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Abstract 

We present a novel diagnostic technique to probe water vapor (H 2 O) concentration in hydrogen (H 2 ) com- 
bustion environments via the time-resolved measurement of the collisional dephasing of the pure-rotational 
coherent anti-Stokes Raman scattering (CARS) signal of nitrogen (N 2 ). The rotational Raman coherence of 
the N 2 molecules, induced by the interaction with the pump and Stokes laser fields, dephases on a timescale of 
hundreds of picoseconds (ps), mostly due to inelastic collisions with other molecules in atmospheric flames. In 

the spatial region of H 2 flames where H 2 O is present in appreciable amount, it introduces a faster dephasing of 
the N 2 coherence than the other major combustion species do: we use time-resolved femtosecond/picosecond 

(fs/ps) CARS to deduce the H 2 O mole fraction from the dephasing effect of its inelastic collisions with N 2 . 
The proof-of-principle is demonstrated in a laminar H 2 /air diffusion flame, performing sequential measure- 
ments of the collisional dephasing of the N 2 CARS signal up to 360 ps. We measure the temperature and 

the relative O 2 /N 2 and H 2 /N 2 concentrations at a short probe delay, and input the results in the time-domain 

model to extract the H 2 O mole fraction from the signal decay, thus measuring the whole scalar flow fields 
across the flame front. We furthermore present single-shot simultaneous thermometry and absolute con- 
centration measurements in the turbulent TU Darmstadt/DLR Stuttgart canonical ‘H3 flame’ performed 

by dual-probe CARS measurements obtained with a polarization separation approach. This allows us to 

probe the molecular coherence simultaneously at ∼20 and ∼250 ps on the basis of a single-laser-shot, and 

record the resulting signals in two distinct detection channels of our unique polarization-sensitive coherent 
imaging spectrometer. The proposed technique allows for measuring the absolute concentrations of all the 
major species of H 2 flames, thus providing a full characterization of the flow composition, as well as of the 
temperature field. 
© 2022 The Author(s). Published by Elsevier Inc. on behalf of The Combustion Institute. 
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. Introduction 

Coherent anti-Stokes Raman spectroscopy
CARS) is a laser diagnostic technique that has
ound vast application to the experimental inves-
igation of combustion processes, owing to the
ossibility of performing in-situ , non-perturbative
easurements, with excellent spatial and temporal

esolution [1] . CARS is currently the gold-standard
or high-fidelity thermometry in gas-phase reacting
ows [2] , and is employed in many measurement
cenarios of practical interest, such as internal
ombustion engines [3 , 4] gas-turbine engines [5 , 6] ,
ocket combustors [7] and detonation processes
8] . In addition to thermometry, CARS has been
xtensively applied to the detection of major
ombustion species [9 , 10] , performing relative con-
entration measurements on both ro-vibrational
11] and pure rotational [12] Raman spectra, and
ven absolute concentration measurements have
een demonstrated [13] . 

A recognized challenge for absolute concentra-
ion measurements in combustion environments
s to detect water vapor (H 2 O): this is typi-
ally achieved through absorption spectroscopy
14] rather than Raman-based techniques, owing to
ts relatively low Raman cross section [15] . An in-
erent drawback of absorption spectroscopy is the

imitation to line-of-sight measurements: the de-
elopment of non-linear optical diagnostics could
hus provide in-situ H 2 O measurements with spa-
ial resolution. In the context of hydrogen combus-
ion, H 2 O plays a key role as it is the only ma-
or product: quantitative measurements of the H 2 O
oncentration and local temperature thus allow for
apping the progress of the chemical reaction. In

his respect, the H 2 O mass fraction typically plays
 key role in the definition of the progress vari-
ble employed in numerical codes, e.g. based on
amelet-generated manifolds [ 43 ]. O’Byrne et al.
 16 ] employed CARS to measure the temperature
nd the mole fractions of nitrogen (N 2 ), oxygen
O 2 ), and hydrogen (H 2 ) in a supersonic combus-
or, and estimated the H 2 O concentration by as-
uming it to be the only other major species con-
ributing to the non-resonant susceptibility of the
as-phase medium. Direct measurements of the ro-
ibrational CARS spectrum of the H 2 O v 1 sym-
etric stretch at ∼3650 cm 

-1 have been first at-
empted by Hall et al. [ 17 ] in 1979. Hall and Sher-
ey [ 18 ], as well as Porter and Williams [ 19 ], per-
ormed ro-vibrational H 2 O CARS thermometry at
ttp://creativecommons.org/licenses/by/4.0/ ) 

ry; Water vapor detection; Absolute species 

temperatures as high as 2000 K. Greenhalgh et al.
also investigated the H 2 O v 1 CARS spectrum at
high temperatures and elevated pressures [ 20 ]. De-
spite the good agreement shown by the experimen-
tal data and the theoretical CARS models, fur-
ther studies on this spectrum were scarce, proba-
bly owing to the isolated location of the H 2 O v 1
spectrum beyond the vibrational fingerprint region,
which hinders the simultaneous detection of multi-
ple species. In this sense, the application of CARS
spectroscopy to the pure-rotational spectrum of 
gas-phase H 2 O is more appealing for combustion
diagnostics. This was attempted for the first and
only time by Nordström et al. [ 21 ]: unfortunately,
they concluded that H 2 O is an unsuitable candidate
for CARS concentration measurements in combus-
tion, due to the signal intensity being more than
fiv e or ders of magnitude smaller than that of N 2 .
The extreme dimness of the pure-rotational H 2 O
CARS signal was attributed to both its low Raman
cross section and to the large number of rotational
transitions of this asymmetric top molecule, char-
acterized by three distinct principal moments of 
inertia [ 22 ]. 

In the present work, we demonstrate the use
of time-resolved CARS to measure the H 2 O mole
fraction in laboratory flames, through its impact on
the pure-rotational N 2 spectrum. Nordström et al.
pointed out in the conclusion of their work that,
despite its CARS spectrum being negligible, wa-
ter vapor has a significant collisional impact on
the N 2 CARS spectrum, as demonstrated experi-
mentally in [ 21 ]. Rotational energy transfer (RET)
in inelastic collisions between the coherently ex-
cited N 2 molecules and other molecules results
in the temporal dephasing of the pure-rotational
N 2 CARS signal on a time-scale of picoseconds
(ps) at ambient conditions. The development, in
recent years, of CARS techniques employing ul-
trashort laser pulses to resolve the temporal evo-
lution of the Raman coherence [ 23 ] opened to
the possibility of measuring the collisional RET
in the time domain [ 24 ]. Here we employ hy-
brid femtoseconds/picosecond (fs/ps) CARS [ 25 ]
to measure the dephasing of the pure-rotational
N 2 CARS signal due to inelastic collisions with
the H 2 O molecules in H 2 /air flames. The proof-
of-principle measurements are performed across
a laminar H 2 /air diffusion flame, provided on a
Bunsen burner. The applicability of the proposed
technique to single-shot measurements in turbulent
flames is further demonstrated by using single-shot

http://creativecommons.org/licenses/by/4.0/
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Fig. 1. The J -dependence of the species-specific N 2 
CARS dephasing coefficients, for inelastic collisions with 
the major combustion species in H 2 /air flames (i.e. N 2 , 
O 2 , H 2 , and H 2 O) at T = 1600 K. 
dual-probe CARS [ 26 ] in the canonical H3 flame
[ 27 ]. 

2. Theoretical considerations 

Hybrid fs/ps CARS employs ultrashort laser
pulses to perform simultaneously time- and
frequency-resolved ro-vibrational spectroscopy on
the Raman-active molecules. Broadband fs pulses
provide the pump and Stokes photons, whose fre-
quency difference coherently excite the molecules
to higher rotational energy states according to
the selection rule: �v = 0 and �J = + 2 (for
the pure-rotational S-branch spectrum), where
v is the vibrational quantum number, and J is
the total angular momentum quantum number.
The use of fs pulses further allows for a great
simplification of the experimental setup, as a
single combined pump/Stokes pulse can be em-
ployed to simultaneously deliver the constructive
pump/Stokes photon-pairs, which are found across
its broad bandwidth [ 28 ]. In addition, by using fs
pulses with duration lesser than about one tenth
of the molecular rotational period (i.e. ∼500 fs
for N 2 ), we can maximize the rotational Raman
coherence in the medium, through its impulsive
excitation [ 29 ]. In our setup, we employ a ∼35 fs
transform-limited (TL) pump/Stokes pulse to
excite the rotational Raman coherence of the N 2
molecules, described on a macroscopic scale by
the third-order non-linear optical susceptibility
of the medium ( χCARS ). A relatively narrowband
∼12 ps probe pulse is then coherently scattered
by the medium resulting in the generation of the
CARS signal. The probe pulse is delayed with
respect to the pump/Stokes pulse both to time-gate
the generation of the non-resonant background
and, for the purpose of this work, to measure
the collisional dephasing of the Raman signal.
The time-domain third-order susceptibility is then
the interferogram resulting from the harmonics
corresponding to the different Raman frequencies,
as: 

χCARS = 

∑ 

v 

∑ 

J 

W v,J→ v,J+2 ·

exp [ ( iω v,J→ v,J+2 − �v,J→ v,J+2 ) t/ ( 2 πc ) ] (1)

where W v,J → v,J + 2 , ω v,J → v,J + 2 , and Гv,J → v,J + 2 are re-
spectively the overall probability, the Raman fre-
quency and the temporal dephasing coefficient as-
sociated to each pure-rotational S-branch transi-
tion (i.e. J → J + 2 ). The temporal evolution of 
χCARS is thus determined by the interference of the
Raman modes corresponding to transitions from
different J states, as well as by the dephasing co-
efficients associated to the transitions. These ac-
count for the spontaneous emission from the co-
herent molecules and for the effect of decoherence
due to molecular collisions. The natural decay life-
time of N 2 is on the order of seconds due to sym- 
metry constrains [ 30 ], so that it can be neglected 

in our discussion. As for the collisional dephasing, 
the effect of pure dephasing due to elastic colli- 
sions ( �J = 0) can be neglected at ambient pres- 
sure [30] , so that the main contribution stems from 

inelastic collisions ( �J � = 0), responsible for the 
RET between the coherently excited N 2 molecules 
and the molecular colliders in the flame. The col- 
lisional RET is both state-dependent and species- 
specific, owing to the spacing of the J states in 

the ro-vibrational energy manifold of the collid- 
ing molecules. In the present work, we account for 
the dephasing of the N 2 CARS signal due to colli- 
sions with the following perturbers in H 2 /air flames: 
N 2 -N 2 (i.e. self-perturbed) [ 31 ], N 2 -O 2 [ 32 ], N 2 -H 2 
[ 33 ], and N 2 -H 2 O [ 34 ]. Figure 1 shows the cor- 
responding state-dependent dephasing coefficients 
for J = 0-60: while the N 2 -N 2 and N 2 -O 2 coeffi- 
cients show a comparable J -dependence, owing to 

the similar rotational energy manifold, both N 2 - 
H 2 and N 2 -H 2 O coefficients show peculiar trends 
over the different J states and have an overall larger 
magnitude. The J -dependence of the N 2 -H 2 coeffi- 
cients is less pronounced than for the other colli- 
sional partners, due to the large spacing between 

the states in the rotational energy manifold of H 2 , 
resulting in a similarly reduced RET for all the 
J states of the N 2 molecule. On the other hand, 
the overall large magnitude of these coefficients 
is explained by the larger thermal velocity of the 
lightweight H 2 molecule, allowing it to penetrate 
closer to the repulsive wall of the interaction po- 
tential with the N 2 molecule [ 33 ]. The N 2 -H 2 O de- 
phasing coefficients are characterized by a strongly 
non-monotonic J -dependence, with a temperature- 
dependent local maximum (e.g. J = 24 at 1600 K), 
which is attributed to the complex structure of the 
rotational energy manifold of the H 2 O molecule, 
resulting in a strong dependence of the RET on the 
initial rotational state of the N 2 molecule [ 34 ]. 
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The total N 2 dephasing coefficients are then
omputed as: 
N 2 
J → J +2 = 

∑ 

k 

X k · �J → J +2 ( N 2 − M k ) (2)

here ГJ → J + 2 are the dephasing coefficients due to
ollisions of N 2 with the k th perturber, weighted
y its mole fraction. Eq. (2 ) then introduces the de-
endence of the N 2 CARS signal on the H 2 O mole
raction, which is employed in the present work to
easure the H 2 O concentration in H 2 /air flames. In

his context, the collisional environment can be in-
erpreted as an equivalent binary system composed
f H 2 O on one hand, and a weighted combination
f all other perturber species whose concentration

s directly measured in the frequency domain (i.e.
 2 , O 2 and H 2 ) on the other: 

N 2 
J → J +2 = 

∑ 

k ′ 
X k ′ · �J → J +2 ( N 2 − M k ′ ) 

+ X H 2 O 

· �J → J +2 ( N 2 − H 2 O ) (3)

The proposed diagnostic approach can thus be
mployed to measure the H 2 O concentration in all
ombustion environments where the concentration
f every other relevant collisional partner is acces-
ible in the CARS spectrum. 

. Experimental methodology 

.1. Laminar flame experiment 

The proof-of-principle demonstration of H 2 O
oncentration measurements through the dephas-
ng of the N 2 CARS signal is performed in a lam-
nar H 2 /air diffusion flame. The two-beam fs/ps
ARS system is described in details in [ 35 ]: only
 brief summary is presented here. A single re-
enerative laser amplifier system (Astrella, Coher-
nt) provides ∼35 fs (full-width-at-half-maximum,
WHM) pulses at 800 nm, with a total pulse en-
rgy of ∼7.5 mJ, at 1 kHz repetition rate. The nar-
owband ps probe pulse is generated at ∼403 nm by
 second-harmonic bandwidth compressor (SHBC,
ight Conversion) fed by a 65% portion slip off the

s laser output. A 4f-filter in transmission is placed
n the probe beam path to tune the duration of the
ulse: in the present work we set a probe duration
f ∼12 ps FWHM, with ∼300 μJ/pulse, which cor-
esponds to a FWHM bandwidth of ∼2.7 cm 

-1 .
he resulting spectral resolution is nearly two or-
ers of magnitude larger than the N 2 -H 2 O Raman

inewidths at the flame temperature, as shown in
ig. 1 , and it prevents the direct measurement of 

he H 2 O concentration in the frequency domain, by
ts broadening effect on N 2 lines in the CARS spec-
rum. The combined fs pump/Stokes pulse origi-
ates from the remainder 35% portion of the ampli-
er output, corresponding to 2.5 mJ/pulse; an ex-
ernal compressor unit is employed to compensate
for the optical dispersion terms arising along the
beam path, ensuring a TL pulse at the measurement
location. The pump/Stokes and probe pulses are
therefore automatically synchronized, and an auto-
mated delay stage (sub-10 fs resolution, Thorlabs)
is employed to control the relative probe pulse de-
lay. Spherical optics (f : = 500 mm and 300 mm, re-
spectively) focus the pump/Stokes and probe beams
to the measurement location, and the crossing an-
gle for the two-beam phase matching configura-
tion is estimated to be ∼3 °, resulting in the follow-
ing probe volume dimensions: ∼22 μm (height) x
∼1.1 mm (length) x ∼22 μm (width). Half-wave
plates for 400 and 800 mm are used to control the
relative polarization of the two laser pulses and, in
combination with a thin-film polarizer, to attenuate
the pump/Stokes energy to ∼60 μJ/pulse and avoid
fs laser-induced filamentation [ 36 ]. This was veri-
fied by performing a power scaling of N 2 CARS
signal at room temperature: at this fluence level
no change in the spectral envelope was observed.
A wedge prism is inserted in the pump/Stokes
beam path after the probe volume, and the low-
power reflection is imaged onto a beam profiler
(WinCamD, Dataray) in the far-field to monitor
and maintain the alignment of the pump/Stokes
beam when moving the delay stage. The CARS sig-
nal is collected in a coherent imaging spectrom-
eter constituted by a relay-imaging telescope (f 
: = 400 mm) combined with a high-dispersion
transmission grating (3039 l/mm, Ibsen Photon-
ics), allowing the detection of the CARS signal
over the range ∼50–600 cm 

-1 , with 0.25 cm 

-1 /pixel,
by the sCMOS detector (Zyla, Andor). The pure-
rotational CARS spectra of N 2 and O 2 are thus
recorded along with the first two rotational lines of 
the pure-rotational H 2 CARS spectrum, enabling
the measurement of the relative O 2 /N 2 and H 2 /N 2
concentrations. 

The proof-of-principle demonstration of H 2 O
concentration measurements via time-domain N 2
CARS is performed in a laminar N 2 -diluted H 2 /air
diffusion flame, provided on a Bunsen burner. The
burner is made of a seamless, stainless steel pipe
with ∼19 mm inner diameter; a N 2 -H 2 mixture
(50%–50% in volume) is inlet with a bulk velocity
of ∼1 m/s, resulting in a Reynolds number < 150.
A stainless steel mesh is placed over the burner at
a height-above-the-burner (HAB) of ∼30 mm, to
stabilize the flame. The CARS measurements were
performed at ∼1 mm HAB, performing a radial
scan from the center of the burner ( y = 0 mm) and
past the rim, with data-points acquired every 0.5
mm up to y = 12 mm. At each measurement loca-
tion 6 datasets of 1000 single-shot CARS spectra
were acquired for a probe delaying varying from 30
to 360 ps. The spectra acquired at the lowest probe
delay were employed to measure the temperature
and the relative O 2 /N 2 and H 2 /N 2 concentrations.
Neglecting the effect of collisions at the short probe
delay timescale leads to an inaccuracy of less than
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Fig. 2. (a) Schematic of the experimental setup employed for single-shot dual-probe CARS measurements in the H3 flame. 
A polarization beam splitter (PBS) and a thin-film polarizer (P) are employed to split the probe in two pulses with or- 
thogonal polarization and an recombine them with an intra-pulse delay of 230 ps. The cross-polarized CARS signals are 
simultaneously collected in two distinct detection channels in the polarization-sensitive coherent imaging spectrometer. 
λ/2-plate, half-wave plates; M, mirrors; SL, spherical lenses; BPF, band-pass filter; TG, transmission grating; B, burner. 
(b) Single-shot CARS spectra simultaneously generated at 20 and 250 ps in the fuel stream of the laminar H 2 /air diffusion 
flame, and recorded in the two detection channels. Both spectra are normalized with respect to the S(1) rotational line of 
H 2 , at 587 cm 

-1 . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

∼0.8% in the estimated temperature: the CARS
signal generated at this delay is thus assumed as
nearly collisional independent. By integrating the
N 2 CARS signal acquired at the longer probe de-
lays the collisional dephasing was measured and
compared to the single-exponential decay model in
Eqs. (1) and (2) to extract the H 2 O mole fraction
(see Fig. 3 ). 

3.2. Turbulent flame experiment 

The methodology described in the previous sec-
tion requires sequential measurements of the N 2
CARS signal at increasing probe delays and is thus
not suitable to measurements in turbulent flames,
where the temperature and chemical composition
of the flow are highly dynamic. This limitation can
be overcome by employing dual-probe CARS, i.e.
by splitting the probe pulse and controlling the de-
lay relative to the pump/Stokes pulse, so as to simul-
taneously perform a collisional-independent mea-
surement at short probe delay and a time-resolved
measurement of the RET at longer probe delays.
This approach was first demonstrated by Patterson
et al. to perform single-shot measurements of the
collisional dephasing of the S-branch N 2 CARS
spectrum [ 26 ], and subsequently employed to per-
form CARS pressure measurements in 0-D and 1-
D configurations [ 37–40 ]. In the present work we
demonstrate for the first time the use of a polar-
ization separation approach to achieve dual-probe
CARS measurements. The experimental setup de-
scribed in the previous section is slightly modi-
fied as depicted in Fig. 2 (a). A Glan-Taylor po-
larization beam splitter (PBS) is mounted on the
probe beam path after the 4f-filter with horizon-
tal transmission axis and a 400 nm half-wave plate
tunes the ratio of the polarization splitting. The
vertically-polarized component of the probe beam
is reflected by the PBS and directed to a retroreflec- 
tor mounted on a linear translation stage to con- 
trol the relative delay of the two probe pulses: in the 
present work an intra-pulse delay of ∼230 ps was 
employed. A thin-film polarizer mounted at Brew- 
ster’s angle is then used to recombine the two cross- 
polarized probe pulses on the same beam path. The 
polarization-sensitive coherent imaging spectrome- 
ter described in [ 41 ] is employed to simultaneously 
detect the cross-polarized signals in two distinct 
detection channels. Figure 2 (b) present an exam- 
ple of the two single-shot spectra simultaneously 
generated at 20 and 250 ps in the fuel stream of 
the laminar H 2 /air diffusion flame. The effect of 
molecular collisions after 250 ps is visible on the 
envelope of the pure-rotational N 2 CARS spec- 
trum, as well as on the differential dephasing of 
the pure-rotational H 2 signal characterized by a 
much lesser RET rate. The balanced detection of 
the dual-probe CARS setup is performed by chang- 
ing the pump/Stokes beam path-length to gener- 
ate the signal (in a room-temperature N 2 flow) with 

the two probe pulses at the same relative delay, ac- 
counting both for the polarization-dependent sig- 
nal generation efficiency and for the transmission 

efficiency of the two detection channels. This ap- 
proach guarantees the automatic overlap of the two 

probe pulses at the measurement location and mini- 
mizes the uncertainty due to phase-mismatch of the 
degenerate pump/Stokes and probe beams, which 

can significantly impact the intensity of the second 

H 2 line at higher Raman shifts. 
We demonstrate single-shot H 2 O concentra- 

tion measurements in the TU Darmstadt/DLR 

Stuttgart H3 flame, which is a canonical turbulent 
non-premixed H 2 /air flame [ 27 ]. The burner con- 
sists of a straight stainless-steel tube, with 8 mm 

inner diameter ( D ) and a tapered rim at the exit, 
and a concentric contoured nozzle, with an inner 
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Fig. 3. Experimental measurement of the N 2 CARS sig- 
nal collisional dephasing at two locations in the reaction 
zone of the laminar H 2 /air flame. The experimental de- 
cay is compared to the time-domain CARS model to ex- 
tract the H 2 O mole fraction, resulting in X H2O 

= 0.03 
at y = 7.5 mm (grey), and X H2O 

= 0.34 at y = 9.5 mm 

(black). 
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Fig. 4. Experimental profiles of the temperature and 
mole fractions of the major combustion species across 
the flame front of the laminar H 2 /air diffusion flame. The 
measured H 2 O mole fraction at 1 mm HAB varies in the 
range X H2O 

= 0.03–0.34 in the reaction zone y = 7.5–
11.5 mm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

iameter of 140 mm, providing a coflow of dry air.
igital flow controllers (Bronkhorst) are employed

o regulate the volumetric flows of N 2 and H 2 , con-
tituting a 50%–50% (in volume) mixture provided
hrough the center pipe of the burner with an exit
peed of 34.8 m/s, resulting in a turbulent flow with
e = 10000, as well as the air coflow. The burner

s mounted on translation stages to control its ax-
al and radial position, and measurements are per-
ormed at a HAB of 20 mm (z/ D = 2.5). 

. Results and discussion 

.1. Laminar flame measurements 

At each radial location across the laminar H 2 /air
ame front we perfor med N 2 CARS ther mometry
nd relative O 2 /N 2 and H 2 /N 2 concentration mea-
urements on the spectra acquired at the shortest
robe delay (i.e. 30 ps). At such early temporal de-

ay the effect of inelastic collisions can be taken
o be negligible, at atmospheric pressure. Once the
emperature and the relative O 2 /N 2 and H 2 /N 2 con-
entrations are known, their experimental values
re employed to generate a library of synthetic
ARS spectra for varying relative H 2 O/N 2 concen-

rations. The experimental N 2 CARS spectra are in-
egrated in the spectral range ∼120–230 cm 

-1 , cor-
esponding to the N 2 lines J = 14–28, to avoid in-
erference with the O 2 lines, and compared to the
heoretical dephasing to measure the H 2 O mole
raction. Figure 3 shows the experimental dephas-
ng measured at two locations in the reaction zone
nd compared to the theoretical dephasing curves
redicted by the time-domain N 2 CARS code for
 H2O 

= 0 and for the best-fit value. The black curves
epresent the signal dephasing at y = 9.5 mm (at
 mm above the burner rim), where the H 2 O mole
raction is measured to be 0.34 according to the
est-fitting curve: a large sensitivity to the H 2 O
concentration is shown by the significant bias be-
tween the experimental data and the theoretical de-
phasing predicted for X H2O 

= 0. At y = 7.5 mm
(grey curves) the H 2 O mole fraction is reduced to
0.03, which represents the H 2 O detection limit in
the present work as a minimal deviation between
the best-fit and the X H2O 

= 0 theoretical curves is
observed. 

The methodology just explained is employed
to measure the whole temperature and chemical
composition fields across the flame front. Figure 4
shows the resulting experimental profiles for the
temperature and the mole fractions of O 2 , H 2
and H 2 O. The temperature smoothly increases
from ∼360 K in the fuel stream at the center
of the burner ( y = 0 mm), peaking to 1620 K
above the burner rim ( y = 9.5 mm), and decreases
more rapidly in the lean reaction zone reaching
∼440 K in the oxidizer stream at y = 12 mm. The
good single-shot precision of the CARS thermom-
etry, varying in the range 0.8–3.7% in the high-
temperature reaction zone, indicates a limited im-
pact of the temperature fluctuations on the sig-
nal intensity, thus justifying the use of sequen-
tial measurements of the collisional dephasing for
the laminar flame case. The H 2 mole fraction de-
creases from ∼52% in the fuel stream at the cen-
ter of the burner as the mixing and chemical re-
action progress toward the burner rim. The si-
multaneous detection of the pure-rotational N 2
CARS spectrum and of two rotational lines of the
pure-rotational H 2 CARS spectrum, namely S(0)
at 354 cm 

-1 and S(1) at 587 cm 

-1 , allows for mea-
suring the relative H 2 /N 2 concentration at temper-
atures as high as 1450 K at location y = 9 mm.
The O 2 mole fraction, on the other hand, smoothly
grows from 0.01 measured at y = 8 mm up to 0.15
at the last measurement location in the oxidizer
stream. The relative standard deviation of the mea-
sured mole fractions of H 2 and O 2 is, respectively,
lesser than 2.5 and 8% at all measurement locations.
H 2 O is detected in the reaction zone, for y = 7.5–
11.5 mm, with a maximum mole fraction of 0.34 at
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Fig. 5. Scatter plot of the H 2 O mole fraction versus tem- 
perature measured by the 1200 single-shot CARS spectra 
acquired at the location with the highest temperature in 
the turbulent H3 flame. The grayscale color represents the 
measured O 2 mole fraction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

y = 9.5 mm. The uncertainty in the measured H 2 O
concentrations is mostly due to shot-to-shot fluc-
tuation in the temperature and flow composition.
This was assessed by propagating the uncertainty in
the measured temperature and relative O 2 /N 2 and
H 2 /N 2 concentrations and fitting the experimental
data to the corresponding limit curves for the the-
oretical dephasing. The relative uncertainty in the
H 2 O mole fraction is thus estimated to be < 8% at
all measurement locations, with the sole exception
of y = 10.5 mm, where the relative uncertainty is
15%, corresponding to a measured H 2 O mole frac-
tion in the range 0.18–0.21. 

The temperature and mole fraction profiles in
Fig. 4 are in good qualitative and quantitative
agreement with those reported by Toro et al. for
a similar laminar H 2 /air diffusion flame [ 42 ], and
moreover show the effect of preferential diffusion
of H 2 in the fuel stream. In the region y = 2.5–
6.5 mm, the H 2 mole fraction reduces from 0.52
to 0.42, while no water vapor is detected, and the
temperature is only slightly increasing due to heat
transfer from the reaction zone, yet remaining be-
low the auto-ignition threshold. The simultaneous
resolution of the local temperature and composi-
tion fields thus allows us to render the physics of 
mass transport in the laminar diffusion flame. 

4.2. Turbulent flame measurements 

Single-shot detection of water vapor concentra-
tion is demonstrated in the turbulent H3 flame,
as described in Section 3.2 . Four samples of 300
single-shot CARS spectra were acquired at a radial
location 6.75 mm from the centerline of the flame,
at the highest temperature in the oxidizer stream. 

The scatter plot in Fig. 5 shows the measured
H 2 O mole fraction versus temperature at the cho-
sen flame location, while the grayscale color of each
data-point represents the local O 2 mole fraction.
The latter shows an inverse correlation to the local
temperature, with the O 2 mole fraction increasing
at lower temperatures. Similarly, the measured H 2 O
mole fraction has a clear correlation to the temper- 
ature in the reaction zone of the turbulent flame, 
with the concentration increasing with the local 
progress of the reaction in the probe volume. The 
clustering of the data-points showing high H 2 O 

mole fraction at high temperatures is in good agree- 
ment with the original measurements performed by 
Meier et al. on the H3 flame [ 27 ]. At lower tem- 
perature, when a significant concentration of O 2 
is present in the probe volume, the measured H 2 O 

mole fraction shows a more spurious correlation, 
which is probably due to the beating of the N 2 lines 
employed in the measurement with O 2 lines. One 
additional caveat in the single-shot CARS measure- 
ments of the H 2 O concentration is that the colli- 
sional dephasing of the N 2 CARS signal could only 
be measured at two probe delays. Further research 

effort should be spent on the investigation of the 
J -dependence of the collisional dephasing coeffi- 
cients as an additional source of sensitivity to H 2 O 

mole fractions, also to enhance the robustness of 
the measurements. 

5. Conclusions 

We have successfully demonstrated a novel time- 
resolved CARS diagnostic technique to quantify 
water vapor concentrations in hydrogen combus- 
tion environments. The technique relies on the use 
of relatively short ps probe pulses, following im- 
pulsive excitation, to realize measurements of the 
evolution and decay of the Raman coherence over 
a timescale of hundreds of ps. The dephasing of 
the pure-rotational N 2 CARS signal due to inelas- 
tic collisions with the H 2 O molecules introduces a 
strong sensitivity to water vapor concentration. Co- 
herent Raman-based detection of H 2 O is otherwise 
very challenging, given the overall low Raman cross 
section of H 2 O. 

Proof-of-principle measurements of the H 2 O 

concentrations were performed across the flame 
front of a laminar H 2 /air diffusion flame. We 
recorded the pure-rotational N 2 CARS signals 
at six different probe delays relative to the 
pump/Stokes pulse, from 30 to 360 ps, and ana- 
lyzed the corresponding collisional dephasing of 
the signal. The fs/ps CARS spectrum spans up to 

∼600 cm 

-1 allowing the simultaneous measurement 
of the temperature and of the relative O 2 /N 2 and 

H 2 /N 2 concentrations. The successful measurement 
of the H 2 O concentration thus allowed to map the 
chemical composition of the flow across the H 2 /air 
flame front, by measuring the absolute concentra- 
tions of the major combustion species. 

Single-shot measurements in the turbulent H3 
flame are presented by dual-probe fs/ps CARS, 
obtained with polarization control over the signal 
generation. The probe pulse is split in two pulses 
with an intra-pulse delay of ∼230 ps and linear 
polarization set to be parallel and orthogonal to 
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he polarization of the pump/Stokes pulse. The N 2 
ARS signal is thus simultaneously generated at
20 and ∼250 ps on the principle of a single-laser-

hot; the cross-polarized signals are recorded in two
istinct detection channels with our polarization-
ensitive coherent imaging spectrometer. A total
f 1200 single-shot CARS spectra were recorded
t the highest temperature location in the oxidizer
tream, at a HAB of 20 mm. The simultaneous
easurement of the H 2 O, O 2 , H 2 , and N 2 mole

ractions, as well as temperature, was realized at
his flame location. The statistical correlation of the
easured quantities is in good agreement with ex-

erimental data available for this canonical flame,
hus proving the applicability of the proposed tech-
ique to turbulent flames. 

The novel CARS approach presented here has
romising applications as an all-round laser diag-
ostic technique for scalar measurements in hy-
rogen flames, allowing for the simultaneous map-
ing of the temperature and chemical composition
f the flow. Furthermore, its extension to more
omplex combustion environments, where a larger
umber of collisional partner is present, some of 
hich might not be directly detected in the CARS

pectrum, is an active research topic in our group. 
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