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ABSTRACT

We present ultrabroadband two-beam femtosecond/picosecond coherent Raman spectroscopy on the ro-
vibrational spectra of CO, and O,, applied for multispecies thermometry and relative concentration mea-
surements in a standard laminar premixed hydrocarbon flame. The experimental system employs fs-
laser-induced filamentation to generate the compressed supercontinuum in-situ, resulting in a ~24 fs
full-width-at-half-maximum pump/Stokes pulse with sufficient bandwidth to excite all the ro-vibrational
Raman transitions up to 1600 cm™'. We report the simultaneous recording of the ro-vibrational CO, Q-
branch and the ro-vibrational O, O-, Q- and S-branch coherent Stokes Raman spectra (CSRS) on the basis
of a single-laser-shot. The use of filamentation as the supercontinuum generation mechanism has the
advantage of greatly simplifying the experimental setup, as it avoids the use of hollow-core fibres and
chirped mirrors to deliver a near-transform-limited ultrabroadband pulse at the measurement location.
Time-domain models for the ro-vibrational Q-branch spectrum of CO, and the ro-vibrational O-, Q- and
S-branch spectra of 0, were developed. The modelling of the CO, Q-branch spectrum accounts for up to
180 vibrational bands and for their interaction in Fermi polyads, and is based on recently available, com-
prehensive calculations of the vibrational transition dipole moments of the CO, molecule: the availability
of spectroscopic data for these many vibrational bands is crucial to model the high-temperature spectra
acquired in the flue gases of hydrocarbon flames, where the temperature can exceed 2000 K. The nu-
merical code was employed to evaluate the CSRS spectra acquired in the products of a laminar premixed
methane/air flame provided on a Bunsen burner, for varying equivalence ratio in the range 0.6-1.05. The
performance of the CO, spectral model is assessed by extracting temperatures from 40-laser-shots aver-
aged spectra, resulting in thermometry accuracy and precision of ~5% and ~1%, respectively, at temper-
atures as high as 2220 K.
© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

[5-7] and concentration measurements [8-10], and is regarded as
the gold-standard for high-fidelity thermometry in flames [11-13].

Coherent Raman scattering spectroscopy - both in its Stokes
(CSRS) and anti-Stokes (CARS) implementation [1,2] - has found
vast application in the experimental study of chemically-reacting
flows, especially in the context of combustion [3] and non-
equilibrium thermodynamics [4]. CARS in particular has been
extensively employed in combustion diagnostics for temperature
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In principle, CARS is a form of four-wave mixing (FWM) [14], i.e.
a third-order non-linear optical process, in which the frequency
difference of two photons -called the “pump” photon (with an-
gular frequency wp) and the “Stokes” photon (ws:)- coherently
excite a Raman-active molecule to a higher rotational-vibrational
(ro-vibrational) energy state; a third photon, the “probe” (wpr),
is then scattered by the molecule, resulting in the emission of a
coherent CARS photon at frequency wcags = Wp — Wst + @pr. In
the CARS process, the pump/Stokes photon-pairs couple to the
internal energy states of the Raman-active molecules: the CARS

0010-2180/© 2021 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. This is an open access article under the CC BY license
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signal thus carries information on the molecular distribution over
the ro-vibrational energy manifold, usually described in terms of
the vibrational and total-angular-momentum quantum numbers (v
and J, respectively). In the context of ro-vibrational spectroscopy
(Av=#1) it is customary to use the labels “Q-", “O-", and “S-
branch” to indicate ro-vibrational transitions with AJ=0, —2, and
+2, respectively [15].

The commercial availability, in recent years, of ultrafast regen-
erative amplifiers, has prompted the development of a number
of time-resolved CARS techniques, allowing for nearly collision-
independent measurements at high repetition rate [10]. In addi-
tion, the typical CARS setup can be greatly simplified when a
broadband laser source is employed, as the constructive photon-
pairs, typically provided by two distinct laser pulses, can be found
across the bandwidth of a single pump/Stokes pulse. This tech-
nique is called “two-beam CARS” [11]. A single ultrafast regen-
erative amplifier, providing <50 fs duration pulses, can impul-
sively excite all the rotational energy states that are significantly
populated by N, molecules at flame temperatures [16]. Neverthe-
less, the bandwidth of the laser pulses provided by commercially-
available ultrafast regenerative amplifiers is not sufficient to effi-
ciently excite Raman transitions further than ~400 cm™'. In order
to achieve impulsive excitation and perform ro-vibrational two-
beam CARS spectroscopy in the “molecular fingerprint” region (i.e.
in the range 800-1800 cm!) it is necessary to compress the
pump/Stokes pulse to a duration comparable to the vibrational pe-
riod of the target molecules [17], this being e.g. ~25 fs for CO, and
~21 fs for 0,. Thus, when compressing the pump/Stokes pulse be-
low 25 fs duration, the resulting ultrabroadband pulse has enough
spectral bandwidth to provide a significant number of construc-
tive photon-pairs at Raman shifts up to ~1600 cm™!. The use of
ultrabroadband laser pulses to excite the whole ro-vibrational en-
ergy manifold of the Raman-active molecules in the probe vol-
ume dramatically enlarges the interrogation window for quanti-
tative multiplex spectroscopy. Roy et al. [18] demonstrated the
use of supercontinuum generation, through an argon-filled hollow-
core fibre, in a single-beam CARS setup to measure the num-
ber density of CO, in a binary mixture with argon at room tem-
perature and at different pressures. Bohlin and Kliewer [19] em-
ployed a hollow-core fibre to compress the 45 fs duration out-
put of a Ti:Sapphire regenerative amplifier below 7 fs, enough to
impulsively excite Raman transitions in the spectral range 0-4200
cm’!. They demonstrated single-shot one-dimensional imaging of
the ro-vibrational spectra of N,, 05, Hy, CO,, and CH, in a two-
beam femtosecond/picosecond (fs/ps) CARS setup. The application
of this experimental technique to combustion diagnostics was fur-
thermore demonstrated, firstly in a flat hydrocarbon flame [20] and
subsequently in the investigation of flame-wall interaction [21].
Odhner et al. [22] demonstrated time-resolved ultrabroadband Ra-
man spectroscopy employing fs-laser-induced air filamentation to
generate the supercontinuum excitation pulse. They employed a 2
m], 45 fs duration laser pulse to generate a plasma filament in at-
mospheric air: the self-phase modulation experienced by the pulse
resulted in its temporal compression to ~14 fs; furthermore, they
showed the use of this “heterodyned, impulsive filament-based,
stimulated Raman technique” in a CHy/O, flame.

The diagnostic technique presented in this work relies on such
filament-based supercontinuum generation to achieve quantitative
time-resolved coherent Raman spectroscopy in the molecular fin-
gerprint region. The possibility of performing measurements in the
molecular fingerprint region is particularly appealing for combus-
tion diagnostics, as almost all major combustion species possess
ro-vibrational Raman spectral lines in this spectral range. The ro-
vibrational Raman spectrum of O, is located at ~1556 cm™! [23],
while CO, appears a Fermi dyad at ~1285 cm™' and ~1388 cm'!
[24], and the pure-rotational Raman spectrum of H, spans from
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~354 cm! to ~1815 cm!, at high temperatures [25]. In addition,
almost all hydrocarbons (e.g. methane, ethylene and ethane) have
Raman-active vibrational transitions in the range ~882-1791 cm-!
[26], corresponding to the bending mode of the H-C-H bond. The
scope of the present work is limited to the development of ultra-
broadband two-beam fs/ps coherent Raman spectroscopy for the
measurement of the ro-vibrational CO, and O, spectra in the re-
gion 1200-1600 cm™!'. The simultaneous detection of these two
main combustion species makes the technique appealing for the
study of Moderate or Intense Low oxygen Dilution (MILD) com-
bustion [27-29] applications, where hot flue gases are recircu-
lated as a thermal control mechanism to abate the emission of
nitric oxide, leading to O, dilution and relatively low tempera-
tures. Moreover, the availability of both O, and CO, as thermomet-
ric species in this spectral region makes the technique suited to
applications such as oxy-fuel combustion, where molecular nitro-
gen is not available as a thermometer [30]. Multiplex CARS spec-
troscopy on the CO, Q-branch spectrum has been an active re-
search area since the first applications of CARS to gas-phase me-
dia. In 1984, Hall and Stufflebeam [31] reported on CO, CARS ther-
mometry performed at temperatures up to ~1600 K in a gas cell. A
dual-pump nanosecond CARS system was employed by Lucht et al.
[32] to simultaneously detect the Q-branch spectra of CO, and N,
( at ~2330 cm™): they measured temperatures up to ~2000 K
and achieved single-shot detection of the CO, signal at values of
the mole fraction down to ~1-2%. Dual-pump N,-CO, CARS was
furthermore used for thermometry and CO, concentration mea-
surements in the exhaust of a swirl-stabilized ]JP-8-fuelled com-
bustor [33]. Recently, Kerstan et al. [34] demonstrated the first
use of ultrabroadband two-beam fs/ps CARS for CO, thermom-
etry. They used a neon-filled hollow-core fibre to compress the
~35 fs duration laser pulse, resulting in a ~7 fs duration, ~25 pj
pump/Stokes pulse. Due to the relatively low average power of the
laser pulses employed, their measurements were limited to a pres-
surized gas-cell and the maximum temperature measured from the
CO, spectrum was 937 K. The same research group demonstrated
the use of ultrabroadband CARS -attained in this case through
an optical parametric chirped-pulse amplifier, providing a ~7 fs
duration, 7.5 pJ pump/Stokes pulse- to measure relative CO/CO,
concentrations, as well as temperature, in a gas oven heated up
to ~800 K [35].

In the present work, we employ fs-laser-induced filamen-
tation for the in-situ generation of the compressed supercon-
tinuum. Two-beam ultrabroadband fs/ps coherent Raman spec-
troscopy on the ro-vibrational spectra of O, and CO, is demon-
strated in the hot flue gases of a standard laminar premixed
CHy/air flame, at temperatures higher than 2000 K, allowing
for simultaneous thermometry and relative 0,/CO, concentration
measurements.

2. Experimental setup
2.1. Two-beam femtosecond/picosecond CARS setup

The experimental setup for two-beam fs/ps coherent Raman
thermometry is detailed in [16] and depicted in Fig. 1; in the
following a brief summary of the main features of the system
is given. The two laser pulses employed are provided by a sin-
gle regenerative amplifier system (Astrella, Coherent), operating
at 1 kHz and providing an overall pulse energy of 7.5 mJ at
800 nm. The temporally uncompressed output of the amplifier is
split 65%—35%: the larger portion is compressed before being fed
to a second-harmonic bandwidth compressor (SHBC, Light Conver-
sion), providing a 5 ps duration pulse at 402.7 nm, to serve as
the probe pulse. A spatial 4f-filter in transmission, placed in the
probe beam path, allows for tuning the duration of the pulse: in
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Fig. 1. Schematic of the ultrabroadband two-beam CSRS system. The output of a 1 kHz Ti:Sapphire regenerative amplifier system is split 65%—35% to feed a second-harmonic
bandwidth compressor (SHBC) and an external compressor, respectively. The transform-limited 35 fs duration output of the external compressor is focused by a 500 mm
focal-length spherical lens (SL) resulting in fs-laser-induced filamentation. The ultrabroadband pump/Stokes beam is crossed by the probe beam at a distance of ~4 mm after
exiting the filament: the resulting probe volume is located over the Bunsen burner (B). The ultrabroadband CSRS signal is collected in a coherent imaging spectrometer and
imaged to a SCMOS detector. TG, transmission gratings; S, slit; CLy, cylindrical lenses with vertical alignment symmetry axis; TS, automated translation stage; A/2, half-wave
plates; P, polarizer; PBS, polarization beam splitter; TF, angle-tuneable band-pass filter; BS, beam stop.

the present work, a ~6.6 ps duration probe pulse is employed,
with ~300 pJ/pulse. The second output beam is compressed by
an external compressor unit providing a transform-limited 35 fs
duration pump/Stokes pulse, with 2.3 m]/pulse. The external com-
pressor furthermore provides an active control on the pulse dis-
persion, allowing for pulse pre-chirping, to compensate for the
effect of group velocity dispersion of the different optical media
along the beam path. The use of a single regenerative amplifier to
provide all the laser pulses has the advantage of the pulses be-
ing automatically synchronised with no temporal jitter. The path-
length difference between the pump/Stokes and the probe pulses
is compensated for by an optical delay line, and the probe de-
lay is set by the position of an automated translation stage (Thor-
labs), with a resolution <10 fs. Half-wave plates for 800 nm and
400 nm (Eksma Optics) are employed to control the orientation of
the linearly-polarized pump/Stokes and probe pulses, respectively.
In order to ensure the same polarization of the different spectral
branches in the CSRS signal, the probe polarization is set paral-
lel to the pump/Stokes: under this condition, both the CO, and
0, Q-branch and the ro-vibrational O, O- and S-branch have the
same polarization as the pump/Stokes and probe pulses [36,37].
The pump/Stokes and probe beams are both focused at the mea-
surement location by spherical lenses and crossed according to the
phase-matching scheme demonstrated in [38]. The probe pulse is
focused by a 300 mm focal-length lens, resulting in a measured
beam waist of ~30 pum (1/e?), and its energy at the measure-
ment location is measured to be 194 pJ; the pump/Stokes pulse
energy, focused by a 500 mm focal-length lens, is measured to
be 1.6 m]. The extremely high peak irradiance (estimated to be
~4.46 x 10" W/cm?2) of the fs pulse results in the non-linear self-
focusing of the pulse (Kerr effect) and the multiphoton ionization
of the gas medium, producing a visible plasma channel (i.e. the
filament), which can be observed near the focal plane of the fo-
cusing lens. This process is also accompanied by the non-linear
self-phase modulation of the pulse, resulting in supercontinuum
generation and providing, at the measurement location, an ultra-
broadband pump/Stokes pulse. The interaction length is estimated
by measuring the beam crossing angle (~5°) and the divergence
of the beam out of the filament, yielding a pump/Stokes beam
waist of ~130 pum (1/e2) at the probe volume location. The probe
volume is thus measured to be ~60 pm (width, 1/e2) x 3.3 mm
(length, 1/e2) x ~60 pm (height, 1/e?), and is located ~4 mm after
the filament. The details of the fs-laser-induced filamentation and
of the resulting compressed ultrabroadband pulse are discussed in
Section 2.2.

The co-propagating probe beam and CSRS signals are collected
by a collimating lens (f:=400 mm). The angle-tuning of a spec-
tral band-pass filter (Semrock) is used to suppress the probe beam
and select the spectral window of interest (~1200-1600 cm!)
and a 400 nm half-wave plate (Eksma Optics) turns the polariza-
tion of the CARS signal to maximize the diffraction efficiency of
a high-resolution transmission grating (3040 lines/mm, Ibsen Pho-
tonics). The dispersed signal is then collected by an imaging lens
(f:=200 mm) onto a cropped region (100 x 2048 pixels) of the sC-
MOS detector (Zyla 4.2, Andor) frame, providing 1 kHz frame-rate
signal acquisition.

2.2. Compressed supercontinuum generation

In order to achieve the ultrabroadband excitation of the ro-
vibrational Raman coherences, we employ a pulse compression
technique based on in-situ filamentation, as demonstrated in [22].
The propagation of ultrashort pulses in any dielectric medium is
accompanied by several nonlinear effects such as Kerr effect, self-
phase modulation, and multiphoton ionization [39]. The Kerr ef-
fect causes a transient increase of the refractive index of the opti-
cal medium at high-pulse intensity, resulting in the self-focusing of
the laser beam and the self-phase modulation of the pulse, lead-
ing to the generation of new spectral components. Above an input
pulse energy threshold of ~40 yJ (corresponding to an estimated
irradiance of ~1.14 x 103 W/cm?2), a fraction of the molecules
is ionized through multiphoton absorption (11 photons for N,
[40] and 8 photons for O, [41], at 800 nm laser wavelength) re-
ducing the refractive index and causing self-defocusing of the laser
beam. The competition between self-focusing and self-defocusing
occurs until the pulse energy, consumed in multiphoton ionization,
is sufficient to maintain the nonlinear optical processes. Moreover,
the complex dispersion of the ionized gas medium causes self-
pulse compression, which may result in pulse durations as low as
<5 fs with sufficiently long filaments [42]. In this work we employ
relatively fast focusing of the pump/Stokes femtosecond pulse with
f:=500 mm, with the Gaussian beam diameter being ~10.5 mm
(1/e2) and the pulse energy being ~1.6 m], producing a visible fil-
ament with a measured length of ~13.2 mm (1/e2). The longitu-
dinal spatial jitter of the filament is assessed by detecting the ini-
tiation and the ending point of the visible filament in a sample
of 300 single-shot images, and it is measured to be ~350 ym and
~300 um, respectively. We characterise the supercontinuum gener-
ation by measuring the pulse energy of the ultrabroadband pulse,
output by the filament, as a function of the input energy of the 35
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Fig. 2. Power scaling of the ultrabroadband pump/Stokes pulse output by the fila-
ment generated in room-temperature air and in the products of a laminar premixed
methane/air flame. The pulse energy is measured after the filament collapse: for
varying input pulse energy in the range 0.3-1.5 m)J, before the filament initiation,
the energy of the compressed ultrabroadband pulse out of the filament scales lin-
early. The dotted line represents the ideal limit when no pulse energy is lost to the
filamentation process.

fs duration pulse, measured before the initiation of the filament.
Figure 2 illustrates the dependence of the ultrabroadband pulse en-
ergy on the energy of the fs laser pulse, for the filament generated
in room-temperature air and in the product gases of a laminar pre-
mixed CHy/air flame. The energy output of the filament scales lin-
early with the energy of the input laser pulse over the whole mea-
sured range of 0.3-1.5 mJ, with the energy-conversion efficiency of
the supercontinuum generation being ~82% in air and ~86% in the
flame (see Fig. 2). The higher energy conversion of the filamen-
tation process in the flame is explained by the ionization rate of
the gas medium being larger in the denser room-temperature air
than in the hot flame products. The increment of the input energy,
from 0.3 m] to 1.5 m]J, leads to higher irradiance and an earlier on-
set of the Kerr effect, resulting in the elongation of the filament
towards the laser focusing lens, while the location of the ending
point of the filament is unaltered: therefore, the probe volume is
always maintained at a fixed distance from the filament. Although
the filament is partly generated inside the flame, the coherent Ra-
man signal is generated on a ps timescale, so that the molecular
ensemble probed in the measurement is not affected by the per-
turbation of the flame introduced by the ionization process. Fur-
thermore, the electron-ion recombination timescale is in the order
of nanoseconds [39], which is much faster than the repetition rate
of the regenerative amplifier system, operating at 1 kHz. Hence,
even if multiple laser-shots are averaged in the signal acquisition,
each measurement is unaffected by the filament generated by the
previous laser-shot. In this respect, coherent Raman spectroscopy
with ultrabroadband femtosecond laser excitation generated in-situ
can be claimed to be a non-intrusive diagnostic technique for gas-
phase measurements.

In the present work, we demonstrate the in-situ generation and
in-situ use of the filament to compress the pump/Stokes pulse and
excite the ro-vibrational Raman transitions of O, and CO, in the
range 1200-1600 cm!, on the Stokes side. The choice of acquir-
ing the CSRS signal rather than the CARS is motivated by the in-
tensity of the former being significantly larger: at room tempera-
ture, the O, Q-branch spectrum was detected with two orders of
magnitude higher intensity on the Stokes side than on the anti-
Stokes side. This is in contrast with the predicted theoretical ratio
of the CARS and CSRS signals, which is computed to be ~1.29, ow-
ing to the higher carrier frequency of the CARS signal [43]. The
observed enhancement in the CSRS signal intensity can be partly
attributed to the quantum efficiency (QE) of the sCMOS detector.
According to the QE curve reported by the manufacturer, at 1556
cm!, i.e. at the fundamental band of the O, Q-branch spectrum,
the QE is approximately 1.75 times higher on the Stokes side than
on the anti-Stokes side. In addition, the diffraction efficiency of the
transmission grating employed in the coherent imaging spectrom-

Combustion and Flame 237 (2022) 111738

T T

. 1.0 = 15mJ,24.0fs = 0.6ml,24.7fs 7|
£ [ 13m),24.0fs = 05ml, 255 ]
5 — 08P~ 0, 1285cm? = 10mI,240fs = 0.4m), 2695 |
g £ L = 07m),243fs = 0.3ml, 285fs |
by 2 0.6 €0, 1388 cm'® - Best fit T
m —
o 0, 1556 cm? -
< Z
O £ ]
o
=

1100 1200 1300 1400 1500 1600
Raman shift, Q [cm?]

Fig. 3. Averaged NR CSRS spectrum acquired in room temperature argon generated
with 0.3-1.5 m] pump/Stokes pulse energy and the theoretical curve corresponding
to 24-28.5 fs pulse duration. The coloured area represents the standard deviation of
the NR spectrum over 300 single-shot acquisitions. The visible dip in the NR CSRS
spectrum at ~1350 cm™ is due to interference with the N,* fluorescence emission
from the filament (see e.g., [45]).

eter (see Section 2.1) is reduced on the anti-Stokes side by a factor
of ~1.20, according to the diffraction efficiency curve reported by
the manufacturer. Finally, we report an asymmetric excitation pro-
file delivered by the ultrabroadband pump/Stokes pulse, as mapped
by the non-resonant (NR) signal recorded on the Stokes and anti-
Stokes sides: the NR CSRS spectrum at 1556 cm! is ~20 times
higher than the NR CARS spectrum measured at the same Ra-
man shift (see Supplementary Figure S1). Additional experiments
are required to explain the asymmetric excitation profile observed
in coherent Raman spectroscopy with ultrabroadband femtosecond
laser excitation generated in-situ.

We estimate the duration of the self-compressed pump/Stokes
pulse using the NR CSRS signal. This signal is routinely employed
in CARS spectroscopy to map the frequency-dependant excitation
efficiency of the Raman coherence: the standard experimental pro-
tocols thus entail the generation of the NR CSRS signal from the
electronic susceptibility in argon, by setting zero-delay time be-
tween the pump/Stokes and probe pulses. The third-order polariza-
tion induced by the electronic susceptibility of the optical medium
can be estimated as [44]:

.\ 3
R () o (—;l) Efy (D (0F3(t) (1)

where Eq; and E3, are the envelopes of the pump/Stokes pulse and
its complex conjugate, E3 is the probe pulse envelope. The spec-
trum of the NR CSRS signal can then be computed as the Fourier
transform of Plfé) (t). The compressed time-domain pump/Stokes
pulse envelope (E;y) is assumed to be transform-limited (TL) and
to have a Gaussian profile, with the pulse duration being a fit-
ting parameter to determine the pulse compression in the fila-
ment. The time-domain envelope of the probe pulse (E3) is mea-
sured experimentally, by performing a probe delay-scan in room-
temperature argon, employing a pump/Stokes pulse energy below
the filamentation threshold. Figure 3 shows the NR CSRS spectra
(averaged over 300 single-shots) acquired for a pump/Stokes pulse
energy varying between 0.3 and 1.5 m] and the fit to the theo-
retical spectra computed according to Eq. (1). The increase of the
pulse energy leads to a stronger self-phase modulation, resulting
in a larger bandwidth of the laser pulse at the output of the fila-
ment, as shown by the increased excitation efficiency at larger Ra-
man shifts. The fit to the theoretical NR spectrum simulated for a
Gaussian TL pulse shows the corresponding temporal compression
of the pump/Stokes pulse from 28.5 fs to 24 fs. A plateau in the
pulse compression is reached at ~1 mj/pulse: increasing the pulse
energy above this threshold does not result in a further compres-
sion of the pulse, but only increases the electronic Raman coher-
ence, enhancing the NR signal intensity. The experimental NR spec-
tra presented in Fig. 3 show a consistent dip at ~1350 cm™! due to
the destructive interference at the detector of the NR CSRS signal
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and the fluorescence signal produced by the N,* ions generated
in the filament [45,46]. The shot-to-shot fluctuations in the over-
all energy of the pump/Stokes pulse output by the filament stay
within ~0.5% and the relative standard deviation of its bandwidth,
evaluated in the region 1200-1600 cm™', is below 10%.

2.3. Bunsen burner

We performed ultrabroadband two-beam fs/ps coherent Raman
spectroscopy in a quasi-adiabatic laminar premixed CHy/air flame,
provided on a Bunsen burner. The burner consists of a seamless
stainless steel pipe with ~12 mm inner diameter and a length-to-
diameter ratio (~100:1) chosen to dampen coherent flow struc-
tures at the exit plane. The fuel and the oxidizer are provided
by separated pressurised vessels and the flows are independently
controlled by rotameters (Omega), and mixed afterwards to de-
liver the combustible mixture to the burner. The volumetric flow
rate is maintained below 5 standard litre per minute (SLPM): the
Reynolds number is thus computed to be <1000, resulting in a
laminar flow. The probe volume is placed ~ 7 mm above the tip of
the conical flame. The equivalence ratio of the combustible mixture
is varied in the fuel-lean regime from ¢=0.6 to slightly fuel rich
conditions (¢=1.05), to simultaneously acquire the CSRS spectra by
0, and CO,. In correspondence of the two leanest cases tested, the
flame is stabilized as a V-shaped flame to avoid lean blow-off, em-
ploying a 4 mm diameter steel rod placed at a height of ~12 mm
above the burner rim; in these flame conditions the probe volume
is placed ~5 mm above the rod.

3. Time-resolved CSRS model
3.1. Ro-vibrational fs/ps CSRS processes

The principles underlying the time-domain modelling of the
fs/ps coherent Raman scattering process have been thoroughly

9]
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2 and 3 corresponding to the pump, Stokes and probe photons,
respectively), Ei; and Ej, are the envelopes of the pump/Stokes
pulse and its complex conjugate, E5 is the envelope of the probe
pulse, t1 is the coherence timescale between the pump/Stokes and
probe pulse, t3 is the coherence timescale in the scattering of the
probe pulse, and 753 is the delay of the probe pulse relative to the
pump/Stokes pulse. Under the assumptions of instantaneous de-
phasing of the electronic coherence in non-resonant single-photon
interactions, and of infinite bandwidth of the pump/Stokes excita-
tion pulse [44], Eq. (2) is greatly simplified as:

.\ 3
PO(t) = (-%) Es(t —t3)x @ (t) 3)

Under these assumptions, the conceptual core in the fs/ps CSRS
model is represented by the third-order non-linear susceptibility of
the optical medium. This term is typically treated phenomenolog-
ically [47], as the weighted sum of dampened oscillations at the
frequencies corresponding to the transitions in the ro-vibrational
energy manifold of the Raman-active species in the medium:

3 ()= ® 0 _r®
Xesas () = % > ; Xl (o) 0,0 €XP [ (lw(vpj.»)&(vi,m F(vf,m«(mi))t]
v

(4)

where X, is the mole fraction of the k-th species considered,
T gy <y is th'e.strength of the g)gctral line corresponding to
the Raman transition between the initial (v;,J;) and the final en-
ergy state (vgJf), which carries the temperature sensitivity of
the Raman spectrum as a dependence on the Boltzmann distri-

; T )
bL:,:OH over these ro-vibrational energy states. O ey —wids) and

r ey —(w Jy) 1€ respectively, the frequency and the dephasing co-
efficient of the Raman transition, representing the position and
the linewidth (full-width-at-half-maximum, FWHM) of the corre-
sponding spectral line in the frequency domain. The strength of
the ro-vibrational Raman lines is computed according to [4,15]:

OINON )

_ [0 2 4 SN0
lopewenn = [F a (a(v,])&(vﬂ,])) +EFV 1] (y(vy])&(vﬂ,])) ]N O, e

JJx2

4 2
(k) 4 (k) (k) k
=i b ( (v,])<—(v+1,]i2)) N¢ )Ap(v,])&(vHJiZ) (5)

lwpewriyzn =35

elaborated upon in the literature (e.g., [47-50]), for both pure-
rotational and ro-vibrational CARS: in the following, we provide
only a brief summary of the main assumptions and equations em-
ployed. In the present work, we report on the experimental acqui-
sition of CSRS spectra; however, from a theoretical perspective, the
time-resolved model of the ro-vibrational O,_CO, CARS spectra can
be readily extended to simulate the CSRS spectra, under electroni-
cally non-resonant conditions [51,52].

The third-order polarisation resulting from the FWM process
can be described, in the time domain, as the convolution of the
envelopes of the input electromagnetic fields with the ordinary
response function of the gas-phase medium, represented by its
macroscopic electric susceptibility x ) [14,49]:

N3t ts
PO(t, tiz, To3, t3) = <—;l> / df3/ dtix @

X (t, t3, t]2)E3 (t — tg)ei(“)‘ —w2+w3)l (2)
X ETZ (t + T3 —t3 — t12)ei(“’1 7w2)t12E12 (t + T3 —t3 — t12)€iw1t12

where w; is the frequency of the i th photon (with index i = 1,

where o® are the

(k (k)
=y A Vo< wp
anisotropic invariants of the (transition) polarizability tensor, b](fkj)
Ji
is the Placzek-Teller coefficient for the rotational transition (Jf <

Ji), Foff)), are the Herman-Wallis factors for isotropic/anisotropic

transitions, N® is the number density of the k-th species,
and Apy,, jy— .y IS the differential Boltzmann distribution be-
tween the initial and the final energy states. The summations in
Eq. (4) are intended over all the Raman-active species (k), and for
all the ro-vibrational energy levels (v, J) that are significantly pop-
ulated in the thermal ensemble. The labels "v” and “J” are em-
ployed here to represent the quantised vibrational and rotational
levels in the energy manifold of a certain species. In reality, more
than two quantum numbers might be required to completely char-
acterise the quantum state of a specific molecule: this is the case
e.g. for CO,.

The phenomenological model represented by Eq. (4) can thus
be employed to compute the non-linear optical response of
the gas-phase medium, for different input values of its tem-
perature and composition. By combining this response with the
experimentally-measured envelope of the probe pulse, one can

isotropic and
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Fig. 4. Energy diagram detailing the structure of the vibrational energy manifold for the CO, molecule up to 3500 cm™'. The vibrational energy state of the molecule is
described by four quantum numbers, v;v,lvs, according to the notation in [53]: v; is the symmetric stretch quantum number, v, is the bending mode quantum number, [ is
the vibrational angular momentum quantum number, and v is the asymmetric stretch quantum number.

simulate the ro-vibrational CO, and O, Raman spectra for temper-
atures and compositions relevant to combustion studies.

3.2. Ro-vibrational CO, spectrum

In order to synthesise the ro-vibrational Q-branch spectrum of
CO,, an accurate description of the structure of its ro-vibrational
energy manifold is required. CO, is a triatomic molecule made of
two oxygen atoms and a carbon atom forming two double cova-
lent bonds: the resulting molecule is linear and centrosymmetric.
This structure results in three distinct normal vibrational modes:
the symmetric stretch, the scissoring bend and the asymmetric
stretch mode (see inlet in Fig. 4). Because of the point-symmetry
of the molecule, the symmetric stretch is the only Raman-active
mode, while the bending and asymmetric mode are IR-active only.
The vibrational energy states of the CO, molecule can thus be
labelled, according to the notation in Herzberg [53], as vivylvs,
where v; is the symmetric stretch quantum number, v, is the
bending quantum number, [ is the vibrational angular momentum
quantum number, and v3 is the asymmetric stretch quantum num-
ber. The vibrational angular momentum is due to the asymmetric
motion of the nuclei with respect to the inter-nuclear axis in the
bending mode, resulting in a rotational motion about the (equi-
librium) inter-nuclear axis [15,53,54]. This additional angular mo-
mentum is quantized, with quantum number [=-v5,-vy+2,...,vo—
2,v,. The energy levels associated to the bending mode are there-
fore (v,+1)-fold degenerate and the corresponding ro-vibrational
energy is computed according to [54]:

EW)) = Gu+BJU+1) -] -D[Jg+1) -]
+HJg+D -1 (6)

where Gy, By, Dy and H, are the spectroscopic constants of CO,
(with v = vyw,lv3), and J is the total angular momentum quantum
number, which includes the contribution of the vibrational angular
momentum, so that J > |l| [15,54]. In addition, as the vibrational
angular momentum is parallel to the inter-nuclear axis, when it is
in a degenerate bending state, CO, behaves as a prolate symmetric
top molecule [15], and the Placzek-Teller coefficients for the corre-
sponding Raman band are computed as:

po+1-3e]
JO+ D@ -1)(2]+3)

b(g.l) = (7)

The ro-vibrational Q-branch CARS spectrum of CO, is thus
made of the spectral lines corresponding to the excitation of
the symmetric stretch mode, according to the selection rules:
Avq1=1, Av,=Av3=AIl=0. Vibrational states characterised by an ac-
tive bending mode (i.e. for v,#0) are (v,+1)-fold degenerate, as
the vibrational angular momentum has quantized values [=-v,,-
Vy+2,...,v,-2,v,. Each degenerate bending mode accompanied by
vibrational angular momentum (i.e. for [+0) is double-degenerate
and, in analogy with the A-type doubling due to spin-orbit inter-
action, capital Greek letters are used to label these states, as shown
in Fig. 4. Moreover, when two different vibrational states char-
acterised by the same vibrational wave function symmetry have
similar energy, their respective wave function can “mix”, a phe-
nomenon known as Fermi resonance [32,55]. As the unperturbed
(i.e. as described by a harmonic potential Hamiltonian) v; and 2v,
states have almost identical energy, due to Fermi resonance the
[R-active 2v, lines appear in the Raman spectrum and the anhar-
monic terms in the exact Hamiltonian result in the “repulsion” of
the spectral lines in the v{+2v, dyad [54].

The ro-vibrational CO, fs/ps CARS model developed in the
present work employs the ro-vibrational constants given in [56],
to compute the molecular energy according to Eq. (6). In the ther-
mal ensemble, these energy levels are populated as described by
Boltzmann distribution:
pw.)) = g 8 g = E(Uéj)/(kBT)) (8)
where kg is the Boltzmann constant, T is the temperature, Z is the
partition function, g; = 2/ + 1 is the rotational degeneracy, gy is the
vibrational degeneracy, and gs is the nuclear spin degeneracy. The
latter is respectively 1 and O for even and odd rotational states in
those vibrational bands characterised by an even symmetry of the
nuclear wave function (e.g. in the vibrational ground state), while
the opposite holds for odd-symmetric states. As the temperature
increases, higher energy states became substantially populated in
the vibrational Boltzmann population of CO,. The values of the
transition polarizability isotropic (o) and anisotropic () invariants
are required to compute the Raman line-strengths in Eq. (5). Lemus
et al. [57] used an algebraic approach to compute the vibrational
transition dipole moments of CO,: their calculations are in good
agreement with experimental values in [58]. The resulting polariz-
ability transition moments for ro-vibrational transition in the range
1100-1600 cm™! are employed extensively in the present work. On
the other hand, no reliable measurement of the dependence of the
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Fig. 5. (a) Spectrochronogram of the ro-vibrational CO, Q-branch spectrum, sim-
ulated by the time-domain CSRS code for an input temperature of 2200 K and
an experimental probe duration measured to be 6.6 ps. The simulated fs/ps CO,
CSRS spectrum is affected by a severe beating of all the spectral lines, due to the
unresolved transitions between the many ro-vibrational energy states populated
at flame temperature. (b) CO, Q-branch spectrum simulated for a probe delay of
30.7 ps. The main ro-vibrational bands contributing to the unresolved spectral lines
are reported, the labelling follows the notation in [34].

transition dipole moments on the rotational energy state could be
found in the literature, and the same values of o, are em-
ployed for all the rotational lines within the same vibrational band
[59]. To the best of our knowledge, the anisotropic polarizability
Yvi1-p» 15 also not known with sufficient accuracy: in absence of
accurate experimental data or computations, the CO, model only
includes the isotropic contribution to the Q-branch CO, spectrum.
This assumption is justified by the well-established value of the
depolarization ratio of the fundamental vibrational band in the CO,
Raman spectrum at 1388 cm™!, amounting to 0.027 [60]. The spec-
tral model includes temperature-dependant linewidths for self-
broadened CO, and for CO, perturbed by N, as this is the most
abundant species in air-fed combustion. The linewidths are fitted,
according to the modified exponential energy-gap (MEG) scaling
law [61], from the experimental data reported in [24] for the self-
broadened CO, spectral lines; the collisional broadening due to ni-
trogen, on the other hand, is modelled according to [62].

Figure 5 shows the ro-vibrational Q-branch spectrum of CO,, in
the spectral range 1200-1500 cm™!, simulated by the time-domain
CARS code, for an input temperature of 2200 K and assuming a
probe duration of 6.6 ps. The spectrochronogram in Fig. 5(a) re-
veals the strong beating of the vibrational hot bands due to unre-
solved ro-vibrational lines pertaining to different vibrational transi-
tions: these unresolved vibrational bands are identified in Fig. 5(b),
and labelled according to the notation in Herzberg. The structure
of the Fermi resonances between the v; and 2v, vibrational bands
is clearly visible and identified in the labels by the subscripts. The
fundamental band corresponding to the first symmetric stretch is
the Fermi dyad, comprising a lower-frequency spectral line located
at 1285 cm! (referred to the “red” branch of the dyad [63]), and a
higher-frequency line at 1388 cm! (the “blue” branch of the dyad
[64]). The beating of the spectrum with the probe pulse delay is
particularly evident on the second, third and fourth hot bands on
the blue Q-branch spectrum (spanning the spectral region >1350
cm!), which are characterised by similar beating patterns, with a
period of about 36 ps. This behaviour is explained by the close sep-
aration (~0.2 cm™!) of two distinct vibrational bands, in each spec-
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tral peak, being smaller than the probe bandwidth (~2.23 cm™). In
this respect, the use of a single regenerative amplifier system, pro-
viding automatically synchronised pump/Stokes and probe beam
pulses at the measurement location, can improve the single-shot
precision of vibrational CO, coherent Raman thermometry.

3.3. Ro-vibrational O, spectrum

Compared to CO,, the oxygen molecule presents a much sim-
pler energy manifold: molecular vibration is only possible along
the direction of the inter-nuclear axis: only one quantum number
(v) is thus required to describe the vibrational energy state of O,.
On the other hand, the ground electronic state of O, (X 3X7) is
characterised by unpaired electrons [65,66], resulting in an elec-
tronic spin angular momentum quantum number S = 1: the cou-
pling of this angular momentum component to the nuclear an-
gular momentum (with quantum number N) is accounted for by
adopting the Hund'’s case (b) [53]. Under such conditions, the to-
tal angular momentum J is the direct sum of the electronic spin
and nuclear components, ] = N + S, resulting in each energy state
with nuclear angular momentum N, being a triplet with J = N,
N £ 1. Courtney and Kliewer [67] experimentally demonstrated
the effect of this coupling on the S-branch Raman spectrum: a
significant temporal beating was measured the time-resolved hy-
brid fs/ps CARS signal, for probe delays larger than 100 ps. In
the present work, the ro-vibrational time-domain model of the O,
CSRS spectra is simplified by considering the triplets as degener-
ate states: this assumption is justified by the lower transition fre-
quency separation for the ro-vibrational Q-branch lines, with re-
spect to the O- and S-branch lines [23], and the relatively short
probe delay of ~31 ps employed in the flame experiment. The en-
ergy of a molecule in the ro-vibrational state (v, J) is thus described
by a simplified form of Eq. (6), as:

EW.])= Gu+BJJ+D]-D,JJ+DP+HJJ+DP  (9)

The ro-vibrational constants of diatomic oxygen in the ground
electronic state can be found in [23]. Eq. (8) and (9) are used
to compute the differential Boltzmann population for the ro-
vibrational Q-, O- and S-branch Raman transitions. Placzek-Teller
coefficients are computed for the line strengths of the Q-, O- and
S-branch spectra respectively, as [15]:

_ 30-1
0= a@ @ -
_ _Jg+D
0= Gy
30+ 1HJ+2)
b2 = 3o @+ 3) (10)

According to Eq. (5), the intensity of the spectral lines further-
more depends on the Herman-Wallis factor, and on the isotropic
(o) and anisotropic (y) invariants of the transition polarizability
tensor, here computed according to the formulae provided in [G8].
The spectral linewidths employed in the model account for the col-
lisional broadening due to self-perturbed O, and for the O,_N, col-
lisional system. The temperature-dependant Q-branch linewidths
are determined by applying the MEG law to the experimental data
reported by Millot et al. [69] for both 0,-O, and 0,-N, colli-
sional broadening. The linewidths of the ro-vibrational O, O- and
S-branch spectra are computed from the Q-branch linewidths, by
applying the random phase approximation [70].



E Mazza, N. Grifficen, L. Castellanos et al. Combustion and Flame 237 (2022) 111738

2 600 - T - | T - s e ®
g 500 [ . § ggl — CO, Q-branch 1 E ':_. =
8 | §§ S ) —— 0, Q-branch Y 8 \|—-§ coun
400 5 s| 5588 - LR SEN T
& 3 ee g <S8 S7 . 5
S 30p 88 H 1 I =2 |z
S 20f T3 =5 1L L . 2. |E|2
£ B g g2 1Ty ] 58 |[2|=
Q 100 e g ==« o & =
2 . h % . . = ﬁ = l_l;b o~ — N
2 1200 1300 1400 1500 1600 28 |Slexg|dggs |
S Raman shift, Q [cm] g Tg“ ;:’ T
L .2 =
Fig. 6. Single-shot 0,-CO, CSRS spectrum acquired in the products of a laminar S E g
premixed CHy/air flame (¢=0.77). The red labels denote the Q-branch CO, transi- 2z = BN -9
tions according to the notation in [53]; blue labels are employed to indicate the = 8 e IE ¥lens ST
fundamental and hot band transitions in the O, Q-branch spectrum. “Ei 2
£
4. Results and discussion T )
Sel| |eE|22z535
4.1. 0,-CO, coherent Raman spectroscopy in a laminar premixed E £ E;
CHy/air flame 5§ 5; E
g5 ¢
We demonstrate the use of ultrabroadband coherent Raman g E g g il
spectroscopy, over the spectral range 1200-1600 cm™!, to perform Eu EE S| 3
thermometry and relative 0,/CO, concentration measurements in 22| i|wmd35F
a typical hydrocarbon flame. As discussed in Section 2.3, the mea- 5 g E = e=prrrr
surements were performed in the products of a laminar premixed ggs|2
CHy/air flame, provided on a Bunsen burner: six different values %‘ gE :-’f
of the equivalence ratio, from 0.6 to 1.05, were tested in the flame & ; 2| g E IS 5 § = 2
experiments. R4 R A
An example of a single-shot ro-vibrational 0,-CO, CSRS spec- £ g E
trum, acquired in the products of the laminar premixed CHy/air gi %0 -
flame (¢=0.77), is depicted in Fig. 6. The three peaks visible in the o % £ =
range ~1200-1300 cm™' represent the “red” CO, Q-branch spec- Eg ] \.-&, R
trum, consisting of the fundamental and the first three hot bands; Sge Ml R
the “blue” CO, Q-branch lies in the spectral region from the fun- E E 2 5
damental transition at 1388 cm™! to ~1450 cm™!, with many vibra- sTEIE]
tional bands convolved with each other and giving rise to the beat- b % “% g ,_%o
ing patterns simulated in Fig. 5(a). The ro-vibrational O, Q-branch f 5 ; ‘EN =
is positioned at larger Raman shifts and consists, at the present g %‘c‘é < '“: O o
temperature, of the fundamental band -labelled as “0<«1", accord- B 5 2 z é’S RN
ing to the change in its only vibrational number-, and the first two & o8 %’
hot bands. The signal-to-noise ratio (SNR) of the single-shot spec- '§ f = =
tra acquired at this flame condition is measured to be ~48, em- E °8 E N Do 6~
ploying full-vertical binning and a factor of 2 horizontal binning 9L || f=|ER858%
(effective pixel width of 11 pm) as the acquisition mode. A sample § £ E
of one thousand single-shot spectra, acquired in these flame condi- R
tions, is fitted to the theoretical models discussed in the previous § % “f <
section to extract the temperature and the relative O,/CO, concen- 2% 3 ‘f
tration. The temperature assessed from the CO, spectrum is 1921 K 2 = g3
with a standard deviation of 27 K, which, compared to the adia- ET £ §
batic flame temperature (1951 K), result in an accuracy of —1.5% TEE|E
and a single-shot precision of 1.4%. The O, thermometry yields an g 8 ; ?EJ
average temperature of 1749 K, with a standard deviation of 81 K, EE % =
corresponding to an accuracy of —11.6% and a single-shot precision > i ale
of 4.7%. The relative O,/CO, concentration is measured to be 0.66, g § E é 2vzZan9
with a standard deviation of 0.03: the corresponding accuracy and ECE|2] E|2kR253N
precision are thus assessed to 33.0% and 4.1%, respectively. A sig- 5E
nificant bias in the measured relative 0,/CO, concentration is re- é 5 §
ported at all flame conditions: this issue is addressed more in the 58 g s
details in Section 4.3. ERSE-
While single-shot detection of the CSRS signal is possible in 5E£5 | ¢
all the flame conditions tested in the present work, the SNR is §§E E
severely affected by the increased temperature, resulting in SNR~3 " E Z § g o ©~ < oo
at ¢=1.05. In order to assess the performance of the time-domain E 5 SE|El T sas3832
o

CSRS model at temperatures higher than 2000 K, 40 flame spec-
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Comparison of the CARS relative concentration measurements performed on the ro-vibrational Q-branch spec-
tra of the CO, and O, molecules in the product of the laminar premixed CH4/air flame, for the different values
of the equivalence ratio. The relative 0,/CO, concentrations assessed from the 40-shot averaged ro-vibrational
CSRS spectra of O, and CO, are compared to the values predicted by a one-dimensional laminar flame code

[72].

Equivalence ratio ¢

Relative 0,/CO, concentration Xo, co,

Relative 0,/CO, CARS measurements

Xo,-co, AX[Xo,-co, x| Xo,-co,
[-] [-] [-] (%] [%]
0.60 0.97 1.56 +61.2 5.9
0.66 0.75 1.16 +54.4 5.4
0.77 0.44 0.79 +79.9 3.5
0.84 0.28 0.38 +32.9 2.1
0.93 0.13 - - -
1.05 0.02 - - -
10 T T ' L T i B tion in the relative 0,/CO, concentrations. At room temperature,
L ::::Z:t’i:a' 10} s Lo only the ground vibrational states of the CO, and O, molecules
05 | T=308K oSl i are significantly populated so that only one vibrational band can
' Xo,/Xco, = 1.56 pan A LAAT AL be identified in the resulting Q-branch CSRS spectra. The inset in
I co, abrann | €0, Q-branch 0, Qbranch 1 Fig. 7(a) shows the ro-vibrational O- and S-branch spectra of O,
0 = detected on the sides of the ro-vibrational Q-branch spectrum. As
. . the corresponding transitions are only due to the anisotropic polar-
05 ) . , . , (@) izability of the molecule, as shown in Eq. (5), the ro-vibrational O-
10F _ E)('perimem;l ' T ' T ' E and S-branch spectra are two orders of magnitu.de weal<er than the
e — T eoreiical Q-branch spectrum. The O, Q-branch spectra in Fig. 7(a) and (b)
05 | =066, T=1731K | show a clear temperature dependence as higher vibrational energy
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Fig. 7. (a) Single-shot ro-vibrational CO, and O, CSRS spectra acquired, in the spec-
tral range 1200-1600 cm™', in a room-temperature CO,/air mixture (9%—91%). The
0, CSRS signal is dominated by the Q-branch spectrum, centred at ~1556 cm!; the
CO, Q-branch spectrum is represented, at this temperature, by the sole Fermi dyad
at 1285 cm™ and 1388 cm™'. The inset shows the ro-vibrational O- and S-branch
spectra of Oy, these are two orders of magnitude weaker than the ro-vibrational
Q-branch spectrum. (b) 40-shot averaged ro-vibrational CO, and O, CSRS spectra
acquired in the hot product gases of a laminar premixed CHy/air flame at ¢=0.66.
(c) 40-shot averaged ro-vibrational CO, and O, CSRS spectra acquired in the hot
product gases of a laminar premixed CHy/air flame at ¢=1.05.

tra are averaged so as to guarantee a sufficient signal level over
the whole set of experimental conditions. Therefore, 40-shot aver-
aged spectra are presented in Fig. 7 and employed to assess the ro-
vibrational thermometry and relative concentration measurements
in Tables 1 and 2, respectively.

Figure 7(a) shows a single-shot ro-vibrational CSRS spec-
trum acquired in a room-temperature (295 K) air/CO, mixture
(9%—91%); Fig. 7(b) and (c) show 40-shot averaged CSRS spectra
acquired in the product gases of the flame for ¢ = 0.66 and 1.05,
respectively: for better clarity the absolute value of the Raman
shift is given on the abscissa. Comparing the Raman spectra in
the progression from Fig. 7(a) to Fig. 7(c), one should notice the
combined effect of the temperature increment and of the varia-

states become populated in the Boltzmann distribution, and the
corresponding spectral bands appear at lower Raman shifts with
respect to the fundamental band centred at ~1556 cm!. An even
stronger temperature dependence is shown by the CO, Q-branch
spectrum, where the energy states corresponding to all the nor-
mal vibrational modes become populated at high temperature: this
behaviour is reflected in a number of vibrational spectral bands
appearing in both the red and blue Q-branch spectra. At slightly
fuel-rich conditions (¢=1.05), O, is completely consumed in the
chemical reaction and is absent from the CSRS spectra acquired in
the flame products; on the other hand, the spectral signature of
molecular hydrogen (H,) appears as a strong spectral line, corre-
sponding to O(7) at ~1447 cm™!, and a much weaker line at 1246
cm!, corresponding to O(6) [71]. As shown in Fig. 7(c), these lines
are overlapped to the CO, Q-branch spectrum and skew the exper-
imental spectrum with respect to the synthetic one. This is partic-
ularly evident for the O(7) line being approximately stronger than
0(6), as the nuclear spin degeneracy of H, is respectively 1 and
3 for even and odd values of J; this line was therefore excluded
by the spectral fitting routine. The comparison of the experimental
and synthetic spectra presented in Fig. 7 moreover shows a mis-
match in correspondence of the second and fourth hot bands of
the CO, blue Q-branch spectrum: this is attributed to the uncer-
tainty in the experimental and computed line positions and tran-
sition dipole moments for higher vibrational bands found in the
literature, resulting in a different beating pattern between the un-
derlying ro-vibrational transitions.

4.2. Ro-vibrational coherent Raman thermometry

In the present work, CO, is employed as the main thermomet-
ric species as, being one of the main combustion products, it is
present in the hot flue gases in significant concentrations for any
equivalence ratio employed in the experiment. The time-domain
CO, CSRS code was validated by performing coherent Raman ther-
mometry on a sample of one thousand Raman spectra acquired
in a room-temperature CO,/air mixture: the average temperature
was estimated to 308 K with a standard deviation of 12 K, re-
sulting in a measurement accuracy of 2.7% and precision of 4.0%.
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The relatively low accuracy of the low-temperature ro-vibrational
CO, thermometry is not surprising as only two lines, correspond-
ing to the Fermi dyad of the fundamental vibrational band, are
available for the spectral fitting. In the flame experiment, on the
other hand, the CSRS spectra are dominated by a number of spec-
tral lines, corresponding to the ro-vibrational transitions between
the many vibrational energy states populated at higher tempera-
tures. Table 1 presents the results of ro-vibrational CO, thermom-
etry performed at the six values of the equivalence ratio employed
in the experiment: a sample of one thousand CSRS spectra was ac-
quired at each flame condition. The experimental results are val-
idated by the comparison to both the adiabatic flame tempera-
tures and to the temperatures measured by pure-rotational CARS
thermometry. The adiabatic flame temperature is predicted for the
different values of equivalence ratio by a one-dimensional lami-
nar flame code (CHEM1D [72]), while the single-shot CARS mea-
surements were performed on the pure-rotational spectra of N,
and O, in the spectral region 0-400 cm™! according to [16]. Ro-
vibrational CO, thermometry shows a reasonable agreement with
pure-rotational N,-O, thermometry and with the expected flame
temperature: depending on the equivalence ratio considered, the
agreement between the pure-rotational N,-O, and ro-vibrational
CO, thermometry varies between 0.2% (for ¢=0.60 and 0.93) and
4% (for ¢=0.84). When compared to the adiabatic flame tempera-
ture, the accuracy of CO, thermometry, quantified in terms of the
systematic bias of the experimental temperature, varies between
3.1% (for ¢=0.60) and 6.3% (for ¢=0.77 and 0.84). These values are
in line with those computed for the corresponding RCARS mea-
surements at the same flame conditions, yielding a systematic bias
between 0.5% (for ¢=0.66) and 4.4% (for ¢=1.05). As far as the
precision of ro-vibrational CO, thermometry is concerned, it is in-
teresting to point out how the relative standard deviation (o1/Tavg)
of the temperature measurements decreases for increasing equiva-
lence ratios and flame temperatures. The corresponding thermo-
metric precision is improved from 1.5% (for ¢=0.60) to 0.7% (for
©=1.05). This result is in contrast with the most commonly re-
ported CARS measurements, where in general the precision is neg-
atively impacted by the increasing temperature, which determines
a reduction in the number density of the scattering species and,
consequently, a degrading SNR [73,74]: indeed, this the case for ro-
vibrational CO, thermometry as well. At higher equivalence ratio,
on the other hand, CO, thermometry benefits both from the in-
creased CO, concentration and from the much richer ro-vibrational
spectrum with pronounced hot bands, resulting in a more robust
temperature assessment.

Furthermore, for values of the equivalence ratio below 0.84, the
concentration of excess oxygen in the hot products is large enough
to experimentally detect the O, CSRS signal with a signal-to-noise
ratio greater than ~3. As shown in Fig. 7(b), at high temperature
the O, Q-branch spectrum presents a number of vibrational bands:
alongside the fundamental band at ~1556 cm’!, the second and
third vibrational hot bands can be identified at ~1532 and ~1509
cm™! [23], respectively. Due to the limited spectral resolution, each
vibrational band appears as two distinct peaks in the experimental
spectrum (see Supplementary Figure S2). The comparison between
the temperature measurements performed on the CO, and O, CSRS
spectra is provided in Table 1, for values of the equivalence ra-
tio up to 0.84. Ro-vibrational thermometry was performed by two
independent contour-fitting routines on the ro-vibrational 0O, and
CO, spectra acquired simultaneously in the 1200-1600 cm™ spec-
tral region. The good agreement of the temperatures measured
by independently fitting the spectra of the two chemicals thus
provides an additional mean of validation for the time-domain
CARS code developed in the present work. As a matter of fact,
ro-vibrational CO, and O, thermometry agree to within 2.7% of
the measured temperature for all the considered equivalence ra-
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tios, with the only exception of ¢=0.84, where the two temper-
ature measurements diverge by 5.5%. At this latter flame condi-
tion, the O, signal is significantly affected by the reduction in O,
concentration (SNR~3), as attested by the reduced precision of the
corresponding thermometry (5.4%).

4.3. Relative 0,/CO, concentration measurements

The relative O,/CO, concentrations in the flue gases of the hy-
drocarbon flame can be measured by comparing the spectral sig-
natures of the O, and CO, molecules in the experimental CSRS
spectra. A contour-fitting routine is employed to compare the ex-
perimental ro-vibrational 0,-CO, spectra to a library of synthetic
spectra, computed for relative 0,/CO, concentrations ranging from
0 to 4, in steps of 0.1. As mentioned in the previous paragraph, in
the flame experiment the O, spectrum is only detected with a rea-
sonable SNR up to ¢=0.84, so that the relative O,/CO, concentra-
tions can be measured for four lean flame conditions. Table 2 sum-
marises the experimental relative O,/CO, concentrations measured
from the ro-vibrational Raman spectra, at the different flame con-
ditions. As expected, the relative oxygen content in the product
of the premixed laminar flame is reduced for increasing values of
the equivalence ratio up to 0.84: for the richer flame conditions
tested (¢=0.93, 1.05) the ro-vibrational O, spectrum was, respec-
tively, too weak to perform quantitative measurements on it and
not detected altogether. When compared to the expected relative
concentrations, the experimental measurements result in a signifi-
cant overestimation of the oxygen content relative to carbon diox-
ide.

One of the possible reasons for this measurement bias is iden-
tified in the spectral referencing of the ro-vibrational 0,-CO, spec-
tra, performed by subdividing the experimental resonant spectra
by the spectrum of the NR CSRS signal, generated in a gas with no
ro-vibrational degree of freedom (i.e. argon), which maps the exci-
tation efficiency at different Raman shifts. As it propagates through
different optical media, the ultrabroadband pump/Stokes pulse can
be affected by changes in the group velocity dispersion [75], re-
sulting in temporal chirp, which limits the bandwidth effective ex-
citation efficiency at the measurement location [76-80]. In addi-
tion, the self-phase modulation experienced by the pulse during
the pulse propagation in the filament -being a third-order non-
linear optical process- depends on the composition and tempera-
ture of the gas-phase medium. It is, therefore, possible that the NR
CSRS signal acquired ex-situ, in argon, does not perfectly map the
ultrabroadband excitation efficiency, when this is generated in-situ.
This would have a negligible effect on ro-vibrational thermometry,
as the ro-vibrational O, and the “blue” CO, Q-branch spectra span
less than 60 cm™ at high temperatures. An imperfect spectral ref-
erencing, on the other hand, could significantly affect the relative
intensity of the ro-vibrational spectra of the two species and, thus,
the relative 0,/CO, concentration measurements.

5. Conclusions and outlook

We have demonstrated ultrabroadband two-beam fs/ps co-
herent Raman spectroscopy for simultaneous 0,-CO, thermome-
try and relative concentration measurements, employing fs-laser-
induced filamentation for the supercontinuum generation. The 35
fs duration output of a regenerative Ti:Sapphire amplifier system,
with 1.6 m]J/pulse, is focused to the measurement location so as to
induce Kerr effect in the gas-phase medium resulting in the beam
self-focusing and the generation of a plasma filament. While trav-
elling inside this filament the pulse experiences self-phase mod-
ulation and temporal compression resulting in the generation of
a compressed supercontinuum. The pulse energy conversion ef-
ficiency in the filamentation process is constant over the whole
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range of input pulse energy measured, and it only slightly depends
on the temperature and composition of the gas-phase medium: in
the hot products of a CHy/air flame the conversion efficiency was
measured to be ~86%, as compared to the ~82% efficiency mea-
sured in air. The resulting ~24 fs duration output of the filament
is thus employed as the pump/Stokes pulse in a two-beam fs/ps
CARS setup: the bandwidth of the pulse is sufficient to impulsively
excite the ro-vibrational coherences of the Raman-active molecules
up to 1600 cm!. The use of the fs-laser-induced filament as the
supercontinuum source thus allows for the practical implementa-
tion of ultrabroadband coherent Raman spectroscopy with a sin-
gle regenerative laser amplifier. Furthermore, the in-situ generation
and in-situ use of the filament can pave the way to the applica-
tion of ultrabroadband CARS spectroscopy in combustion scenar-
ios where the pulse needs to be transmitted through thick opti-
cal windows, which severely limit the effective excitation band-
width delivered by broadband pulses generated ex-situ [81]. The
demonstration of coherent Raman spectroscopy with ultrabroad-
band femtosecond laser excitation generated in-situ behind thick
optical ports, and the characterization of its performance for ther-
mometry and relative species concentration measurements repre-
sents the next step in our research on this topic.

A time-domain model for the ro-vibrational O, and CO, CSRS
signal has been developed, in order to fit the experimental spectra
and extract temperatures and relative 0,/CO, concentrations. The
time-domain modelling of the CO, spectrum, in particular, employs
recently available comprehensive calculations of the polarizability
transition moments for Raman transitions in the range 1150-1500
cm™! [57]. The availability of these data allows for up to 180 vibra-
tional bands to be included in the time-domain simulation of the
CSRS signal. In order to validate this spectral model, and demon-
strate simultaneous ro-vibrational thermometry and relative con-
centration measurements on the ro-vibrational O, and CO, spec-
tra, filament-based ultrabroadband coherent Raman spectroscopy
was successfully employed in the product gases of a laminar pre-
mixed methane/air flame. The flame measurements are performed
on a Bunsen burner, at six different values of the equivalence ra-
tio, from 0.6 to 1.05. The experimental spectra are acquired on the
Stokes side (CSRS), rather than on the anti-Stokes one (CARS), ow-
ing to the larger excitation efficiency provided on the Stokes side
by the ultrabroadband pump/Stokes pulse generated in-situ. Single-
shot detection of the ro-vibrational O, and CO, spectra is demon-
strated in all of the flame conditions tested; nevertheless, the sig-
nal rapidly degrades with the temperature increment, significantly
reducing the single-to-noise-ratio. This fact limits the applicability
of the proposed diagnostic technique to high temperatures: such a
limitation could be overcome by increasing the energy content of
the probe pulse or by employing a separate high-power ps laser
source. In addition, the signal detection could be improved by em-
ploying a more sensitive CCD detector, instead of the sCMOS one
currently in use in our set-up. In order to guarantee a sufficient
SNR to validate the spectral model at temperatures higher than
2000 K, in the present work, the CSRS spectra acquired in the
flame are therefore averaged over 40 laser-shots.

The ro-vibrational temperature is independently measured by
fitting the ro-vibrational spectra of the two species -ranging 1480-
1560 cm™ for O, and 1375-1450 cm! for the CO, “blue” dyad-
to distinct spectral libraries: the experimental results show a good
agreement between O, and CO, thermometry. The measured tem-
peratures are moreover validated by comparison to the adiabatic
flame temperature and by performing pure-rotational N,-O, CARS
thermometry at the same flame conditions: ro-vibrational CO,
thermometry presents an accuracy of —5.3% and a precision of
0.7% at 2200 K. The relatively complex vibrational energy struc-
ture of the CO, molecule results in the high temperature sensi-
tivity of its ro-vibrational Raman spectrum. In this respect, possi-
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ble refinements of the position and strength of its ro-vibrational
spectral lines could further improve CO, vibrational thermometry
at temperatures higher than 2000 K. Simultaneously to thermome-
try, relative O,/CO, concentration measurements are performed by
comparing the relative intensity of the ro-vibrational spectra of the
two species. When employed to measure the relative concentra-
tions in the flame products, this technique results in a significant
overestimation of the oxygen content, relative to carbon dioxide.
We speculate that this mismatch can be attributed, at least in part,
to the ex-situ spectral referencing of the ultrabroadband femtosec-
ond laser excitation generated in-situ.

In conclusion, the present work represents a further step to-
wards quantitative ultrabroadband fs/ps coherent Raman spec-
troscopy in the molecular fingerprint region, for simultaneous ther-
mometry and relative concentration measurements in chemically-
reacting flows. We are currently pursuing the development and
validation of time-domain models of the ro-vibrational Raman
spectra of major species for combustion diagnostics, such as CHy
[82] and H,.
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