figure 7 shows the
phase spectra for the single rotational P(1) line of methane (2988.9 cm−1, panel (a), and an RQ0 line of
ethane (2986.7 cm−1, panel (b)) as a function of the current density. The continuous decrease in the
phase spectral features of methane (P(1)) from 0 to 3.54 mA/mm2 has a similar behavior as for the
absorption observed in Figure 6a. Similarly, the phase kinetics of ethane RQ0 feature (Figure 7b) shows
a similar trend as Figure 6b.
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demonstrated on the right ordinate of Figure 5.4(b).
To observe dissociation of methane and formation of ethane with different DC
current densities, we increased the current density from 0 to 3.54 mA/mm2 . Note
that a flow rate of 1.5 Nl/h was maintained during the discharge. We introduced
a waiting time of one minute before recording various spectra at different current
values to avoid transient states.
As we are only observing methane and ethane kinetics in the discharge, we show
the measured absorbance spectra for only a small wavenumber range (from 2980 to
3000 cm1 ) in Figure 5.5. Figure 5.5(a,b) show the measured absorbance spectra
for different discharge current densities, demonstrating CH4 and C2 H6 absorption
features. A vertical offset shifts the consecutive absorbance spectra for a good
visual presentation. Up to a current density of 0.99 mA/mm2 , a clear decrease
in intensity of the CH4 absorption lines can be observed. Simultaneously, C2 H6
absorption features appear. From 1.27 to 3.54 mA/mm2 , a continuous decrease
in CH4 absorption features is observed, clearly indicating a depopulation of the
vibrational ground state. However, C2 H6 formation demonstrates a reduction at
higher current densities, before settling onto a semi-stable value. This decrease
in C2 H6 indicates that more ethane molecules are exited and/or dissociated than
produced. These kinetics are shown in Figure 5.6, where the peak intensities
of two different methane (P(1)~2988.9 cm1 and P(2)~2979.0 cm1 ) and ethane
(R Q0 ~2986.7 cm1 and P Q1 ~2983.3 cm1 ) absorption features are plotted as a
function of current density, to provide a more clear representation of the kinetics of
both molecules. The same kinetics can be found in the phase spectra. Figure 5.7
shows the phase spectra for the single rotational P(1) line of methane (2988.9 cm1 ,
panel (a), and an R Q0 line of ethane (2986.7 cm1 , panel (b)) as a function of the
current density. The continuous decrease in the phase spectral features of methane
(P(1)) from 0 to 3.54 mA/mm2 has a similar behavior as for the absorption observed
in Figure 5.6(a). Similarly, the phase kinetics of ethane R Q0 feature (Figure 5.7(b))
shows a similar trend as Figure 5.6(b).

Rotational Temperature of Methane in a Static Discharge Plasma
Broadband absorption spectroscopy can also be used to measure the rotational
temperature of the species within the discharge. To demonstrate this, we measured
the absorption spectrum of methane/helium gas (1:1) mixture at 25 mbar, before
and during discharge.
Figure 5.8(a) shows the R-branch of the methane v3 band before discharge.
The measured (in black) rotational distribution of the R-branch shows a good
agreement with the simulated spectrum (in red), calculated using the HITRAN 2016
database with a reference temperature of Tref =296 K [59]. A methane concentration
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Figure 5. Absorption spectra of 40% CH4 diluted in He, at 25 mbar at (a) 0 mA/mm to 0.99 mA/mm
Figure
5.5: Absorption spectra2 of 40% CH4 diluted in He, at 25 mbar at (a) 0
discharge current densities, demonstrating the kinetics of
and (b)2 1.27 mA/mm2 to 3.54 mA/mm
mA/mm
to 0.99 mA/mm2 and (b) 1.27 mA/mm2 to 3.54 mA/mm2 discharge
methane and ethane absorption features. Consecutive spectra are vertically shifted for clarity.
current densities, demonstrating the kinetics of methane and ethane absorption
features. Consecutive spectra are vertically shifted for clarity.
2

2

Figure 5. Absorption spectra of 40% CH4 diluted in He, at 25 mbar at (a) 0 mA/mm2 to 0.99 mA/mm2
and (b) 1.27 mA/mm2 to 3.54 mA/mm2 discharge current densities, demonstrating the kinetics of
methane and ethane absorption features. Consecutive spectra are vertically shifted for clarity.

Figure 6. The peaks of two absorption features are plotted for each molecule to show the consistency
of the kinetics. (a) Kinetics of methane peak absorbance in a 40% CH4 diluted in He gas sample at 25
mbar upon increasing discharge current density. (b) Kinetics of ethane peak absorbance in the same
sample. Solid lines are used to connect the data points for better visibility.

Figure 6. The peaks of two absorption features are plotted for each molecule to show the consistency

Figure 5.6: The peaks of two absorption features are plotted for each molecule to
of the kinetics. (a) Kinetics of methane peak absorbance in a 40% CH4 diluted in He gas sample at 25
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density. (b) Kinetics of ethane peak absorbance in the same sample. Solid lines are
used to connect the data points for better visibility.

Figure 7. Dispersion (phase) spectra of (a) a methane absorption line of the gas sample (40% CH4
diluted in He at 25 mbar) and (b) an ethane absorption line (produced by the discharge) upon
increasing the discharge current density.
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of the kinetics. (a) Kinetics of methane peak absorbance in a 40% CH4 diluted in He gas sample at 25
mbar upon increasing discharge current density. (b) Kinetics of ethane peak absorbance in the same
sample. Solid lines are used to connect the data points for better visibility.

Figure 7. Dispersion (phase) spectra of (a) a methane absorption line of the gas sample (40% CH4
Figure
5.7: Dispersion (phase) spectra of (a) a methane absorption line of the
diluted in He at 25 mbar) and (b) an ethane absorption line (produced by the discharge) upon
gas increasing
sample (40%
CH diluted in He at 25 mbar) and (b) an ethane absorption line
the discharge4 current density.
(produced by the discharge) upon increasing the discharge current density.

of 49.7% was retrieved from the fitting routine discussed earlier. Figure 5.8(b)
shows the residual of the fit, indicating a good agreement between the simulation
and the measurement.
In the discharge, the methane gas is in a non-thermal equilibrium, resulting
in different temperatures for molecular rotations and vibrations. The rotational
temperature can be calculated from the measured absorption spectrum (Figure 5.8(c),
in black) of the R-branch of methane v3 band (current density of 1.41 mA/mm2 ). To
verify the change in rotational distribution we used the simulation model incorporating
00
the total internal partition function, Q, the lower-state energy of the transition, E ,
and the coefficient of temperature dependence of the air-broadening half width, nair ,
of methane from the HITRAN 2016 database [59, 66]. Figure 5.8(c) compares the
modeled methane spectrum (in red) and the measured methane spectrum (in black)
during the discharge, achieving a rotational temperature of 342 K within a margin of
±4 K. The retrieved concentration of methane in the vibrational ground state from
the fit is 18.5%. Figure 5.8(d) shows the residual of the fit. The uncertainty of the
temperature measurement comes from the combined uncertainties originating from
the concentration, pressure, and fitting algorithm. Figure 5.8(c) also shows the hot
band lines of methane (v4 - and v2 -band, indicated by blue “*”) during the discharge.
To populate these bands, we estimate a vibrational temperature of 1800–1900 K.

of methane from the HITRAN 2016 database [59,66]. Figure 8c compares the modeled methane
spectrum (in red) and the measured methane spectrum (in black) during the discharge, achieving a
rotational temperature of 342 K within a margin of ±4 K. The retrieved concentration of methane in
the vibrational ground state from the fit is 18.5%. Figure 8d shows the residual of the fit. The
uncertainty of the temperature measurement comes from the combined uncertainties originating
from the concentration, pressure, and fitting algorithm.
143
5.3.ν2‐band,
Results
and Discussion
Figure 8c also shows the hot band lines of methane (ν4‐ and
indicated
by blue “*”)
during the discharge. To populate these bands, we estimate a vibrational temperature of
1800–1900 K.
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Figure 8. (a) Absorbance spectrum of R‐branch of ν3 band of methane diluted in helium (50% CH4) at
Figure
5.8: (a) Absorbance spectrum of R-branch of v3 band of methane diluted
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the discharge, are indicated by blue “*”. (d) The residual of the fit.

In this section, we study the absorption and dispersion spectra of ethane in helium (33:67 ratio,
flow rate 3 Nl/h, 25 mbar) before and during a static discharge with a stabilized current density of
0.71 mA/mm2 (DC voltage~10 kV). The absorbance spectrum before discharge is shown in Figure 9
(in black, 700 averages), and during the discharge in red (700 averages, inverted for clarity). Similar
as for methane, two different processes can be observed. The intensity of the ethane lines reduce,
indicating vibrational excitation/dissociation of ethane. Next to this, newly formed absorption lines
can be observed, although the ethane spectrum is very dense. Some of these are clearly seen between
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5.3.3

Ethane in a Static Discharge

In this section, we study the absorption and dispersion spectra of ethane in helium
(33:67 ratio, flow rate 3 Nl/h, 25 mbar) before and during a static discharge with a
stabilized current density of 0.71 mA/mm2 (DC voltage~10 kV). The absorbance
spectrum before discharge is shown in Figure 5.9 (in black, 700 averages), and during
the discharge in red (700 averages, inverted for clarity). Similar as for methane,
two different processes can be observed. The intensity of the ethane lines reduce,
indicating vibrational excitation/dissociation of ethane. Next to this, newly formed
absorption lines can be observed, although the ethane spectrum is very dense. Some
of these are clearly seen between 3050–3150 cm1 , and correspond to methane
absorption lines; these were identified using the HITRAN database [59]. Two of
these features are indicated with arrows in Figure 5.9.
Methane production in an ethane mixture discharge can be explained as a
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the discharge.
Methane production in an ethane mixture discharge can be explained as a three‐stage reaction.
Firstly, the cleavage of the C‐C bond of C2H6 by an electron impact into two CH3 radicals (Equation
three-stage reaction. Firstly, the cleavage of the C-C bond of C2 H6 by an electron
(12)). Secondly, the cleavage of the C‐H bond of C2H6 by an electron impact into C2H5 and H radicals
(Equation (13)), and finally recombination of CH3 and H radicals to form CH4 (Equation (14)). Note
that, this is only one of the pathways of reaction to obtain methane from an ethane discharge, as
described in [67],
e

C2H6→

CH3

e

C2H6→

C2H5

CH3

H

CH3

e

dissociation

(12)

H

e

dissociation

(13)

(recombination)

(14)

M → CH4

M
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impact into two CH3 radicals (Equation (12)). Secondly, the cleavage of the C-H
bond of C2 H6 by an electron impact into C2 H5 and H radicals (Equation (13)),
and finally recombination of CH3 and H radicals to form CH4 (Equation (14)).
Note that, this is only one of the pathways of reaction to obtain methane from an
ethane discharge, as described in [67],
e+C2 H6 → [· CH3 ] + [·CH3 ] + e

(dissociation)

(12)

e+C2 H6 → [· C2 H5 ] + [·H] + e

(dissociation)

(13)

(recombination)

(14)

[· CH3 ] + [·H] + M → CH4 + M

This methane production can also be observed in the phase spectra (Figure
5.10) between 3070–3145 cm1 . The phase features, corresponding to methane
transitions, are indicated by “*”. The high SNR phase spectrum helps to distinguish
weak features from the noise, which are usually harder to distinguish in the
absorption spectrum.
To observe dissociation of ethane and formation of methane at different power
levels, we measured the absorbance and phase changes by increasing the current
density from 0 to 2.12 mA/mm2 . Figure 5.11 shows the absorption spectra at
different discharge current densities, demonstrating the ethane dissociation and the
subsequent recombination of radicals forming methane as given by three-staged
reaction in Equations (12)–(14). Different spectra are given a vertical offset
for clarity.
To show the kinetics of ethane and methane more clearly, Figure 5.12
demonstrates the intensities of two methane lines (R(6)~3086.0 cm1
and R(8)~3113.3 cm1 of the v3 band) and ethane absorption lines
(R(7)~2907.3 cm1 of v5 band, and R Q4 ~3003.4 cm1 of v7 band) as a function of
the discharge current density. Up to a value of 2.12 mA/mm2 , the absorbance of
R(7) of v5 band, and R Q4 of v7 band of ethane show a continuous intensity decrease,
indicating a depopulation of the vibrational ground states. At the same time,
methane starts to form, indicated by the intensity increase of the R(6) and R(8) lines
in the v3 band. These trends are also observed in the phase spectra, as shown in
Figure 5.13(a,b), for methane and ethane, respectively. As the phase is proportional
to the concentration, this increase and decrease of phase spectra indicate the
increase and decrease in the concentration of respective molecules during discharge.
It should be noted that the kinetics of ethane/helium gas mixture were
restricted to five current densities from 0 to 2.12 mA/mm2 . However, this kinetics
can be studied for higher current densities as well.
As the dissociation
and formation of molecules in an electrical discharge depend on parameters such as:
applied discharge power, flow rate, and gas pressure, we have only shown the
influence of applied power, by varying the current densities. For higher current
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To observe dissociation of ethane and formation of methane at different power levels, we
measured the absorbance and phase changes by increasing the current density from 0 to
2.12 mA/mm2. Figure 11 shows the absorption spectra at different discharge current densities,
demonstrating the ethane dissociation and the subsequent recombination of radicals forming
methane as given by three‐staged reaction in Equations (12)–(14). Different spectra are given a vertical
offset for clarity.

Figure 10. Part of the dispersion (phase) spectrum recorded before (in black, 700 averages) and during
the discharge
(in red, 700 averages) of 33% C2H6 diluted in 5.3.
He, at
25 mbar.
147
Results
and Methane
Discussiondispersion
features appearing during the discharge are indicated by “*”.

To observe dissociation of ethane and formation of methane at different power levels, we
measured the absorbance and phase changes by increasing the current density from 0 to
2.12 mA/mm2. Figure 11 shows the absorption spectra at different discharge current densities,
demonstrating the ethane dissociation and the subsequent recombination of radicals forming
methane as given by three‐staged reaction in Equations (12)–(14). Different spectra are given a vertical
offset for clarity.
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To show the kinetics of ethane and methane more clearly, Figure 12 demonstrates the intensities
of two methane lines (R(6)~3086.0 cm−1 and R(8)~3113.3 cm−1 of the ν3 band) and ethane absorption
lines (R(7)~2907.3 cm−1 of ν5 band, and RQ4~3003.4 cm−1 of ν7 band) as a function of the discharge
current density. Up to a value of 2.12 mA/mm2, the absorbance of R(7) of ν5 band, and RQ4 of ν7 band
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To show the kinetics of ethane and methane more clearly, Figure 12 demonstrates the intensities
R(8) lines in the ν3 band. These trends are also observed in the phase spectra, as shown in Figure
of two methane lines (R(6)~3086.0 cm−1 and R(8)~3113.3 cm−1 of the ν3 band) and ethane absorption
13a,b, for methane and ethane, respectively. As the phase is proportional to the concentration, this
lines (R(7)~2907.3 cm−1 of ν5 band, and RQ4~3003.4 cm−1 of ν7 band) as a function of the discharge
increase and decrease of phase spectra indicate the increase and decrease in the concentration of
current density. Up to a value of 2.12 mA/mm2, the absorbance of R(7) of ν5 band, and RQ4 of ν7 band
respective molecules during discharge.
of ethane show a continuous intensity decrease, indicating a depopulation of the vibrational ground
states. At the same time, methane starts to form, indicated by the intensity increase of the R(6) and
R(8) lines in the ν3 band. These trends are also observed in the phase spectra, as shown in Figure
13a,b, for methane and ethane, respectively. As the phase is proportional to the concentration, this
increase and decrease of phase spectra indicate the increase and decrease in the concentration of
respective molecules during discharge.
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Figure 12.
(a) Kinetics
of ethane peak
absorbance in a 33% C2H6 diluted in He gas sample at 25 mbar

upon increasing discharge current density. (b) Kinetics of methane peak absorbance in the same
sample. Multiple peaks of both molecules are plotted to show the consistency over the vibrational
band(s). Solid lines are used to connect the data points for better visibility, and arrows indicate the
corresponding ordinate values for different peaks.

Figure 13. (a) Dispersion (phase) spectra of an R(6) line of methane ν3 band, produced during the
discharge of a gas sample (33% C2H6 diluted in He, at 25 mbar) and (b) dispersion of an RQ4 line of
ethane ν7 band, upon increasing the discharge current density.

It should be noted that the kinetics of ethane/helium gas mixture were restricted to five current
densities from 0 to 2.12 mA/mm2. However, this kinetics can be studied for higher current densities
as well. As the dissociation and formation of molecules in an electrical discharge depend on
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density.
It should
be noted that the kinetics of ethane/helium gas mixture were restricted to five current
densities from 0 to 2.12 mA/mm2. However, this kinetics can be studied for higher current densities
as well. As the dissociation and formation of molecules in an electrical discharge depend on
parameters such as: applied discharge power, flow rate, and gas pressure, we have only shown the
influence of applied power, by varying the current densities. For higher current densities, we predict
that the produced methane will settle to semi‐stable equilibrium for a constant flow rate and pressure.
For current densities beyond 4 mA/mm2, we expect further dehydrogenation of methane, as observed
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densities, we predict that the produced methane will settle to semi-stable
equilibrium for a constant flow rate and pressure. For current densities beyond 4
mA/mm2 , we expect further dehydrogenation of methane, as observed in other
studies with non-thermal plasma processes [68–70]. The dehydrogenation of
methane is given as CH4 → C2 H6 → C2 H4 → C2 H2 .

5.3.4

Time-Resolved Dynamics at Microseconds Timescale

The rapid acquisition time in dual-comb spectroscopy enables us to monitor fast
dynamical processes while changing the discharge current at microsecond time scale.
Here, we study the absorption and phase transient dynamics of methane and ethane
during a pulsed discharge in a gas mixture CH4 in helium (40:60 ratio, 25 mbar, flow
rate 1.5 Nl/h). A square wave modulation at 265 Hz and 6.6% duty cycle (on-off
ratio) was applied to the discharge current (0.99 mA/mm2 , 10 KV). As mentioned
earlier, the signal generator frequency was equal to, and synchronized (phase-locked)
with the difference repetition rate of the two comb sources (Δfrep ). Since the data
acquisition should be synchronized as well, we used the synchronized second channel
of the signal generator to trigger the DAQ card. This second channel was manually
delayed with respect to the first channel. Therefore, time-resolved measurements
could be performed at different triggering times in a step-scan manner. At each time
step (step size 20 µs), the interferograms were acquired for 3.3 s (~900 averages),
with a single-shot acquisition time of 240 µs per interferogram. The interferograms
were measured close to the on/off switching events of the discharge. We increased
the step size further away from the switching events, where the discharge processes
settle to semi-equilibrium values [40].
Figure 5.14 shows broadband, time-resolved absorption and dispersion spectra
of methane and ethane, at specific times after switching the discharge on and off.
Note that at the start of the discharge, ethane is present in the mixture due to
the generation in the previous discharge cycle and is not removed due to the low
refresh rate of the gas mixture in the discharge cell. Line by line analysis shows
that by turning the discharge on, methane and ethane lines rapidly decrease (Figure
5.14(a,b)). The neutral gas species get excited and dissociated. During the offtime of the discharge, the produced radicals recombine forming C2 H6 and CH4 , as
demonstrated by the increase in absorption and dispersion signals (Figure 5.14(c,d)).
Figure 5.15 shows the time-profile of dissociation and formation of methane
and ethane during a time span of 1560 µs of the total modulation period of ~3773.6 µs,
with 250 µs on-time as indicated by a grey box. For the dynamics of both molecules,
absorbance and dispersion values are shown for two different methane lines (P(2)
and P(6)) and ethane branches (R Q0 and P Q1 ). Each data point for respective rovibrational transition is averaged for ~3.3 s. Therefore, the cumulative measurement
time for the entire data set (containing 21 data points) is ~70 s, excluding the standby

switching events, where the discharge processes settle to semi‐equilibrium values [40].
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Figure 14. (a,b) Time‐resolved absorption/dispersion spectra of CH4 (P(2), P(1) and P(0) lines) and
Figure
5.14: (a,b) Time-resolved absorption/dispersion spectra of CH4 (P(2),
C2H6 (other lines) at 0, 50, and 100 μs after switching the discharge on. They show a decrease in the
P(1) and P(0) lines) and C2 H6 (other lines) at 0, 50, and 100 µs after switching
concentration of both gas species. (c,d) Time‐resolved absorption/dispersion spectra at the same
thewavenumber
dischargespan
on.measured
They show
a decrease in the concentration of both gas species.
in 40, 80, 100 μs after switching the discharge off, showing an increase
(c,d)
Time-resolved
absorption/dispersion
spectra
at the same wavenumber span
in the
concentrations, indicating
the formation of CH
4 and C2H6, via recombination processes of
measured
in 40,
80, 100 µs after switching the discharge off, showing an increase in
hydrocarbon
radicals.
the concentrations, indicating the formation of CH4 and C2 H6 , via recombination
Figure 15ofshows
the time‐profile
of dissociation and formation of methane and ethane during a
processes
hydrocarbon
radicals.

time span of 1560 μs of the total modulation period of ~3773.6 μs, with 250 μs on‐time as indicated
by a grey box. For the dynamics of both molecules, absorbance and dispersion values are shown for
two different methane lines (P(2) and P(6)) and ethane branches (RQ0 and PQ1). Each data point for
respective ro‐vibrational transition is averaged for ~3.3 s. Therefore, the cumulative measurement
time for the entire data set (containing 21 data points) is ~70 s, excluding the standby time for varying
the time delay. During the discharge on‐time, as shown by a gray box in Figure 15, both methane and
ethane show a rapid decrease (~100 μs) due to their excitation, and dissociation into radicals. After
the discharge has been switched off, the radicals recombine again, forming methane and ethane.
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time for varying the time delay. During the discharge on-time, as shown by a gray
box in Figure 5.15, both methane and ethane show a rapid decrease (~100 µs) due to
their excitation, and dissociation into radicals. After the discharge has been switched
off, the radicals recombine again, forming methane and ethane. However, in contrast
to the dissociation just after switching the discharge on, the recombination process
shows a slower exponential rise (~900 µs) in the intensities.
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Figure 15. Time‐resolved monitoring of the dispersion/absorption features of C2H6 in (a,c), and CH4
Figure
5.15: Time-resolved monitoring of the dispersion/absorption features of
in (b,d) at microseconds timescale. The discharge “on” time is shown with gray rectangles.
C2 H6 in (a,c), and CH4 in (b,d) at microseconds timescale. The discharge “on” time
shown with gray rectangles.
4. is
Conclusions

It is difficult to obtain broadband time‐resolved dispersion spectra, using classical FTS. Here, we
demonstrate for the first time, the capability of time‐resolved mid‐infrared dual comb spectroscopy
(DCS), by recording absorption and dispersion spectra from a discharge plasma simultaneously. This
recording enables to quantify the complex refractive index of the gas mixture directly over a broad
wavelength range. More precisely, we measured the methane decomposition into ethane and ethane
It is difficult to obtain broadband time-resolved dispersion spectra, using classical
decomposition into methane, in terms of absorption and dispersion spectra at various current density
FTS. Here, we demonstrate for the first time, the capability of time-resolved midof the plasma. In addition, the dynamic behavior of the absorption and dispersion spectra is recorded
infrared dual-comb spectroscopy (DCS), by recording absorption and dispersion
using a pulsed discharge. The dual comb spectroscopic system covers a spectral bandwidth of
spectra from a discharge plasma simultaneously. This recording enables to quantify
2850–3150 cm−1, with a spectra resolution of ~5 GHz, a temporal resolution of 20 μs and NEAS of
3.19 × 10−6 cm−1 Hz−1/2 per spectral element.
Using other poling periods of the PPLN crystal in the OPO, the wavelength range can be
extended from 2200 to 4000 cm−1, enabling the study of a wide range of molecules, ions, and radicals,
which have fundamental ro‐vibrational transitions in these wavelength regions. For instance, here
we used helium as buffer gas for methane and ethane. Using buffer gases such as nitrogen (N2) in
combination with methane, will lead to the formation of other compounds such as HCN and NH3.
To this end, future studies are planned to perform broadband, time‐resolved spectroscopy for other
species in longer discharges and at higher pressures, which can provide higher sensitivity to detect
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the complex refractive index of the gas mixture directly over a broad wavelength range.
More precisely, we measured the methane decomposition into ethane and ethane
decomposition into methane, in terms of absorption and dispersion spectra at various
current density of the plasma. In addition, the dynamic behavior of the absorption
and dispersion spectra is recorded using a pulsed discharge. The dual-comb spectroscopic system covers a spectral bandwidth of 2850–3150 cm1 , with a spectra
resolution of ~5 GHz, a temporal resolution of 20 µs and NEAS of 3.19 × 106 cm1
Hz1/2 per spectral element.
Using other poling periods of the PPLN crystal in the OPO, the wavelength
range can be extended from 2200 to 4000 cm1 , enabling the study of a wide range
of molecules, ions, and radicals, which have fundamental ro-vibrational transitions in
these wavelength regions. For instance, here we used helium as buffer gas for methane
and ethane. Using buffer gases such as nitrogen (N2 ) in combination with methane,
will lead to the formation of other compounds such as HCN and NH3 . To this end,
future studies are planned to perform broadband, time-resolved spectroscopy for
other species in longer discharges and at higher pressures, which can provide higher
sensitivity to detect lower concentrations of molecules and radicals.
DCS can also be used to measure the free induction decay of molecular species.
By using an asymmetric (one-sided) interferogram, the central burst is in the middle
of the interferogram, while the free induction decay (FID) will be present in the tail
of the interferogram [71]. A single-shot truncated interferogram of 70 µs showing
this phenomenon, is demonstrated in Appendix 5.5 Figure 5.17 for both methane
and ethane samples. However, our spectrometer is not capable of time-domain
coherent averaging of the interferograms due to the fee running fceo of the combs,
therefore the results are limited to single-shot and low SNR FIDs. It would be interesting to use computational coherent averaging [72, 73] and/or digital correction [74]
methods, to extend the coherence time of the spectrometer and realize a phase-stable
dual-comb spectrometer. This will enable the time-domain averaging of the FID
signal of the sample and new ways of dual-comb spectroscopy for plasma diagnostics.
The DCS can also be used for studying fast chemical reactions in the harsh conditions of combustion processes. For example, a fuel/tracer reaction in a continuously
scavenged calibration flow cell at high temperature and pressure [75] and to study
the dynamics of pyrolysis in combustion systems [76].
The free-running f ceo of the mid-infrared frequency combs constitutes the main
limitation of our DCS. To compensate for the fluctuations in the f ceo , we used a
well-known absorption line of a molecular gas in a reference cell, to calibrate/correct
the frequency scale. This procedure determines the stringent requirement of perfectly
balanced beam paths, next to a post-processing algorithm to align the spectra before
averaging. Therefore, this configuration is more practical for short path lengths in
light-matter interaction. Increasing the interaction length using a multipass cell or a
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resonant optical cavity around the discharge, is possible in this configuration. However, to achieve balanced beam paths a second reference multipass cell or resonant
optical cavity is required.

spectrometer and realize a phase‐stable dual‐comb spectrometer. This will enable the time‐domain
averaging of the FID signal of the sample and new ways of dual‐comb spectroscopy for plasma
diagnostics.
The DCS can also be used for studying fast chemical reactions in the harsh conditions of
combustion processes. For example, a fuel/tracer reaction in a continuously scavenged calibration
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systems
[76].
The free‐running 𝑓 of the mid‐infrared frequency combs constitutes the main limitation of
our DCS. To compensate for the fluctuations in the 𝑓 , we used a well‐known absorption line of a
molecular gas in a reference cell, to calibrate/correct the frequency scale. This procedure determines
the stringent requirement of perfectly balanced beam paths, next to a post‐processing algorithm to
align the spectra before averaging. Therefore, this configuration is more practical for short path
lengths in light‐matter interaction. Increasing the interaction length using a multipass cell or a
This research was funded by Dutch Technology Foundation (NWO), grant number
resonant optical cavity around the discharge, is possible in this configuration. However, to achieve
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balanced beam paths a second reference multipass cell or resonant optical cavity is required.
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Appendix A

Figure A1. (a) Measured sample and reference interferograms with perfectly balanced beam paths.

Figure 5.16: (a) Measured sample and reference interferograms with perfectly
(b) Zoom into the central parts of the interferograms given in (a). (c) The influence of 3 mm CaF2
balanced
beam paths. (b) Zoom into the central parts of the interferograms given
window in the path of one frequency comb beam before the beam splitter, causing a shift in the sample
in (a).
(c)
The in
influence
of 3with
mm
CaFto
window
in interferogram.
the path of (d)
oneThefrequency
comb
2 the
interferogram
time domain
respect
reference
time shift can
be
beam
before
the
beam
splitter,
causing
a
shift
in
the
sample
interferogram
in
time
seen by zooming into the central part of the interferograms.
domain with respect to the reference interferogram. (d) The time shift can be seen
by zooming into the central part of the interferograms.
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Figure5.17:
A2. Truncated
sample
interferograms
from methane
in methane
(a) and ethane
(b) representing
their
Figure
Truncated
sample
interferograms
from
in (a)
and ethane
(b)
optical free induction decay (FID).
representing their optical free induction decay (FID).
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Chapter

6
Fourier transform spectrometer based on highrepetition-rate mid-infrared supercontinuum
sources for trace gas detection

Abstract
We present a fast-scanning Fourier transform spectrometer (FTS) in combination
with high-repetition-rate mid-infrared supercontinuum sources, covering a wavelength
range of 2–10.5 µm. We demonstrate the performance of the spectrometer for trace
gas detection and compare various detection methods: baseband detection with a
single photodetector, baseband balanced detection, and synchronous demodulation at
the repetition rate of the supercontinuum source. The FTS uses off-the-shelf optical
components and provides a minimum spectral resolution of 750 MHz. It achieves a
noise equivalent absorption sensitivity of ∼106 cm1 Hz1/2 per spectral element,
by using a 31.2 m multipass absorption cell.
Adapted from: M. A. Abbas, K. E. Jahromi, M. Nematollahi, R. Krebbers, N. Liu, G. Woyessa,
O. Bang, L. Huot, F. J. M. Harren, and A. Khodabakhsh, "Fourier transform spectrometer based
on high-repetition-rate mid-infrared supercontinuum sources for trace gas detection," Opt. Express
29, 22315-22330 (2021), DOI: https://doi.org/10.1364/OE.425995
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Introduction

Fourier transform spectroscopy is a widely used and a well-established method. For
decades, it has been the golden standard for chemical detection and characterization
of solid, liquid and gas-phase samples. It can provide a broad spectral bandwidth and
high spectral resolution, especially in the mid-infrared (MIR) molecular fingerprint
region. However, it is traditionally provided with incoherent thermal light sources,
which are omnidirectional and have low spectral brightness. Therefore, achieving a
long interaction length in gas-phase samples is quite a challenge. In addition, long
averaging times are needed to obtain a spectrum with a high resolution and high
signal-to-noise ratio (SNR).
Newly developed ultra-broadband MIR supercontinuum (SC) light sources show a
strong potential to replace the thermal light sources in Fourier Transform Spectrometers (FTSs). SC sources are spatially coherent and have the potential to cover a wider
spectral wavelength range than thermal sources. They provide a very high spectral
brightness, much higher than thermal sources and even exceeding the brilliance
of a synchrotron [1–5]. Furthermore, they have the, potential to deliver ultra-flat
broadband spectra [6], which is highly desirable for Fourier transform spectroscopy
to achieve a uniform detection sensitivity over their spectral coverage. Historically,
the main drawback of SC sources has been their high Relative Intensity Noise (RIN),
due to noise amplification in the nonlinear broadening process [7, 8]. Recently,
low-noise near-infrared (NIR) SC sources have been demonstrated using all-normal
dispersion photonic crystal fibers [9] and recent advancements in cascading-based
MIR SC sources provide reduced RIN noise, due to gain-induced soliton alignment
in the in-amplifier SC used as a seed [10]. The technology of MIR SC sources with
sub-nanosecond pulse durations and MHz repetition rates has now become sufficiently
mature to be used in various applications, such as Optical Coherence Tomography
(OCT), spectroscopy, and microscopy [11–14]. The MHz repetition rate can be
utilized in synchronous demodulation, to overcome the 1/f noise in the system [15].
In combination with an FTS, the high repetition rate yields a fast demodulation
process in the detection system, allowing the FTS to keep a fast scanning speed.
Over the past decade, mechanical FTSs in combination with MIR Optical Frequency Comb (OFC) sources (which are both spatially and temporally coherent)
have also shown great improvements in the best achievable detection sensitivity,
measurement time, spectral coverage and spectral resolution [16–20]. However, direct
broadband MIR OFC sources, covering instantaneously the MIR molecular fingerprint region, are not available yet. Presently, broadband MIR OFC generation is
based on nonlinear frequency conversion of NIR OFC sources, employing Difference Frequency Generation (DFG) [21] or Optical Parametric Oscillation (OPO)
[22]. Direct MIR OFCs based on Quantum Cascade Lasers (QCLs) and Interband
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Cascade Lasers (ICLs) demonstrate a promising potential, especially in dual-comb
spectroscopy [23, 24], however their instantaneous spectral coverage is still quite
limited. Despite the superior performance of the nonlinear-conversion-based MIR
OFC sources combined with FTSs, their complexity of operation, instantaneous
wavelength coverage, and price prevents users to consider them as a better substitute
for incoherent sources.
The advancements in NIR/MIR SC sources make them a viable alternative to
replace incoherent sources in commercial FTS systems, especially for gas-phase applications [25]. This transition seems inevitable, considering the foreseen improvements
in the properties of MIR SC sources: ultra-flat broadband spectra, high spectral
brightness, low RIN, low price, and small size [2]. Recently, the combination of
high-repetition-rate NIR/MIR SC sources with commercial FTS devices has been
demonstrated utilizing various detection systems; such as synchronous demodulation
[26], photoacoustics [27], and lock-in amplification [28]. However, the commercial
FTSs are optimized for use with thermal light sources and usually require some
modifications and adjustments to operate properly with pulsed SC sources [12, 28].
Here we present a cost-effective, home-built FTS, using only off-the-shelf optical
components, especially developed to work with ultra-broadband and high-repetitionrate MIR SC sources. The FTS operates in the 1–12 µm wavelength region (due to
the employed photodetectors it is limited to 2–11 µm), with a minimum spectral
resolution of 750 MHz, which is adequate for pressure-broadened gas-phase spectroscopy. To evaluate the performance of the developed FTS for trace gas detection,
we employed a multipass cell (MPC) to increase the light-matter interaction path
length. Note that, high-finesse resonance cavities can provide much longer effective interaction lengths compared to MPCs. However, high-finesse cavities only
have a long effective path length in a limited wavelength range, due to the limited
high-reflection bandwidth of the mirror coatings. This considerably restricts the
useful wavelength coverage of the spectrometer for high sensitive detection. The high
optical power of the novel MIR SC sources makes it possible to employ MPCs with
long interaction path lengths and still measure an interferogram with high SNR.
Here, we present the first demonstration of trace gas detection with a longwavelength MIR SC source whose spectrum extends beyond 5 µm. We demonstrate
the performance of the system for three different cases: (I) using a single photodetector operating in the baseband, (II) using synchronous demodulation of the
photodetector output referenced to the SC repetition rate, and (III) utilizing a
balanced detection scheme in the baseband. Note that the overall performance of a
similar spectrometer based on a short-wavelength MIR supercontinuum source, using
a balanced detection scheme in the baseband has been already shown in our previous
work [29]. Here, we focus on the technical details of the developed spectrometer, e.g.,
optical layout and signal processing, as well as the comparison of different detection
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systems. We also demonstrate and study the performance of the spectrometer using
a long-wavelength MIR supercontinuum source.

6.2

Experimental setup and procedures

The experimental setup is illustrated in Fig. 1(a), including a top view of the FTS.
Two different SC sources were used with the developed FTS. The first SC source is
commercially available from NKT Photonics (SuperK MIR). It has a repetition rate
of 2.5 MHz, a spectral coverage of 1.4–4.1 µm, and a total average power of ∼450
mW. The second SC source has been developed by DTU Fotonik. It is based on
an Erbium:Ytterbium (Er:Yb) master oscillator power amplifier (MOPA) followed
by a cascade of different fibers comprising pieces of Thulium (Tm) doped, ZBLAN,
Arsenic trisulfide (As2 S3 ), and Arsenic triselenide (As2 Se3 ) fibers [30]. This SC
source has a spectral coverage of 1.5–10.5 µm, a total average power of ∼86 mW, a
pulse duration of ∼0.5 ns, and a repetition rate of 3.0 MHz. In both cases, the SC
beam (depicted in green) is transmitted through a Herriott MPC (HC30L, Thorlabs)
with a nominal optical path length of 31.2 m, which contains the gas sample. The
MPC is connected to a gas handling system, including flow/pressure controllers,
capable of changing the gas flow in the range of 0 to 50 lh1 and the pressure from 5
mbar to 1 bar.
The output beam of the MPC is sent to the FTS, which is based on a Michelson
interferometer. The beamsplitter (BS, BSW711, Thorlabs) in the FTS splits the
insertion beam into the two arms. In each arm, the SC beam is directed towards
a hollow retroreflector mirror (RR, HRR201-P01, Thorlabs), using MIR enhanced
protected gold mirrors (M, PF10-03-M02, Thorlabs). The propagation direction of the
SC beam is shown in Figure 6.1(a) using red arrows for the right arm and blue arrows
for the left arm of the Michelson interferometer. The two retroreflectors are used
back-to-back in the two arms to reflect the SC beam parallel to the insertion beam,
but with a horizontal and vertical offset. To clarify this, Figure 6.1(b) demonstrates
the position of the SC beams on the surface of the beam splitter. The bottom right
green spot is the insertion beam and the top left green spot is the superposition of
the reflected beams from the retroreflectors of the two arms. Therefore, the reflected
SC beams from the two arms are recombined on the beam splitter and construct
two pairs of beams transmitted through and reflected from the beamsplitter. Each
pair is sent to a thermoelectrically cooled MCT photodetector to record the two
(out-of-phase) interference patterns. We used PVI-4TE-4 photovoltaic detectors
(Detectivity 2.0×1011 cm.Hz1/2 /W, Cut-off frequency 5 MHz, Vigo Systems) for the
shorter wavelength SC source (from NKT Photonics), and PVI-4TE-10.6 photovoltaic
detectors (Detectivity 4.5×109 cm.Hz1/2 /W, Cut-off frequency 5 MHz, Vigo Systems)
for the longer wavelength SC source (from DTU Fotonik). The rest of the components
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in the spectrometer were the same for the two SC sources.
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Figure 6.1: (a) The experimental setup (top view of the FTS). SC: supercontinuum
source, He-Ne: Helium-Neon laser, MPC: multipass cell, M: mirror, BS: beamsplitter,
RR: retroreflector, TS: translation stage, LiA: lock-in amplifier. (b) The beam
pattern on the surface of the beamsplitter. The two bottom beams are the insertion
beams and the two top beams are the reflected beams from the retroreflectors. (c)
The propagation pattern of the He-Ne laser beam in the FTS. BB: beam blocker.
The two back-to-back retroreflectors are mounted on a 10 cm linear-motor translation stage (TS, DDSM100, Thorlabs), thus the optical path difference (OPD) in
the FTS is four times the physical travelling distance of the translation stage. By
precise positioning of the mirrors after the beam splitter, the zero OPD of the FTS
is adjusted to the center of the translation stage. Therefore, for a full 10 cm scan
range of the translation stage, the maximum OPD of the FTS is 40 cm (OPD =
±20 cm), which can provide a spectral resolution of 1/40 = 0.025 cm1 or 750
MHz. Note that the spectral resolution is defined by the spacing of the consecutive
points in the spectrum and no apodization function was utilized. By scanning the
translation stage, the interference pattern (interferogram) of each pair of SC beams
is recorded by the corresponding photodetector (PD1 and PD2 ). To demonstrate the
performance of the MIR SC-based FTS, we record the interferogram in three different
detection schemes: (I) directly from one of the photodetectors in the baseband,
(II) by demodulating the output of one of the photodetectors using a fast digital
lock-in amplifier (Moku:Lab, Liquid Instruments) referenced to the repetition rate
of the SC source, and (III) using balanced detection in the baseband and removing
the common intensity noise by a differential amplifier (SR560, Stanford Research
Systems) in the output of the two photodetectors. The result of each scheme is
digitized by an analog-to-digital converter (ADC, NI 6251, National Instruments)
and sent to a LabVIEW program developed for signal processing, data visualization,
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and recording.
The OPD of the FTS needs to be calibrated before performing a Fourier transformation on the SC interferogram. The calibration is performed by recording the
interference pattern from a Helium-Neon (He-Ne, HNL050LB, Thorlabs) laser, whose
beam (depicted in red) is propagating in parallel with the SC beam in the FTS.
For clarity, the propagation direction of the He-Ne laser beam is shown in Figure
6.1(c) using red dash-arrows for the right arm and blue dash-arrows for the left
arm of the Michelson interferometer. The positions of the He-Ne laser beams on
the surface of the beam splitter are illustrated in Figure 6.1(b). The bottom left
red spot is the insertion beam and the top right red spot is the superposition of the
reflected beams from the retroreflectors of the two arms. The reflected He-Ne laser
beams from the two arms are recombined on the beam splitter, and construct two
pairs of beams transmitted through and reflected from the beamsplitter. One pair
of beams is directed to a Si amplified photodetector (PD3 , PDA8A2, Thorlabs) to
record the interference pattern of the He-Ne laser beam; the other pair is dumped
on a beam-blocker (BB). The obtained interferogram of the He-Ne laser beam is
digitized by the ADC and sent to the LabVIEW program for OPD calibration of the
SC interferogram.
The linear-motor translation stage can be operated up to 500 mm/s velocity;
however, in different detection schemes, two distinct parameters limit the maximum
velocity of the translation stage in practice. In single-detector and balanced detection
schemes (I and III), the limiting factor is the maximum sample rate of the analog-todigital converter (ADC). In order to properly detect the interferogram of the He-Ne
laser beam that is suitable for OPD calibration, at least four data-points are needed
per period of the interference pattern. Therefore, the maximum sample rate of the
ADC sets the speed limit on the linear stage to ensure that four points per period
can be recorded. Since the maximum detected frequency in the interferogram of
the MIR SC is at least ∼4 times lower than the He-Ne interferogram, no further
precautions are needed for the SC interferogram, concerning the velocity of the
translation stage. For recording the two interferograms simultaneously, the maximum
sampling frequency of the ADC is 0.6 MS/s which renders a maximum velocity of 20
mm/s for the translation stage. By choosing a fast ADC, this additional constraint
would be removed.
Using the lock-in detection scheme (II) forces another limit to the velocity of the
translation stage, which is the time constant (inverse of the filter bandwidth) of the
lock-in amplifier. Generally, a trade-off between the SNR and the measurement time
exists for any lock-in detection. In this implementation of the lock-in amplification
with the FTS, the time constant of the lock-in amplifier should be much shorter
(e.g., by ∼10 times) than the shortest period in the MIR SC interferogram. In other
words, the filter bandwidth of the lock-in amplifier should be broad enough (i.e., the
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time constant should be adequately short), to keep the measured SC interferogram
undistorted. Empirically, we found that a lock-in time constant of ∼80 µs (i.e.,
averaging 200 to 260 pulses of the shorter/longer-wavelength SC sources) would yield
a residual intensity modulation lower than the total detection noise level. Therefore,
by considering an 80 µs time constant and dictating the shortest period in the MIR
SC interferogram to be much higher than this time, a maximum velocity of ∼20
mm/s for the translation stage is obtained in the case of the lock-in detection scheme.
Note that in the lock-in detection scheme, in addition to the maximum sampling
frequency of the ADC, a second limiting factor is the repetition rate of the SC source,
since a lower repetition rate requires a longer time constant to achieve a similar
residual intensity modulation, rendering a lower maximum velocity of the translation
stage. One can alternatively lock-in to higher harmonics of the repetition rate of the
SC source; however, higher harmonics will render a weaker modulated signal to start
with. In addition, a broader electrical bandwidth in the detection system will be
needed, which increases the total detection noise. We chose a maximum velocity of
20 mm/s for the lock-in detection, since it also matches the maximum velocity in the
baseband detection schemes and simplifies the comparisons for detection sensitivity.

6.3

Calibration of the optical path difference

In all of the different detection schemes, both interferograms of the SC and the
He-Ne laser are recorded by the ADC. The ADC is internally clocked and its data
sampling is asynchronous with respect to the He-Ne laser interferogram. In a
real-time data processing routine, we first remove the DC offset of the two
interferograms, then use a linear interpolation to find the exact positions of the zero
crossings in the quasi-sinusoidal interferogram of the He-Ne laser. Finally, we find
the intensities of the SC interferogram at these particular positions by another linear
interpolation on the SC interferogram. The entire process can be seen as a
resampling of the SC interferogram at the zero crossing positions of the He-Ne
interferogram. Therefore, the OPD in the SC interferogram is calibrated up to the
wavelength stability of the He-Ne laser, and independent of the velocity fluctuations
of the translation stage. By pre-measuring the wavelength of the He-Ne laser, the
OPD step size is a well-known parameter. Therefore, Fourier transformation of the
OPD-calibrated SC interferogram yields the MIR spectrum in terms of a calibrated
wavenumber domain. More sophisticated OPD calibration and signal processing
routines for FTS combined with an SC source can be found in literature [31], which
provide much better precision and accuracy needed for low-pressure gas-phase
precision spectroscopy. Our current signal processing routine provides a sufficient
precision for our application of trace gas detection at atmospheric pressure, without
introducing unnecessary complications.
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To clarify the OPD calibration routine, Figure 6.2 demonstrates the performance
of the calibration process on two simulated sine waves, representing the He-Ne laser
interferogram (star markers in blue) and the MIR SC interferogram (cross markers
in red), after removing the DC offset. The two simulated interferograms experience
a frequency decrease (exaggerated for clarity) to mimic a velocity drop in the
mechanical stage of the FTS. The algorithm finds the zero-crossings of the He-Ne
laser interferogram (circular markers in green) by linear interpolation. Then, it
linearly interpolates the SC interferogram (circular markers in black) at the
zero-crossing positions of the He-Ne laser interferogram. Now considering the
interpolated SC interferogram in the zero-crossing domain, it is calibrated with an
optical path difference step size equal to the zero-crossing intervals.
A more conventional OPD calibration method can be performed by
synchronizing the data acquisition of the MIR SC interferogram to the zero
crossings of the He-Ne interference. In other words, the ADC might be externally
and directly clocked by the zero crossings of the He-Ne interferogram. Considering
the fluctuations in the velocity of the translation stage and also the
acceleration/deceleration process close to the two ends of the stage (in case these
spans are considered in the data acquisition), an ADC with a high dynamic range of
direct external clock frequency would be needed. In addition, by recording the
He-Ne interferogram and performing the OPD calibration in the signal processing
routine, it is possible to resample the MIR SC interferogram at any interpolated
intervals between the zero crossings of the He-Ne interferogram. This is especially
useful if the reference cw laser is changed from a He-Ne laser to a more compact and
stable cw NIR laser, or when a short-wavelength spectral coverage in the visible
range is needed. In this case, one can further interpolate between the zero crossings
of the reference laser interferogram to achieve a desirable OPD step size with respect
to the shortest wavelength in the measured spectrum. Note that using an ADC with
an internal clock and a data acquisition process triggered by an external event is not
a proper choice. The reason is the variable (and usually not well-known) latency
between the zero crossings of the He-Ne interferogram (external trigger) and the
next internal clock cycle of ADC, in which the MIR SC interferogram is sampled.
This variable latency degrades the precision of the OPD calibration yielding less
precise and even distorted MIR spectra.

6.4

Results

We measured the intensity spectrum of the short- and long-wavelength SC sources,
using the developed FTS, with a spectral resolution of 8 GHz. The results are
shown in Figure 6.3. The visible absorption lines, especially apparent in the
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Figure 6.2: A demonstration of the optical path difference calibration routine
applied to two simulated sine waves with changing frequency, representing the He-Ne
laser and MIR SC interferograms. (a) The simulated He-Ne laser interferogram (star
markers in blue) and the SC interferogram (cross markers in red), both experiencing
a frequency decrease modeling a velocity drop in the mechanical stage of the FTS,
along with the zero-crossing points of the He-Ne interferogram (circular markers
in green) calculated by linear interpolation. All of the curves are in the sample
number (time) domain. (b) The simulated SC interferogram (cross markers in red)
along with the (linearly) interpolated SC interferogram (circular markers in black)
at the zero-crossing positions of the He-Ne interferogram in the sample number
(time) domain. (c) The same interpolated SC interferogram at the zero-crossing
positions of the He-Ne interferogram (circular markers in black) in the zero-crossing
(calibrated OPD) domain. The regular periodicity in the OPD domain, demonstrates
the cancellation of velocity fluctuations of the linear stage.
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spectrum of the long-wavelength SC source, are due to the presence of atmospheric
water vapor in the beam path from the SC source to the detector(s) of the FTS.
Therefore, it is crucial to purge the beam-path in the FTS spectrometer with
Nitrogen to minimize the spectral interference by water absorption lines onto the
measured spectra, while using the long-wavelength SC source. Note that the
wavelength coverage for both SC sources is slightly wider than the demonstrated
spectra in Figure 6.3. For the short-wavelength SC source, we used a Germanium
window (WG91050-C9, Thorlabs) in the beam path, with ∼2 µm cut-on wavelength,
to prevent the photodetector(s) from saturation due to the residual pump power.
For the long-wavelength SC source, the limiting factor is the cut-off wavelength of
the utilized photodetectors. The actual spectral coverage is 1.4–4.1 µm for the
short-wavelength source and 1.5–10.5 µm for the long-wavelength source, as
mentioned earlier.
Although most of the spectral power lies in the 3.4–4.0 µm region for the
short-wavelength source and the 5.0–7.9 µm region for the long-wavelength source, it
is possible to perform spectroscopy in the other wavelength ranges with high SNR
values, thanks to the high average power of the SC sources and the sensitive
photodetectors. Using optical bandpass filters, one can select a desired wavelength
range, covering the absorption spectrum of a specific gas or combination of gases,
and block undesired wavelength ranges from reaching the photodetector(s). This is
a common practice used with FT-IR spectrometers, which prevents intensity
saturation of the photodetector by an undesired part of the MIR spectrum and, as a
result, provides a spectrum with a higher SNR for the desired wavelength range.

6.4.1

Short-wavelength supercontinuum source

To compare the performance of different detection schemes, we used the shortwavelength SC source (from NKT Photonics) and measured the spectrum of a gas
mixture containing 25.0(7) ppm of Ethyl acetate (C4 H8 O2 ) and 5.0(1) ppm of Ethane
(C2 H6 ), diluted in N2 at atmospheric pressure. This gas mixture was produced from
two calibrated gas bottles of 100 ppm Ethane in N2 and 100 ppm Ethyl acetate in
N2 both further diluted in pure N2 , using three mass flow controllers (EL-FLOW
Prestige FG-201CV, Bronkhorst) with mass flows of 5 lh1 for Ethyl acetate, 1 lh1
for Ethane, and 14 lh1 for N2 . The gas mixture was connected to the inlet of the
MPC and the total pressure in the MPC was set at atmospheric pressure using a
pressure controller (EL-PRESS P-702CV, Bronkhorst) and a vacuum pump connected
in series in the outlet of the MPC. We also measured the background spectrum
in pure N2 at atmospheric pressure and normalized the transmission spectrum of
the sample gas to the background spectra. The absorbance (αL) spectrum of the
sample was calculated by applying a natural logarithm to the normalized spectrum.
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Figure 6.3: The spectra (in linear intensity scale) of (a) the short-wavelength SC
source and (b) the long-wavelength SC source with spectral resolution of 8 GHz. The
absorption lines in the two spectra are due to the atmospheric water vapor present
in the beam path from the SC source to the detector(s) of the FTS.
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We used an optical bandpass filter (FB3250-500, Thorlabs, 500 nm transmission
band centered at 3.25 µm) in the beam path after the MPC to limit the spectrum
to the absorption band of the gases. The measurement results using the three
aforementioned detection methods are shown in Figure 6.4. The measured spectra (3
GHz spectral resolution, 500 averages in ∼15 minutes) are shown in black. We used
the PNNL database [32] for calculating the model spectra of Ethyl acetate (in blue,
inverted) and Ethane (in red, inverted) and the combined model spectra (in green,
inverted). In addition to the model spectra, we used a 3rd order polynomial in the
fitting routine to remove the slowly varying baseline from the measured spectra. The
fitting routine is based on a standard least square method with the concentration of
different species as the fitting parameters [16]. The retrieved concentrations from the
fit for the three detection methods are 24(2) ppmv Ethyl acetate and 5.2(8) ppmv
Ethane using a single detector in baseband (detection method I) shown in Figure
6.4(a), 25.3(7) ppmv Ethyl acetate and 4.9(3) ppmv Ethane using a single detector
and a lock-in amplifier (detection method II) shown in Figure 6.4(b), and 25.6(3)
ppmv Ethyl acetate and 4.8(1) ppmv Ethane using balanced detection (detection
method III) shown in Figure 6.4(c). The error values are the standard deviation of
the concentrations retrieved from ten consecutive measurements.
The standard deviations of the noise in the featureless part of the residuals
are σI = 0.091 for the baseband single-detector detection scheme, σII =0.035 for the
synchronous detection scheme, and σIII =0.0068 for the balanced detection scheme.
Therefore, the SNR values of the synchronous and balanced detection schemes are
∼2.6 and ∼13 times better than the SNR of the baseband single-detector detection
scheme, respectively. This comparison shows that, although synchronous detection
(referenced to the repetition rate of the SC source using a lock-in amplifier) can
increase the SNR in the spectrum, the best result is achieved from a baseband
balanced detection.
Using a lock-in amplifier can reduce the 1/f noise by performing the detection at
a higher frequency, as already shown in [28] for liquid-phase spectroscopy. However,
the main component of the SC noise is its pulse-to-pulse fluctuation. This fluctuation
is directly mapped to the down-converted signal of the lock-in amplifier, limiting the
noise reduction factor of this method. Note that synchronous detection accompanied
with a balancing method [26] yields a much higher SNR improvement, compared to
synchronous detection using a single photodetector. Therefore, a large portion of
noise reduction can be attributed to the balanced detection method.
In balanced detection, the two interferograms received by the detectors are outof-phase. However, the intensity noise of the SC source is common on both of the
detectors. By subtracting the output voltage of the two detectors, the out-of-phase
interferograms are added together, while the common-mode noise on the two signals
is effectively subtracted from each other. Therefore, the SNR of the subtracted
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Figure 6.4: Measured spectra (in black, 3 GHz spectral resolution, 500 averages
in ∼15 minutes) and fitted model spectra for a mixture of 5 ppmv of Ethane (in
red, inverted) and 25 ppmv of Ethyl acetate (in blue, inverted), both diluted in N2
at atmospheric pressure for three different detection methods: (a) single detector
in baseband, (b) synchronous detection using a lock-in amplifier, and (c) balanced
detection. Model spectra are calculated using PNNL database and the combined
model spectra are shown in green and inverted for clarity.
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signal is improved drastically compared to the single detector scheme, and it also
has a better efficiency compared to the synchronous detection. The enhancement
factor of the balanced detection is highly dependent on the balancing quality of the
two out-of-phase interferograms before the subtraction (in the electrical domain),
considering both the amplitude and phase of the two electrical signals.
Since the best results are achieved using the balanced detection scheme, we used
this detection method for the measurements presented in the rest of this article. For
all presented spectra, the same spectral normalization method and fitting routine
are used, as well as considering a 3rd order polynomial to remove the baseline. For
the gas species available in the HITRAN database [33], we used this database (and
a Voigt profile) to simulate the absorption model spectra for the fits. For the species
not available in the HITRAN database, we use the PNNL database [32] for modeling.
All measurements are performed at room temperature.
To evaluate the performance of the instrument at high spectral resolution, we
measured the spectrum of 5.0(1) ppmv of CH4 diluted in N2 at 900 mbar total
pressure, with 1 GHz spectral resolution around 3.2 µm, using the same optical
bandpass filter (FB3250-500, Thorlabs) in the NKT SC beam path. The measured
spectrum is demonstrated in Figure 6.5 (in black, 250 averages in ∼25 minutes)
alongside a fitted model of CH4 spectrum (in blue, inverted for clarity). The model
spectrum is calculated using the HITRAN database parameters and a Voigt profile.
The retrieved concentration from the fit is 4.98(6) ppmv. Figure 6.5(a) shows the full
ro-vibrational band of Methane, while Fig. 5(b) and Fig. 5(c) show enlargements to
spectral features in Q and P branches to demonstrate the quality of the measurement
and the fitting routine. The residuals are shown in the lower panels. The featureless
residuals demonstrate the high precision of the frequency calibration as well as the
high quality of the fitting routine. The long-term stability and the linearity of the
FTS system, based on the short-wavelength MIR SC source (from NKT), can be
found in our previous work [29].

6.4.2

Long-wavelength supercontinuum source

To demonstrate the performance of the FTS combined with the long-wavelength SC
source (from DTU Fotonik), we measured a broadband spectrum of 25.0(7) ppmv of
NO diluted in N2 at atmospheric pressure with 1 GHz spectral resolution, around
a center wavelength of 5.25 µm. In this measurement, we changed the balanced
detectors to PVI-4TE-10.6 (Vigo Systems) photovoltaic detectors, which are sensitive
up to 10.6 µm, but have lower detectivity compare to the PVI-4TE-4 (Vigo Systems)
detectors that were used for the short-wavelength SC source. No optical filter was
used in this measurement. Note that for all of the measurements using the longwavelength source, the beam path and the box containing the FTS were purged with
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Figure 6.5: (a) Measured spectrum (in black, 1 GHz spectral resolution, 250 averages
in ∼25 minutes) of 5 ppmv of CH4 diluted in N2 at 900 mbar total pressure and a fit
model spectrum (in blue, inverted) based on the HITRAN database parameters and
a Voigt profile. (b) and (c) Enlargements to different parts of the spectrum. The
residuals of the fits are shown in the lower panels.
nitrogen to minimize the spectral interference by water absorption lines with the
measured spectra. The measured spectrum is shown in Figure 6.6 (in black, 2000
averages in ∼200 minutes) alongside a fitted model of NO spectrum (in red, inverted
for clarity) calculated using the HITRAN database parameters and a Voigt profile.
The retrieved concentration from the fit is 25.3(6) ppmv. Figure 6.6(a) shows the
full ro-vibrational band of NO, while Figure 6.6(b) shows an enlargement to single
absorption lines in the R branch, with the residuals in the lower panels. Again, the
featureless residuals demonstrate the sufficient precision of the frequency calibration
as well as the high quality of the fitting routine.
Since a long averaging time has been used for the NO measurement, the longterm stability of the FTS needs to be verified. We used the normalized transmission
spectra of the NO measurement for different number of averages, ranging from 100
to 2000, and calculated the standard deviation of the noise in the center of the
spectrum (away from individual absorption lines) for each averaged spectra. The
results are shown in Figure 6.7, where the standard deviation of the noise for varying
number of averages is depicted (blue circles), alongside a fitted square root of number
of averages (red dashed line) indicating the white noise behavior. The standard
deviation of the noise follows the white noise response for 2000 averages and the
residual of the fit for the NO measurement (averaged for 2000 times) is featureless, as
shown in Figure 6.6. These indicate that the measured intensity and the frequency
calibration of the instrument are clearly not affected by the long-term drifts at least
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Figure 6.6: (a) Measured spectrum (in black, 1 GHz spectral resolution, 2000
averages in ∼200 minutes) of 25 ppmv of NO diluted in N2 at atmospheric pressure and
a fit model spectrum (in red, inverted) based on the HITRAN database parameters
and a Voigt profile. (b) An enlargement to single absorption lines in the R branch of
NO. The residuals of the fits are shown in the lower panels.
up to 2000 averages (∼200 minutes).
For longer wavelength operation, we measured the full ro-vibrational band of
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Figure 6.7: The standard deviation of the noise on the normalize transmission
spectrum for varying number of averages (blue circles) and a fitted square root of
number of averages (red dashed line) indicating the white noise behavior.
SO2 , 30.0(9) ppmv diluted in N2 at atmospheric pressure, around 7.4 µm with 3 GHz
spectral resolution. In this measurement, we used PVI-4TE-10.6 (Vigo Systems)
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photovoltaic detectors and an optical long-pass filter, with a cut-on wavelength of
6.0 µm (Edmund Optics), in the beam path after the MPC. The measured spectrum
is shown in Figure 6.8 (in black, 4000 averages in ∼130 minutes) alongside a fitted
model of SO2 spectrum (in red, inverted for clarity) calculated using the HITRAN
database parameters and a Voigt profile. The retrieved concentration from the fit is
29.4(8) ppmv and the residual is shown in the lower panel. The residual from the
SO2 fit is rather featureless. However, there are atmospheric water lines absorbing
close to 100% in both the sample and background spectra, despite the nitrogen
purging. Due to the very strong absorption and different water concentrations in the
sample and background measurements, these water lines remain in the normalized
spectrum and consequently in the absorbance spectrum. These water lines cannot
be modeled perfectly due to their very strong absorption. We fitted a model of the
H2 O spectrum (in blue, inverted for clarity) calculated using the HITRAN database
parameters and a Voigt profile alongside the SO2 model spectra. However, a typical
W-shaped residual remains at the position of the water lines. Note that since these
water lines are quite scarce in the measured spectrum they do not affect the precision
of the SO2 fit.
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Figure 6.8: Measured spectrum (in black, 3 GHz spectral resolution, 4000 averages
in ∼130 minutes) of 30 ppmv of SO2 diluted in N2 at atmospheric pressure and
fit model spectra of SO2 (in red, inverted) and H2 O (in blue, inverted) both based
on the HITRAN database parameters and Voigt profiles. The residual of the fit is
shown in the lower panel.
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Noise performance and detection limits

To compare the noise performance of the system using the short- and long-wavelength
SC sources as well as the two different detector types in the balanced detection scheme,
we calculated the standard deviation of the noise on the normalized background
spectra of N2 (both measured with 1 GHz=0.033 cm1 spectral resolution), where the
spectra have their highest SNR (with no optical spectral filters) for the same number
of averaged samples (250 in ∼25 minutes). Using the short-wavelength SC source
and PVI-4TE-4 detectors, this value is σ=1.2×102 , while for the long-wavelength
SC source and PVI-4TE-10.6 detectors, it is σ=9.0×102 . Therefore the noise of the
instrument using the long-wavelength SC source is ∼7.5 times larger than the noise
using the short-wavelength SC source. This is expected, since the long-wavelength
SC source requires a soliton-based spectrum out of the ZBLAN fiber to cascade into
the subsequent chalcogenide fibers [30, 34, 35]. In contrast, the short-wavelength
SC source stops at the ZBLAN fiber, whose core diameter can then be chosen
for optimum use of dispersive waves and a low-noise performance [35]. Using the
retrieved standard deviation of the noise, the Noise Equivalent Absorption Sensitivity
(NEAS) per spectral element can be calculated, which is defined as
√
σ 2T
NEAS = √
L M

(1)

where σ is the standard deviation of the noise in the baseline, L is the interaction
path length (31.2 m), T is the measurement time of a single averaged spectrum
(25 minutes), and M is the number of spectral elements (1500 cm1 /0.033 cm1
≈45000 for the short-wavelength SC source and 3000 cm1 /0.033 cm1 ≈ 90000
for the long-wavelength SC source) [36]. NEAS value is 9.9×107 cm1 Hz1/2 per
spectral element for the short-wavelength SC source and detectors and 5.3×106 cm1
Hz1/2 per spectral element for the long-wavelength SC source and detectors. Table
(1) compares the spectral coverage, spectral resolution and NEAS of the developed
spectrometer(s) to the other broadband MIR spectroscopy systems. FTS systems
based on the frequency combs, and dual-comb spectroscopy based on nonlinear
conversion of NIR femtosecond fiber lasers, provide a better spectral resolution
and NEAS; however, they are more complicated, bulky, and expensive. Dual-comb
spectrometers based on QCLs usually provide a very narrow bandwidth and a coarse
spectral resolution, but in a very small footprint with a robust operation. FTIRs
based on thermal sources can provide a rather good NEAS, however usually with a
very coarse spectral resolution. Their SNR decreases drastically for high resolution
measurements [37].
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6.5. Conclusions and outlook

Conclusions and outlook

Novel mid-infrared (MIR) supercontinuum (SC) sources provide broad spectral
coverage and high optical power, within a spatially coherent beam. These features
are very desirable for multispecies trace gas detection, using a long optical interaction
length in a multipass cell and a Fourier transform spectrometer (FTS). We developed
a compact and cost-effective FTS, using off-the-shelf components, and verified its
operation using two different MIR SC sources covering different wavelength ranges
from 1.4 µm to 10.5 µm. For the first time, to the best of our knowledge, we
demonstrated trace gas detection with a MIR SC source whose spectral range is
beyond 5 µm. The ultra-broadband coverage of the instrument is extending deep
into the molecular fingerprint region, allowing detection of a considerable number of
important gas species. We applied three different detection schemes: using a single
detector in baseband, synchronous detection using a lock-in amplifier, and baseband
balanced detection. The best results were achieved using the balanced detection.
We measured the absorbance spectra of different species, using the short- and the
long-wavelength SC sources to demonstrate the total performance of the system.
We also compared the performance of the two SC sources in terms of the spectral
noise and detection sensitivity. The FTS combined with MIR SC sources is 1–2
orders of magnitude more noisy than a similar FTS system combined with a MIR
optical frequency comb. However, the simplicity, compactness, reliability, and lower
cost of the MIR SC sources make them a viable alternative for real-life applications.
Moreover, the rapid evolution in MIR SC sources promises improved noise features
in a near future. An auto-balanced detection scheme would further increase the
SNR of the measured spectra, by dynamically and precisely balancing the output
of the two photodetectors for the entire range of the optical path difference. The
FTS instrument can also be adopted for long-path, free-space multispecies detection,
where an ultra-broadband absorption spectrum in the 2–10.5 µm region can be
retrieved simultaneously.
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Table 1: Comparison of the developed spectrometer(s) to the other broadband MIR
spectroscopy systems.
Spectroscopy
method

Reference/Note

Spectral coverage
(µm)

Spectral
resolution (GHz)

NEAS (cm1
Hz1/2 per
spec. elem.)

This work,
Short-wavelength
source

2.4–4.1

1

9.9×107

2.0-10.5

1

5.3×106

3.2–3.5 & 4.8–5.3

0.25 a

5.7 &
3.1×108

3.1–5.5

0.115 a

8.5×109

2.6-5.2

0.20 a

∼2×109

8.1-8.6

10 a

∼8×107

2.5–5

30

2×108

SC-based FTS

Frequency
comb-based FTS

Dual-comb
spectroscopy

FTIR

This work,
Long-wavelength
source
[18], OPO pumped
by a fs-fiber laser
[38], OPOs
pumped by fs-fiber
lasers
[39, 40], DFG
pumped by
fs-lasers
[24], QCL-based
frequency combs
[41], Bruker
IRcube FTIR

a No spectral interleaving was considered
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Summary (English)
The time-dependent monitoring of fast chemical reactions in the mid-infrared wavelength region is important for various fundamental and applied research areas such
as physical chemistry, plasma/combustion analysis, astronomy, biophysics, and environmental research. Broadband, time-resolved absorption spectroscopy offers the
possibility to monitor simultaneously the time-dependent parameters of chemical
reactions, such as concentrations of intermediate/final products, free radicals and
ions, as well as branching ratios, reaction rate coefficients, temperature and number
densities of molecular excited-states. In addition, compact broadband mid-infrared
supercontinuum (SC) sources are emerging, which have wide spectral coverage, high
brightness, and high spatial coherence. Therefore, the aim of this thesis is two-fold.
On the one hand, the development of a time-resolved mid-infrared dual-comb spectrometer (DCS) for plasma diagnostics between 3.1-3.6 µm (3200-2800 cm1 ). On the
other hand, the development of a mechanical Fourier Transform Spectrometer (FTS)
combined with mid-infrared Supercontinuum (SC) sources that have a high repetition
frequency in the wavelength region of 2-4 µm (5000-2500 cm1 ) and 1.5-10.5 µm
(6600-950 cm1 ). The latter combination offers a simple way of sensitive spectroscopy
with a wide spectral bandwidth and good spectral resolution.
In the first chapter of this thesis, some basic concepts are introduced, such as
the rotational-vibrational gas absorption/dispersion spectroscopy, Optical Frequency
Combs, SC-sources, plasmas, as well as the concept of Noise Equivalent Absorption
Sensitivity (NEAS).
In Chapter 2, the general principles of Fourier Transform Spectroscopy are discussed, in particular mechanical Fourier Transform Spectroscopy and Dual-Comb
Spectroscopy. The fundamentals of non-linear light-matter interaction are also briefly
explained, and the reader is given a brief example of one of the most efficient nonlinear
conversion of Frequency Combs from the near infrared to the mid-infrared, using a
Singly-Resonating Optical Parametric Oscillator.
Chapter 3 discusses the development of DCS to obtain sufficient spectral stability
and resolution, to achieve high-quality spectroscopic results. Briefly, the DCS is
based on the non-linear conversion of near-infrared Frequency Combs, generated by
a Yb:fiber mode-locked laser, to mid-infrared Frequency Combs. The DCS offers a
spectral bandwidth of 300 cm1 (Full-Width Half Maximum), adjustable between
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2380-3570 cm1 , with a spectral resolution of 6 GHz and spectral precision of 120
MHz. Different gas mixtures were investigated: detection of methane in nitrogen,
multispecies detection of a mixture of broadband absorbers of acetone and ethyl
acetate, and atmospheric mixtures of methane and water, which spectrally interfere
with each other. DCS has the advantage that it has order of magnitude faster
measurement time compared to a mechanical FT spectroscopy to obtain a spectrum,
making it an ideal method for Time-Resolved Spectroscopy.
Chapter 4 exploits the advantages of mid-infrared DCS, i.e. wide spectral bandwidth, high spectral resolution, high detection sensitivity and very short acquisition
time. This unique set of features makes the mid-infrared DCS a good choice for
time-resolved monitoring of complex chemical reactions. In particular, the fast data
acquisition of DCS enables high time resolution with a short total measurement time
compared to other broadband methods such as traditional FTS. This chapter elaborates on mid-infrared Time-Resolved Dual-Comb Spectroscopy (TRDCS) of methane
in a pulsed electrical discharge, in the spectral range of 2890-3175 cm1 , with a
Noise Equivalent Absorption Sensitivity (NEAS) of 6×107 cm1 Hz1/2 per spectral
element. The dynamics of ethane production and the excitation/de-excitation of
methane in hot bands has been observed in millisecond and microsecond time scale.
Chapter 5 presents time-resolved absorption and dispersion spectroscopy of
methane and ethane, diluted in helium, under static (continuous plasma) and dynamic (pulsed plasma) conditions. An asymmetric configuration for the DCS was
used to measure the absorption and dispersion spectra in a 50 cm long discharge
tube. This provides a complete picture of interaction of the electromagnetic field
with the gas molecules, and the broadband complex refractive index of the gas can
be determined. Due to the non-thermal behavior of the molecules in the plasma, the
rotational temperature differs from the vibrational temperature of the methane. This
is derived from the vibrational hot band absorption and the rotational distribution
over the R-branch of the methane v3 band.
Chapter 6 concludes the thesis with the development of a compact mechanical
FTS, using of-the-shelf optics and standard mechanical components. This FTS is
combined with 2 SC-sources in the spectral wavelength range of 2-4 µm and 1.5-10.5
µm. This spectrometer has a 1 GHz spectral resolution and has been validated with
pressure broadened gas absorption spectroscopy, using a multipass cell (effective path
length 31 m). The short wavelength SC source (2-4 µm) was used for the detection of
methane and multispecies detection of ethane and ethyl acetate, taking into account
the shot-to-shot intensity noise of the SC-source. This noise performance has been
assessed with three detection schemes, from which baseband balanced detection
was selected for the detection. The long wavelength SC source was used for gas
absorption spectroscopy of nitric oxide (NO) in the spectral region of 5.1-5.5 µm and
sulfur dioxide (SO2 ) in the 7.1-7.7 µm wavelength region.

Samenvatting (Dutch)
Het tijdafhankelijk monitoren van snelle chemische reacties in het midinfrarode
golflengtegebied is van belang voor verschillende fundamentele en toegepaste onderzoeksgebieden zoals de Fysische Chemie, plasma/verbrandingsanalyse, Astronomie,
Biofysica en milieuonderzoek. Breedbandige, tijdsopgeloste absorptiespectroscopie
biedt de mogelijkheid om de verschillende parameters van chemische reacties gelijktijdig te volgen, zoals concentraties van tussen-/eindproducten, vrije radicalen en ionen,
evenals branching ratios, reactiesnelheden, temperatuur en dichtheid van moleculaire
–aangeslagen- toestanden. In aanvulling, compacte breedbandige midinfrarode SuperContinuum (SC) bronnen in opkomst, die een breed spectraal bereik, een hoge
lichtintensiteit en een hoge ruimtelijke coherentie hebben. Daarom, het doel van dit
proefschrift hierbij is tweeledig. Enerzijds de ontwikkeling van een Time-resolved
mid-infrared Dual Comb spectrometer (DCS) voor plasmadiagnostiek tussen de 3,13,6 µm (3200-2800 cm1 ). Anderzijds, de ontwikkeling van een mechanische Fourier
Transform Spectrometer (FTS) gecombineerd met midinfrarode SuperContinuum
(SC) bronnen die een hoge repetitiefrequentie hebben in het golflengtegebied van
2-4 µm (5000-2500 cm1 ) en 1,5-10,5 µm (6600-950 cm1 ). Deze laatste combinatie
biedt op een eenvoudige manier gevoelige spectroscopie met een brede spectrale
bandbreedte en een goede spectrale resolutie.
In het hoofdstuk 1 van dit proefschrift worden enkele basisconcepten geïntroduceerd, zoals rotationele vibrationele gas absorptie/dispersie spectroscopie, optische
frequentiekammen, SC-bronnen en plasma’s, naast het concept van Noise-EquivalentAbsorption Sensitivity (NEAS).
In hoofdstuk 2 worden de algemene principes van Fourier Transform Spectroscopie
behandeld, met in het bijzonder mechanische, Fourier Transform Spectroscopy en
Dual-Comb Spectroscopy. De basisprincipes van niet-lineaire licht-materie-interactie
worden ook kort uitgelegd, en de lezer krijgt een kort voorbeeld van een van de meest
efficiënte niet-lineaire conversie van frequentiekammen van het nabij-infrarood naar
het midden-infrarood, met behulp van een Singly-resonant Optische Parametrische
Oscillator.
Hoofdstuk 3 bespreekt de ontwikkeling van de DCS om voldoende spectrale
stabiliteit en resolutie te verkrijgen voor het behalen van spectroscopische resultaten
van hoge kwaliteit; dit wordt verder in detail uitgelegd. DCS is gebaseerd op de
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niet-lineaire conversie van nabij-infrarode frequentiekammen, gegenereerd door een
Yb:fiber-mode-locked laser, naar midinfrarode frequentiekammen. De DCS biedt een
spectrale bandbreedte van 300 cm1 (Full-Width Half Maximum) welke instelbaar is
tussen de 2380-3570 cm1 , met een spectrale resolutie van 6 GHz en een spectrale
precisie van 120 MHz. Verschillende gasmengsels werden uitgetest: detectie van
methaan in stikstof, detectie van mengsels van breedbandig absorberende stoffen
zoals aceton en ethylacetaat en atmosferische mengsels van methaan en water die
spectraal met elkaar interfereren. DCS heeft als voordeel dat het ordes van grootte
snellere meettijd heeft in vergelijking met een mechanische FTS om een spectrum te
verkrijgen, waardoor het een ideale methode is voor tijdsopgeloste spectroscopie.
Hoofdstuk 4 maakt gebruik van de voordelen van het mid-infrarood DCS, d.w.z.
brede spectrale bandbreedte, hoge spectrale resolutie, hoge detectiegevoeligheid en
zeer korte acquisitietijd. Deze unieke set functies maakt het midden-infrarood DCS
een goede keuze voor het tijd opgelost volgen van complexe chemische reacties. Met
name de snelle data-acquisitie van DCS maakt een hoge tijdsresolutie mogelijk met
een korte totale meettijd. Dit in vergelijking met andere breedbandige methoden
zoals traditionele FTS. In dit hoofdstuk wordt dieper ingegaan op midinfrarode
Time-Resolved Dual-Comb Spectroscopie (TRDCS) op methaan in een gepulste
elektrische ontlading, spectrale bereik van 2890 - 3175 cm1 en een NEAS van 6×107
cm1 Hz1/2 per spectraal element. De dynamiek van de productie van ethaan en de
excitatie/de-excitatie van methaan in verschillende hot bands is waargenomen op
milliseconde en microseconde tijdschaal.
Hoofdstuk 5 geeft een tijdsopgeloste absorptie/dispersiespectroscopie van methaan
en ethaan, verdund in helium, onder statische (continu plasma) en dynamische
(gepulseerd plasma) omstandigheden. Een asymmetrische configuratie voor het DCS
werd gebruikt om de absorptie- en dispersiespectra in een 50 cm lange ontladingsbuis
te bepalen. Hierdoor wordt een compleet beeld van de interactie van de elektromagnetische veld met de gasmoleculen, en kan de breedbandige complexe brekingsindex
van het gas bepaald worden. Door het niet-thermische gedrag van de moleculen in het
plasma wijkt de rotatietemperatuur af van de vibratie temperatuur van het methaan.
Dit wordt afgeleid uit de vibrationele hot band-absorptie en de rotatieverdeling over
de R-tak van het methaan in de v3 -band.
Hoofdstuk 6 sluit het proefschrift af met de ontwikkeling van een compacte,
mechanische FTS, opgebouwd uit kant-en-klare standaard optische en mechanische componenten. Deze FTS is gecombineerd met 2 SC-bonnen in het spectrale
golflengtegebied van 2-4 µm en 1,5-10,5 µm. Deze spectrometer heeft een spectrale
resolutie van 1 GHz en is gevalideerd met druk verbrede gasabsorptiespectroscopie,
waarbij gebruik is gemaakt van een multipass-cel (effectieve pad lengte 31 m). De
SC-bron, met korte golflengte (2-4 µm), werd toegepast voor de detectie van methaan
en van spectraal overlappende gassen zoals ethaan en ethylacetaat, waarbij rekening

werd gehouden met de intensiteit fluctuaties (shot-to-shot) van de SC-bron. Deze
bron van ruis is beoordeeld met drie detectieschema’s, waaruit baseband gebalanceerde detectie het beste naar voren komt. De SC-bron met lange golflengte werd
gebruikt voor gasabsorptiespectroscopie van stikstofmonoxide (NO) in het spectrale
gebied van 5,1-5,5 µm, en zwaveldioxide (SO2 ) in het golflengtegebied van 7.1-7.7
µm.
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