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o-vibrational CARS spectroscopy is performed on the Q-branch of N, in the

- hybrid fs/ps regime. A new optical setup has been mounted using a single laser
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Perot etalon, in order to achieve a good enough resolution. CARS spectra are recorded

in ambient air at a 1 kHz repetition rate. However, a CH,/air flame is probed at 2 Hz,

in order to obtain a strong enough signal to enable thermometry. The theoretical
treatment is also detailed and provides the calculated spectrum, properly compared to
experimental profiles in order to retrieve the temperature. The accuracy of the hybrid
fs/ps-CARS thermometry is satisfactory as regards the state of the art, but further
experiments are in progress to increase the repetition rate of the measurement in hot

gases.

Introduction, Context
CARS spectroscopy for diagnostics in reactive flows

Laser techniques have high spatial and temporal resolution, enabling
locally and temporally resolved measurements of temperature and
species concentration. Among the various optical diagnostics, non-
linear techniques provide stronger and collimated signals allowing
highly luminous media at high temperature and pressure to be stud-
ied in situ [1]. One of them, coherent anti-Stokes Raman scattering
(CARS), was developed at ONERA [2] and extensively used for tem-
perature measurements in hostile reactive environments of interest in
the aeronautic field [3] [4].
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CARS is a nonlinear spectroscopic technique that was first introduced
by Maker et al. [5]. As illustrated in Figure 1 (a), a CARS process takes
place when three laser beams, namely pump, Stokes and probe, at
the respective frequencies w,, w and w,, , propagate through a me-
dium having Raman active ro-vibrational modes «,, described by the
vibration and rotation quantum numbers » and J of the ro-vibrational
levels |er) and | B) associated with the transition. When pump and
Stokes fulfill @ -o = w,,, a new wave is generated at the anti-Stokes
frequency o, =w, +o, . It results from the inelastic scattering of
the wave w,, by the molecular vibrations, coherently driven by the

Figure 1 — (a) Sketch of the CARS process: generation of an anti-Stokes signal by a N, molecule, with rotational and vibrational degree of freedom designated
by their respective quantum number J and o , excited by three laser pulses, pump, Stokes and probe. (b) lllustration of CARS diagnostics in a CH,/air flame.
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incident waves at , and w,. By scanning the Stokes wavelength,
the molecular spectrum can be obtained [6], while a broadband pulse
allows it to be recorded in a single laser shot [7].

Over the last three decades, ns and ps-CARS spectroscopy appeared
to be very well suited to gas phase diagnostics, such as tempera-
ture and concentration measurements in flames, as illustrated in
Figure 1 (b). CARS diagnostics were used in this regime at a repetition
rate of a few Hz, although 100 kHz CARS thermometry was recently
demonstrated with ps-pulses using burst pulse lasers [8]. However,
over the last ten years, the development of femtosecond lasers en-
abled to take advantage of good stability from shot to shot to increase
the measurement accuracy, as well as high peak power to enhance
the CARS process efficiency and allowing high repetition rate mea-
surements [9]. Also, laser pulses benefit from large bandwidths,
which were used to excite and probe wide spectral ranges in a single
shot [10] [11] [12], thereby providing the broadband spectroscopy
demonstrated previously [7] [13].

However, although gas spectroscopy was straightforward in the
nanosecond or picosecond regime, a good enough spectral resolu-
tion was not easily achieved in the fs-regime due to the large band-
width involved in the interaction. Moreover, the stationary approxima-
tion is no longer valid when the state lifetime becomes larger than the
laser pulse duration and transient solutions of the system evolution
thus need to be calculated [14]. Recently, a mixed regime called hy-
brid fs/ps, has been proposed to take advantage of both the broad-
band spectral range excited by fs-pulses, and the good resolution
provided by ps-pulses [15]. It opens new possibilities for CARS diag-
nostics, and was successfully used to demonstrate single-shot pure-
rotational [16] and under-resolved ro-vibrational [17] thermometry,
ultra-broadband kHz punctual and 1D-CARS spectroscopy [18], and
finally 10 Hz 2D-thermometry using pure rotational CARS [19]. In that
context, our paper is aimed at investigating some specific properties
of ro-vibrational CARS spectroscopy in the hybrid fs/ps regime and its
potential application to thermometry.

(a) Molecular
ro-vibrational states

(b) 2-photon excitation

of the coherence

Hybrid fs/ps-CARS spectroscopy for thermometry

The basic principle of temperature measurements by CARS is to
probe the relative population of the molecular levels from which
the thermodynamic temperature of the molecular system is
drawn. The temperature is derived from the observed Q-branch
(AJ=0, Av=+1) of the N, CARS spectrum, as illustrated in
Figure 2 (a), which is fitted to a library of theoretical shapes simu-
lated assuming temperatures, potentially distinct, for vibration and
rotation of N, molecules [20]. This technique is appropriate for di-
agnostics in non-equilibrium or very luminous reactive flows, such
as plasma and flames, since the CARS process efficiency is high
and the Raman shift of N, is well separated from those of other
chemical species.

Hybrid fs/ps-CARS is described as a pump/probe experiment, and
is illustrated in Figure 2. First, the medium is excited by ultra-short
pump and Stokes fs-pulses that allow efficient broadband excitation
of a set of Raman coherences, depicted in Figure 2 (b). Then, a nar-
rowband ps-probe pulse interrogates the medium during a time that
drives the final resolution on the anti-Stokes spectrum, as described
in Figure 2 (c). Also, the excitation is separated from the probing
of the coherences when using a pump/probe delay z, which repre-
sents a new degree of freedom, compared to ns-CARS, to improve
CARS performances, as illustrated in Figure 2 (d). As a result, non-
resonant background rejection, which was a main limitation of ns-
CARS, is optimized using = [21] [22], thanks to the long-lived co-
herences induced from short pulse excitation. The timescale of the
process has been well described by time diagrams in [1]. Moreover,
as will be described later, in that particular time scale of photon
interactions, the final anti-Stokes spectrum is shaped by both the
molecular spectral signature and the temporal dephasing between
rotational lines. It was used to drive the interferences and improve
the diagnostic performances [23], [24], or to perform time-domain
spectroscopy [15].
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(d) Temporal sequence of the laser pulses

Figure 2 — Sketch of the light-matter interaction in hybrid fs/ps-CARS. (a) Energy level diagram of the N, rotational (/) and vibrational (v) structure, and Q-

branch associated Raman transitions @,
tive frequencies w,, and e,

o, =0, +o o
(TPA) scheme contributing to CARS signal.
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(b) Broadband excitation of the molecular coherences using a femtosecond pump and Stokes pulses at the respec-
. (¢) Narrowband probing using a picosecond probe pulse at frequency «,, and generating a well resolved anti-Stokes spectrum
(d) Temporal sequence of the laser pulses, in which pump and Stokes overlap and 7 is the pump/probe delay. (e) Two-photon absorption
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Experimental setup
General description of the experiment

The experimental setup is sketched in Figure 3. The laser beams gen-
eration stage, which is illustrated in Figure 3 (a), is based on a single
industrial Yb:KGW laser (LightConversion) that delivers 150 fs — 1mJ
pulses at a 1 kHz repetition rate. A commercial optical parametric am-
plifier (OPA) with a second harmonic converter (LightConversion) is
used to generate the tunable Stokes wavelength. It produces a 150fs
broadband (114 cm™) pulse of 21 xJ energy at the Stokes wave-
length of 583.5 nm. A leakage from the OPA pump, at 515 nm, is
used to produce both the broadband (130 cm") pump pulse of 60 x.J
energy, and the picosecond probe pulse. The latter is obtained by
spectral filtering using a Fabry-Perot Etalon (FPE) and a volume Bragg
grating (VBG, Optigrate). The narrowband pulse (0.7 cm™) is used
as the CARS probe with about 1 .J energy. Residual spectral para-
sites are filtered out using high rejection filters (Semrock). The delay
between the various pulses is controlled by two motorized transla-
tion stages. Recombination of the beams and focalization in a planar
folded-BOXCARS geometry [25] are achieved using a dichroic mirror
and a 300 mm focal length lens as shown in Figure 3 (b). The anti-
Stokes signal is collected using a lens and a collection of interference
filters (Semrock). It is then analyzed using a 750 mm spectrometer
(Sopra) equipped with a 1800 line/mm grating, and coupled to an
electron-multiplying CCD camera (Roper), as shown in Figure 3 (c).
The flame was produced out of a McKenna burner, supplied by a
CH,/air mixture at an equivalent ratio ¢=1. The flat premixed flame is
shown in Figure 1 (b).

Ps-probe spectral shaping

The temporal profile of the probe beam acts as a time-window to
provide the molecular response. As a result, the probe bandwidth
directly drives the resolution of the spectroscopy. Much effort has
been devoted to precisely shape this spectral and temporal profile, as
detailed in the following.

Various methods have been investigated by the hybrid fs/ps-CARS
community, in order to generate the well suited picosecond pulse
out of a femtosecond one. They are all aimed at narrowing the pulse
bandwidth enough to resolve the fine structure of the spectrum, and
to impose the right phase mask to generate an optimal temporal pro-
file for the probe pulse. In particular, spatial light modulators [26] [27]
[28], commercial filters [29], Fabry Perot etalons [30] [31], and non-
linear bandwidth compressors [32] were implemented and tested in
this double objective. They enabled the generation of pulses with few
wavenumbers spectral width, and with asymmetrical temporal shape
that proved to be optimal for CARS signal generation [33] [34]. In our
case, the bandwidth condition is given by the spacing of the rotational
lines, which is less than 1 cm™ in N,, thus pushing the previously
mentioned techniques to a challenging limit.

Monolithic devices are used in our case to shape both the amplitude
and phase of the spectral profile. A volume Bragg grating (VBG) was
used as a commercially available ultra-narrow amplitude filter [35].
The modulation of the refractive index, encoded in the thick trans-
parent material, reflects a very thin part of the input spectrum that
fulfills the Bragg condition. In our setup, a 10 mm thick VBG in photo-
thermo-refractive (PTR) glass is used to generate a 0.7 cm™ (FWHM)
pulse, as shown in Figure 4 (a).
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Figure 3 — Experimental setup: (a) laser beam generation, (b) light-matter
interaction in the CH,/air premixed flame with planar BOXCARS geometry,
(c) anti-Stokes detection. OPA: Optical Parametric Amplifier, SHG: second
harmonic generation, IF: interferential filter, PBS: polarizing beam splitter,
HWP: half-wave plate, FPE: Fabry-Perot etalon, VBG: volume Bragg grating,
MTS: motorized translation stage.

Phase shaping was achieved using a 100 um thick FPE that was
added upstream from the VBG, to reduce the energy and peak power
delivered to the latter. The linewidth of the FPE frequency comb is
1.8 cm, thus simplifying the superposition of the VBG reflection
peak on the FPE transmission peak. The amplitude profile at the out-
put of the filtering stage is thus fully driven by the VBG filter. How-
ever, the phase step that occurs at the FPE resonance peak is en-
coded into the spectrum of the pulse, and enables the generation
of a time-asymmetric probe pulse, as plotted in Figure 4 (b). The
temporal profile of the probe pulse was obtained by recording the
CARS signal of pure Ar while scanning the pump-probe delay over an
adequate range (~100 ps) [16]. In this case, the nonresonant CARS
signal is proportional to the instantaneous superposition of the short
pump/Stokes excitation (~150 fs FWHM) with the long probe pulse
(~30 ps FWHM), thus providing a simple way to sample the temporal
intensity profile of the probe (Figure 4(b)).

The Fourier Transform of the temporal profile has been calculated,
assuming a flat temporal phase. The intensity (dotted line) and the
phase (thick solid line) of the spectrum are plotted in Figure 4 (a).
Good agreement between the calculated intensity profile and the
experimental spectrum (thin solid line) is observed, validating the
flat temporal phase assumption. Moreover, the phase step that char-
acterizes asymmetric pulses generated by FPE could be evaluated.
As aresult, this set of commercial filters enabled a well suited probe
profile to be shaped, i.e., temporally asymmetric, and spectrally
narrow enough to probe the rotational lings of N,, as will be seen
later on.
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Figure 4 — (a) Spectral and (b) temporal characterization of the generated probe pulse through the filtering stage. (a) The experimental spectrum (thin solid line)
is compared to the intensity (dotted line) and phase (thick solid line) of the Fourier transform of the temporal profile.

Characterization of the pump/Stokes excitation

The effective Raman bandwidth excited by the pump/Stokes pulses
was measured by recording the nonresonant CARS signal in Ar. The
spectral excitation profile (~100 cm™ FWHM) centered on the N, first
vibrational band is shown in Figure 5. The amplitude distribution of
the various ro-vibrational lines of N, at flame temperature (~2500 K)
is shown in blue for comparison. The excitation bandwidth is thus
well suited for N, spectroscopy in combustion, since the main intense
vibrational bands, v=0—v'=1, v=1—v'=2 and v=2—1'=3, are
included in the green excitation window in Figure 5.
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Figure 5 — Nonresonant CARS signal of Ar (green filled curve), illustrating the
bandwidth effectively excited by pump and Stokes pulses, compared to the
theoretical CARS spectrum of N, in a flame (blue lines).

This bandwidth is driven by the pump and Stokes spectral and tempo-
ral profiles. Indeed, while Fourier transform limited pump and Stokes
pulses allow the excitation of a large spectral range, a chirp on one
pulse, which delays the frequencies contained in the optical spec-
trum, may decrease the bandwidth, which is effectively excited, as
illustrated in the spectrograms of Figure 6 (a). In our case, a com-
mercial auto-correlator (Geco, LightConversion) is used to measure
the pulse duration. The Stokes pulse proved to be Fourier transform
limited, but a chirp was observed on the pump pulse. This aspect
is investigated experimentally in Figure 6 (b), by monitoring the
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Figure 6 — Effect of a chirp on the CARS spectrum. (a) lllustration of the vibra-
tion range excited by a Fourier transform Stokes pulse and a Fourier transform
(left), or chirped (right), pump pulse. (b) Experimental CARS spectrum (verti-
cal) collected in Ar versus the pump/Stokes delay (horizontal).
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location of the Ar CARS signal when the pump/Stokes delay is
scanned. This effect was used in order to finely tune the excitation
profile in the selected spectral range, by adjusting the pump/Stokes
delay. In addition, it is important to quantify the chirp of the CARS
excitation pulses in order to accurately simulate the CARS spectrum.
Indeed, it may influence the temporal dephasing of the various excited
coherences and thus the shape of the final spectrum, as will be seen
later on. Finally, compensating techniques can be implemented to in-
crease the excitation window.

N, spectroscopy
Ro-vibrational signature in the hybrid ps/fs regime
Resolving the ro-vibrational band structure

A major species of interest for thermometry is N,. CARS spectra
of N, were recorded in ambient air and in a CH,/air flame, in or-
der to evaluate the performances of the setup for thermometry.
Figure 7 shows the experimental spectra recorded (a) in the ns-
regime, which represents for us a typical reference spectrum, and
(b) in the hybrid fs/ps-regime. An enlargement of the fundamen-
tal band of the Q-branch (2300-2335 cm") is shown, to outline
the rotational features provided by the two techniques. It appears
that the two regimes allow both the vibrational and the rotational
structures to be seen: three vibrational bands (v =0 —v' =1,
v=1-v'=2andv =2 — v’ = 3) can be distinguished in the
hot spectra, each one being composed of well-resolved rotational
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lines, with characteristic 1/4 alternation amplitude of the even/
odd lines [36]. It is of major importance in the diagnostics of
non-equilibrium media that the two population distributions, cor-
responding to vibrational and rotational temperatures, are able to
be measured independently [20].

As in ns-CARS, the sensitivity of hybrid fs/ps-CARS to temperature
can be appreciated by comparing the hot and cold spectra. In ambi-
ent air (in blue), the signal is restricted to a 15 cm™' spectral range
centered on the first rotational lines of the fundamental band, whereas
in the hot spectra (in red) rotational lines are distributed over three vi-
brational bands. The performance of hybrid fs/ps-CARS ro-vibrational
thermometry is thus expected to be comparable to that obtained in
ns-CARS, since a similar type of information can be retrieved from
the spectra.

Coherent beating of the Raman lines

As mentioned before, one of the specificity of hybrid fs/ps-CARS over
traditional ns-CARS is the ability to separate the process into two
steps. We consider that the fast excitation of the ro-vibrational coher-
ences through pump and Stokes pulses can be separated from the
medium interrogation by the probe pulse in the second step. In the
gas phase, introducing a delay z between these two steps is allowed,
since the lifetime of the coherences (~few 100 ps to few ns) is large
compared to the duration of the probe pulse (30 ps) [22]. This allows
some limitations of ns-CARS to be circumvented, such as nonreso-
nant background interference [21], as well as enabling new measure-
ment strategies to be found [23].
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Figure 7 — Comparison of (a) ns-CARS and (b) the hybrid fs/ps-CARS spectra of the N, Q-branch obtained in ambient air (blue) and in flame (red). Bottom:

enlargement of the fundamental vibrational band.
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In Figure 8, the probe pulse delay is continuously scanned from
-70 to 270 ps on the vertical axis using motorized delay lines.
The CARS spectrum is monitored along the horizontal axis in am-
bient air, Figure 8 (a), and in the flame, Figure 8 (b). The zero
delay position reported in the 2D plot is experimentally checked
by maximizing the nonresonant signal. As previously observed in
hybrid fs/ps CARS [15] [34] [23] [37] [31], periodic extinctions
and revivals of the signal appear at positive delays, more particu-
larly in Figure 8 (b), in which a broader range of ro-vibrational lines
is populated by temperature.

N, CARS in ambient air
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Figure 8 — Experimental investigation of the N, CARS spectrum (horizontal
axis) evolution versus the pump/probe delay (vertical axis) (a) in ambient air,
and (b) in a CH,/air flame.

In order to follow the modulation of individual Raman lines versus the
pump/probe delay, an enlargement of the fundamental band is shown
in Figure 9 (a). The evolution of the CARS amplitude at specific Ra-
man shifts, corresponding to several rotational lines (11<.J<37), is
shown in Figure 9 (b). A rising edge is first observed at zero delay,
when the probe coincides with the pump/Stokes excitation, which
contains resonant and nonresonant contributions to the signal.
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Figure 9 — (a) Evolution of the N, CARS spectrum (horizontal axis) centered
on the fundamental vibrational band versus the pump/probe delay (vertical
axis). (b) Evolution of the CARS intensity of the various rotational lines J of
the fundamental vibrational band versus pump/probe delay.

As the probe delay increases, the nonresonant contribution disap-
pears, and the resonant amplitude decays due to the finite lifetime
of the coherences. Moreover, the CARS signal exhibits a sinusoidal
pattern, whose amplitude and period decrease as a function of the
quantum number J.

This behavior is attributed to interferences between rotational lines
that occur in the hybrid fs/ps regime, as has already been observed
by many authors [12] [37] [34] [23] [31] [38]. Indeed, as illustrat-
ed by Figure 10 (a), the multiples ro-vibrational coherences ,, are
excited simultaneously by pump and Stokes pulses. Then, during
the free evolution that follows, the phase of each coherence evolves
at its own ﬂequency(uw,thus becoming dephased and rephased
with respect to each other (Figure 10 (b)). Finally, during the inter-
rogation step operated by the probe pulse, the contributions of the
various lines may overlap, depending both on the line separation
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and the probe linewidth. Consequently, they interfere constructively
or destructively, depending on whether they are in or out of phase,
and as a result the anti-Stokes intensity is modulated as plotted in
Figure 10 (c).

Pump T Probe
(@ Laser pulses temporal Stoki‘ .
sequence:
t
(b) Evolution of the molecular  ®oo
coherences: o, ¢

Constructive Destructive Constructive

(c)  Anti-Stokes intensity: L‘,

1/A® : t

Figure 10 — (a) Typical laser sequence of the hybrid fs/ps-CARS process in-
volving pump, Stokes and probe pulses. (b) lllustration of the dephasing and
rephasing that occur between two ro-vibrational coherences, w,, and o,
when the pump/probe delay 7 evolves. (c) Effect of the dephasing on the anti-
Stokes intensity when the contributions at w,, and w,, interfere: a modulation
is observed with a period of 1/Aw, where Aw=|o,~o,|.

In order to determine the modulation period, the Fourier Transform
of the temporal evolution of the even Raman lines is processed in
Figure 11 (a). For each J number, a main peak is observed at nonzero
wavenumber, which corresponds to the modulation observed in the
temporal domain. In Figure 11 (b), the peak spectral position is plotted
as a function of the J value. It must be compared to the local spectral
interval between rotational lines, which is calculated and also plotted
along the vertical axis. It is given at first order in J by the expression:

Aw=2a,(J +1) (1)

where « is the rotation-vibration coupling constant. The good agree-
ment between calculations and experiment confirms the possibility of
using the hybrid fs/ps regime to perform spectroscopy with a resolu-
tion better than the probe linewidth (0.7 cm"). Moreover, this interfer-
ence pattern can be used as a spectral filter, in order to selectively at-
tenuate or enhance specific spectral zones, as proposed by [23] [24].
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Nonresonant background rejection

In the hybrid fs/ps regime, nonresonant background interference can
be reduced by using a pump/probe delay [34], [33] [39] [28], as
well as by crossing the polarizations of the pump, Stokes and probe
beams, as has previously been done in ns-CARS spectroscopy [40]
[41] [1]. CARS spectra in the CH,/air flame have been recorded for
three polarization configurations for the pump, Stokes and probe giv-
en in Figure 12 (a), (b) and (c). A Glan-polarizer is added upstream
from the spectrometer to analyze the anti-Stokes signal.

The first configuration corresponds to parallel polarizations; the
second one corresponds to the conventional technique of a 60°
rotated Stokes [1] [42]; in the third one, the probe polarization is
orthogonal to those of the pump and Stokes. In the three cases,
the orientation of the anti-Stokes analyzer has been rotated every
10°, and CARS spectra have been acquired at each position, with
0° referring to the pump polarization direction. Typical spectra at the
maximum and minimum CARS signal amplitude are shown in Figure
12 (a), (b) and (c). Because of a poor signal-to-noise ratio, due to
the high degree of polarization of the anti-Stokes beam, the spec-
trum of Figure 12 (a) is given at 80° while extinction occurs at 90°,
and the spectrum of Figure 12 (c) is given at 10° while extinction
occurs at 0°. The amplitudes of the resonant (R) and nonresonant
(NR) contributions are estimated using the CARS intensity at 2330
cm and 2360 cm respectively, and are shown in Figure 12 (d), (e)
and (f). As expected, R and NR contributions appear respectively in
phase and in quadrature for the parallel and the 60° rotated Stokes
configuration schemes. This is illustrated in the CARS spectra,
which show no distortion for the parallel case (Figure 12 (a)), and
whose R and NR relative weight evolves in an opposite way to that
of the 60°-Stokes (Figure 12 (b)), when the Glan analyzer is turned.
[t can be noticed that almost no NR contribution is observed in the
90°-crossed probe scheme and that the spectrum remains unaf-
fected by nonresonant interference when the analyzer is crossed
with respect to the probe. Indeed, CARS acquisitions in Ar with the
parallel and the 90°-crossed probe configurations revealed that the
latter permits the NR amplitude to be reduced by a factor of 8, while
the resonant amplitude remained at similar level.

1.2 :
@ ® Line spacing
v v Spectral position of the modulation peak ’
10 i
— L 4
E R
5 08 L
o
g v
z v
=06 v
R J
R 3
04 &
10 15 20 25 30
J

(b)

Figure 11 — Spectral analysis of the rotational line modulation on the first vibrational band. (a) Spectral modulation peak obtained by Fourier transform of the line
CARS intensity temporal evolution as a function of the rotational quantum number ./, and (b) comparison of the peak position (triangle) obtained experimentally
with the local spectral interval between two successive Raman lines (circle), calculated using spectroscopic constants, as a function of J.
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2D plots of the CARS spectra of N, in a flame versus probe delay
are shown in Figure 13 (a) for parallel polarizations, and in Figure 14
(a) for the crossed-probe configuration. At zero delay, a nonresonant
contribution appears at the foot of the resonant line pattern only for
parallel polarization. This can be seen in the spectra extracted from
the dataset at 0 and 25 ps, shown in Figure 13 (b) and Figure 14 (b),
in which the NR amplitude at 2360 cm-' is always zero for the crossed-
probe polarization. Moreover, the zero delay spectrum for the crossed
polarization shows no distortion by NR contribution, while its shape
at 25 ps is very similar to that obtained in the parallel configuration,
since the signal is assumed to be purely resonant at this probe delay.

The crossed-probe configuration is observed to drastically attenuate
the NR background, while the R signal is maintained. Attenuation is
even stronger than expected from the conventional calculations [1], and
thus attributed to the short pulse regime properties. Moreover, resonant
contributions are maintained in this case, whereas a probe delay may
lead to spectral distortions as a result of coherent line interferences. In-
deed, polarization configuration, achieved using the 3 beam excitation of
the hybrid regime, may provide a strong attenuation of the two photon
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absorption (TPA) contributions to the CARS signal (Figure 2 (e)), thereby
acting in favor of the R/NR ratio optimization. This should increase the mea-
surement accuracy, since the temperature information is mainly enclosed
in the resonant part, which is sensitive to the Boltzmann distribution. More-
over, a temperature estimation procedure should gain reliability, since the
nonresonant contribution amplitude is usually left as a free parameter of the
fit, or estimated from an assumption about the chemical composition of the
medium, which introduces a bias in the measurement. Other polarization
configurations will be studied in the future, in our laboratory.

Theoretical model and experimental spectra
Description of the model

We use a frequency-domain model equivalent to that reported
by Stauffer et al. [37]. In the time-domain, the CARS amplitude is
obtained by multiplying the probe pulse amplitude by the molecu-
lar response, convolved with the pump/Stokes excitation profile.
We calculate the CARS amplitude as a function of the Raman shift
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Figure 13 — N, CARS spectra recorded with vertical pump, Stokes and probe polarizations. (a) Evolution of the spectrum (horizontal axis) with the probe delay
(vertical axis). The two dashed lines indicate the 0 and 25 ps delays. (b) Spectra recorded at the 0 and 25 ps probe delay
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Figure 14 — N, CARS spectra recorded with vertical pump and Stokes, and horizontal probe polarizations. (a) Evolution of the spectrum (horizontal axis) with the
probe delay (vertical axis). The two dashed lines indicate the 0 and 25 ps delays. (b) Spectra recorded at the 0 and 25 ps probe delay.
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w=0, -og..byconvolvingtwoterms:the molecularexcitation,
weiion(@.7), Which takes into account the pump/probe delay z, and

the probe spectrum 4, (). The CARS intensity is thus given by:

Aexcitalion (60, T ) ® AI’"’}’E ([0) |2 (2)

]CARS (0)’7) =

Modeling of the molecular excitation
The molecular excitation 4, . . (w,7) is expressed as the nonlinear
susceptibility y*(w), weighted by the effective spectral profile H(w)
of the pump/Stokes excitation, and dephased by a term ¢(w,7) that
takes into account the free evolution of the coherences during the
pump/probe delay 7

Aexcitation(a)’ T) = H(a)))((j)(a))¢(w’ T) (3)

The third order susceptibility y*(w) is composed of resonant and
nonresonant contributions. The resonant amplitude depends on the
pump, Stokes and probe polarizations, on the temperature, and the
number density [1] [43]. Raman cross-sections, together with Dop-
pler and collisional line broadening, are needed to properly simulate
the profile. The resonant CARS susceptibility z% (@) is a sum of the
nearby Raman lines expressed by [43]:
do,, i @, —o—il

(3) _ ! ap ap
29 (0)= Ap, w . (4

§ ( ) gﬁ:[ J : \/> [ \/E'aanplyr ]
where:
- |er) and | B) are two ro-vibrational levels coupled by a Raman al-
lowed transition,

i dO'aﬂ
(9]

|er) —| ) transition,

Doppler

)is the spontaneous Raman cross-section of the

- w,, is the Raman shift of the |a) — | 8) transition,

- 4p,, s the population difference between the |e) and | B) levels,
wh|ch is a function of temperature (Boltzmann distribution),

- T, stands for the collisional broadening of the |a) —| ) transi-
tion, the linewidths I .5 Were taken from a fit of N, lines with an
energy gap law standing for collisional effects mcludmg motional
narrowing [44],

-0 is the Doppler broadening,

Doppler

,tz

- W(a+ib)= L j —dt is the complex error function, giving
w2 a—t+ib

the spectral profile of each transition [43] considered as a complex
Voigt profile resulting from Doppler and collisional effects.

Apart from the resonant CARS signal, a nonresonant background is

generated, which is modeled as a constant scalar ZMQ, potentially
complex [37]. The whole susceptibility y*(w) is thus obtained by:

29 (@)= 20 (0)+23) (5)

The excitation amplitude profile H(w) is introduced to take into ac-
count the finite excitation bandwidth of the pump and Stokes pulses.

Aeérospacelab

It has been modeled by a real profile, since the dephasing between
the different spectral parts, which can be nonzero due to the chirp of
the pump pulse, is assumed to be negligible in our case. Indeed, the
2D plot in Figure 8 shows that all Raman lines are located at the same
delay = = 0 along the abscissa, thus proving that coherences are not
delayed significantly with respect to each other. Indeed, the excitation
time window is limited to ~150 fs by the short duration of the Stokes
pulse. In comparison, the smallest temporal modulation period ob-
served in the Raman lines, estimated to be of about 20 ps in Figure 8,
is thus two orders of magnitude larger than the excitation window.

In Figure 15, two different experimental conditions are shown. The
pump/Stokes excitation profiles are shifted by 40 cm" to outline the
effect on the CARS spectrum. Experimentally, excitation profiles are
obtained by recording the CARS signal in Ar and by adjusting the
temporal shift of the pump, thus providing |H(w)[>.
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Figure 15 — CARS experimental spectra (blue) acquired over 5000 shots
in a premixed CH,/air flame, with pump/Stokes excitation profiles | H(w)|?
(dashed line) centered at (a) 2320 cm" and (b) 2280 cm''.

The dephasing term ¢(w,7) is used to model the free evolution of the
coherences during the time delay = separating the excitation and the
probing. It is expressed by:

(o, 7)=e"" (6)

Finally, the complete molecular excitation is expressed by:

Apiin (@0,7) = H (@) y (0) " 7)

excitation
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Modeling of the probing step

During this step, the probe spectral pattern 4, (@) is convoluted to
the molecular excitation 4 . (w,7), in order to produce the CARS
spectrum. The final resolution is thus driven by the spectral width of
the probe. In the temporal domain simulation, the crucial parameter
is shown to be the pulse duration. The latter corresponds to the tem-
poral window in which the molecular response is probed [37]. Finally,

the CARS intensity can be expressed as follows:

Los (@) =|H () 1(0)¢” © 4, ()] ®)

Since the probe spectral pattern is much narrower than the excitation
profile, the factor () can be extracted from the convolution product
and the calculation is implemented as follows:

Ios () =|H (@) | 2(@)e™ © 4, (@) 9)

The probe spectrum 4, (w) is measured (Figure 4 (a), thin solid
line) and adjusted to fit a Voigt profile. However, a proper approach
may be to consider the full complex amplitude of the probe spectrum,
which can be obtained by recording the spectral shape with a spec-
trometer, and/or a combination of interferometric techniques such as
FROG [45]. The excitation profile | H(w)|? is obtained by measur-
ing the nonresonant response in Ar, as detailed previously. An overall
view of the algorithm, including the convolution by apparatus function
of the spectrometer, is summed up in Figure 16.

r

[ e || @dmo) |1 | Bt

Temperature measurements

The temperature is measured by comparing the experimental spec-
trum to a set of simulated spectra. A least-square algorithm, run over
a bank of spectra, simulated by varying the temperature in 10 K steps
and normalized to the unit maximum, leads to the best fit. The free
parameter of the fit is thus the temperature, whereas the pump/probe
delay and the nonresonant background amplitude are fixed. The least-
square minimization range is chosen between 2250 cm' (lowest line
of v=2 band) and 2350 cm'*, which provides information on both the
R and NR contributions, as illustrated in Figure 5. In particular, it en-
ables the choice of the fixed NR amplitude to be validated a posteriori.

The accuracy of the thermometric setup has been tested on two sets
of experimental data at zero probe delay. The first set is a stack of
1000 single shots spectra, acquired at a repetition rate of 1 kHz in
ambient air. The second one is composed of 100 spectra recorded in
a premixed-CH,/air flame with equivalent ratio ¢ = 1.0 at atmospheric
pressure. Each hot spectra is averaged over 500 shots, in order to
reach a signal-to-noise ratio (SNR) beyond 120. The criticality of the
SNR in hybrid fs/ps-CARS has been recently investigated by Kearney
[46]. The probe delay parameter has been respectively fixed to 5.5 ps
and 1.5 ps for the first and the second set, due to a small variation in
the optical paths during the laser beam alignment.

Figure 17 and Figure 18 show a typical experimental spectrum
(blue) superposed to its best fit (green). Temperature histograms,
represented in Fig. 17 (b) and Fig. 18 (b), have been processed and
were used to quantify the mean temperature (T) standard deviation
o, and relative precision defined by the o,./(T') ratio, which quantifies

e »

O popplerst ap —

L(oadin\g of:

o )
—|.8p R

IL Caa )% “ computation

Figure 16 — Schematic view of the hybrid fs/ps-CARS simulation algorithm
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Figure 18 — CARS thermometry in ambient air. (a) Typical experimental spectrum (blue), average best fit (green), and residual contribution (black) downshifted
by 0.1 along the vertical axis. (b) Temperature histogram: (7') = 295K, o, = 15K

the repeatability of the measurement. In ambient air and in the flame,
the estimated mean temperatures were respectively 295 and 1960 K,
with corresponding precisions of 5.2% (15 K) and 1.7% (35 K). The
temperature in the flame was measured to be slightly lower than the
adiabatic CH,/air flame temperature (~2200 K). This was attributed
to experimental misalignment of the probed volume in the flame, and
to nonzero pump/probe delay adjustment. This measurement will be
reproduced in a better controlled flame and using a well-calibrated
procedure to accurately and rapidly control the pump/probe delay. It
is comparable to the few percent precision obtained with hybrid fs/
ps rotational CARS [46], fs-CPP-CARS [47], and ns-CARS [48] in a
flame. To go further in the characterization of the techniques, single
shot thermometry at low and high temperatures would be of great
significance, in order to avoid integrating spectra over the flame
temperature fluctuations. This new process in our setup development
would require a more energetic probe, whose small bandwidth is currently
achieved at the expense of an important loss of energy, due to the
filtering technique used. Using nonlinear techniques [32], so as to
achieve more efficient narrowing, would be one way to achieve this goal.

Aeérospacelab

Perspectives and conclusion

In summary, hybrid fs/ps-CARS was used to properly resolve ro-
vibrational structures of the Q-branch of N,. The resolution was good
enough to observe both rotational and vibrational features in a single
spectrum, as had already been done in ns-CARS, thus opening the
way to instantaneous rotational and vibrational temperature measure-
ments. Moreover, time domain spectroscopy was used, in order to
resolve sub-probe bandwidth details in the spectrum.

Temperature measurements were performed in the flame, by com-
paring simulations to experiments, with good accuracy. The model
will be improved by taking into account non-diagonal elements of the
relaxation matrix, i.e., motional narrowing effects. The calculation of
motional narrowing in hybrid fs/ps-CARS is under study, in order to
achieve our final objective, which is to probe both high pressure and
high temperature media. The long probe duration that is required for
spectral resolution will be further combined to an increase in the en-
ergy of the probe, to achieve single shot measurements |l
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