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Abstract—Wwe report broadband detection of OH in a premixed
CHy/air flat flame at atmospheric pressure using cavity-enhanced
absorption spectroscopy based on an Er:fiber femtosecond laser and a
Fourier transform spectrometer. By taking ratios of spectra measured at
different heights above the burner we separate twenty OH transitions
from the largely overlapping water background. We retrieve from fits to
the OH lines the relative variation of OH concentration and flame
temperature with a height above the burner and compare them with the
1D simulations of flame structure.

Absorption  spectroscopy enables calibration-free
detection of intermediate combustion products, such as
the OH radical, which is important for the understanding
and modelling of flame chemistry. The OH radical has
been detected using cavity ring-down spectroscopy
(CRDS) in the ultraviolet spectral range [1], both in low
pressure [2] and atmospheric [3] flames. However,
performing OH detection in the telecom near-infrared
(NIR) wavelength range is more attractive because of the
availability of laser sources and optical components. Until
now, various techniques have been used for OH detection
in flames around 1.5pum, such as CRDS [4], cavity-
enhanced absorption spectroscopy [5], wavelength
modulation spectroscopy (WMS) [6] and intra-cavity
laser absorption spectroscopy [7]. One of the main
problems with OH detection at this wavelength is the
strong interference of water absorption lines. The
selectivity can be increased by lowering the flame
pressure, which decreases the pressure broadening and
spectral overlap [4, 7]. However, many industrial
applications require measurements under atmospheric or
higher pressures [8]. The lack of accurate parameters of
high-temperature water transitions around 1.5pm prevents
unambiguous identification of the water lines [9, 10]. A
way to circumvent this problem has been to measure NIR
water spectra at different temperatures and subtract them
from the spectra measured in the flame [5, 6]. This,
however, often requires extrapolation towards the flame
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temperature and introduces uncertainties and distortion in
the OH spectra.

Here we use NIR cavity-enhanced optical frequency
comb spectroscopy to detect broadband OH spectra in a
premixed CH,/air flat flame of a stabilized burner at
atmospheric pressure without the interference of water.
We isolate the OH lines from the water background by
taking ratios of spectra measured at different heights
above the burner (HABs). This works because water is a
final combustion product and therefore its concentration
is almost constant above the production zone. We retrieve
from our spectra the relative variation of the OH
concentration and flame temperature with HAB and
compare them to a 1-D model of the flame.

The experimental setup is an improved version of that
described in [10]. It is based on an optical frequency
comb generated by an Er:fiber femtosecond laser, a 60 cm
long open-air cavity containing the flame with a 3.8 cm
diameter, and a fast-scanning Fourier transform
spectrometer (FTS). The comb is locked to the cavity
using the two-point Pound-Drever-Hall technique [11].
The cavity finesse has been lowered from 1000 to 150 to
decrease absorption sensitivity in order to reduce the
number of water transitions involved in spectral analysis.
The burner is fixed on a vertical translation stage that
allows tuning of the HAB and is operated at the
stoichiometric fuel/air ratio with a total flow rate of 10
L/min. The flame has already been experimentally
characterized in terms of water concentration and
temperature using WMS [12]. The 1D calculations of
chemical structure of the flame were performed in
Cantera using the GRI Mech 3.0 chemical Kkinetics
mechanism.

An aluminium shield is placed around the burner to
prevent the previously observed misalignment caused by
the heat expansion of a breadboard holding the cavity.
Secondly, the collimator collecting the cavity transmitted
light into a fiber leading to the FTS is now placed directly
after the output mirror to reduce the influence of the beam
pointing instability. Thirdly, the output mirror is realigned
after turning on the flame and at each HAB to compensate
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for the beam steering induced by the temperature gradient
in the flame. These improvements reduced the intensity
drop by an order of magnitude and intensity fluctuations
by a factor of 2 compared to the previous system,
allowing better baseline quantification.

The FTS acquires the spectrum spanning 120cm™ with a

resolution of 0.033cm™ in 0.4s, and each measurement is
averaged 20 times. High-temperature spectra are
normalized against the background measured at room
temperature when the flame is off. The baseline is
corrected for etalons using low frequency sine functions
and multiplied by 1.02 to compensate for the residual
intensity drop caused by pointing instability.
Figure 1(a) shows spectra measured in the flame at HAB
of 25, 35 and 5mm. They contain thousands of
overlapping lines, where a large majority is identified as
hot water transitions by comparing to a new water line list
[13], and 20 lines as OH transitions using line positions
from the HITRAN database [14]. A spectral range
containing two of the OH lines is enlarged in Fig. 1(b).
Because of the strong overlap with water and the lack of
reliable high-temperature water line parameters in this
spectral range it is nearly impossible to extract
quantitative information from the OH absorption lines.
However, the simulations, shown in Fig. 1(c), predict that
above HAB of 2.5mm both water concentration and flame
temperature are relatively constant, while the OH
concentration decreases. This is observed in our spectra,
where the OH line intensities change with HAB, while the
water line intensities remain constant. Therefore dividing
the spectra measured at different HABs by a reference
spectrum measured at HAB of 2.5mm cancels water lines
to a large extent and reveals the OH transitions, as shown
in Fig. 2 for a ratio of spectra taken at HABs of 5 and
2.5mm. The ten OH doublets belong to four absorption
bands identified in the figure. The lines above 6400cm™
and the PP11.5ff line of the %Xy, < Xy, band are slightly
distorted by the residual structure on the baseline that
originates from the incomplete cancellation of water lines.
However, all other lines (underlined in the figure) are free
from distortion and can be used for concentration and
temperature retrieval by spectral fitting.
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Fig. 1. (a) Normalized cavity transmission measured at different heights
above the burner (HABS). (b) Enlargement of a spectral range
containing two of the OH absorption lines. (c) Simulations of water and
OH concentrations and flame temperature as a function of HAB.
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Fig. 2. OH spectrum obtained by taking the ratio of spectra measured at
HABs of 5 and 2.5 mm with transitions belonging to 4 absorption bands.
The underlined transitions are used for retrieval of OH concentration and
flame temperature.
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We use the three lines of the *Xs, < ®X3, (0, green) and
Xyp «— "Xy (s, grey) bands around 6360 cm™
(underlined in Fig. 2) to determine the OH concentration
as they have a weak temperature sensitivity of -7.5x107
K™ around 1900K [14]. The four doublets of the *Xg, «—
X3 (%, red) and *Xy, < "Xy, (o, blue, both underlined)
bands have a stronger temperature sensitivity, equal to
5.4x10™K™ at 1900K, and are therefore used to determine
the temperature. Figure 3(a) shows the spectral range
containing three lines used for concentration retrieval
together with fits, made in small ranges around each line,
and residuals. The fitted model is based on the ratio of
two cavity transmission functions [11] and the OH
absorption lines are calculated using Voigt profiles. The
OH line positions, lower-state energies and the total
partition function are taken from the HITRAN database
[14]. Note that the line intensities in these spectra do not
depend on room-temperature linestrengths, since these
cancel when two spectra are divided. The OH
concentration (0.28%) and flame temperature (1900K) at
the reference HAB are fixed to the values from the 1-D
simulations. The temperature at the higher HAB is also
fixed to 1900 K because of the weak temperature
sensitivity of the linestrengths. The fitting parameters are
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Fig. 3. OH lines with fits for (a) concentration and (b)-(c) temperature
retrieval together with residuals (lower panels).

the concentration at the higher HAB and the room-
temperature linewidth (assumed equal for all lines), where
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the temperature coefficient from HITRAN is used to
calculate the high-temperature linewidth. The retrieved
room-temperature linewidth is 0.068(2)cm™, except for
the two lower HABs, where it is larger [0.084(3)cm™ and
0.072(2)cm™ at 3 and 3.5mm, respectively], most
probably because of the influence of the cavity dispersion,
which is neglected here. The concentrations retrieved
from these fits are used as input parameters in fits to the
four doublets used for temperature determination, shown
in Fig. 3(b-c). Here the fitted parameters are the room-
temperature linewidth and the flame temperature at the
higher HAB. The linewidth is assumed to be the same for
the 8 lines and equal to the linewidth at the reference
temperature. The retrieved linewidth is 0.112(3)cm™,
apart from the HABs of 3 and 3.5mm where it is found
equal to 0.16(1)cm™ and 0.120(5)cm?, respectively.

The OH concentrations (red markers) and flame
temperature (black markers) obtained from the fits are
compared to simulations (solid and dashed curves) in Fig.
4. The error bars on the concentration values (roughly the
size of the markers) take into account the statistical error
from the fit (0.5%) and the uncertainty induced by the
neglected temperature sensitivity of the 2Xs, « °Xs), and
Xy «— Xy bands (0.4%). The uncertainty of the
temperature measurement is given by the fit error (0.5%)
and by the concentration uncertainty, which translates
into a temperature error via the temperature sensitivity of
the 3X3/2 «— 1X3/2 and 3X1/2 «— 1X1/2 bandS (1%) The
uncertainty on the cavity finesse measurement of 5% is
not included in the error bars. The fit results follow the
trend predicted by simulations rather well. The drop of
OH concentration at large HABs can be explained by the
decrease of the flame diameter with HAB due to product
gas diffusion and mixing with the surrounding air, which
is not taken into account in the 1-D model. The decrease
of temperature at the larger HAB has been observed
previously [12] and can be attributed to radiative heat loss
(not included in the model).
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Fig. 4. OH concentration (in red) and temperature (in black) retrieved
from fits to OH spectra (markers) compared to simulations (curves).

In conclusions, we demonstrated the quantitative
detection of OH in an atmospheric pressure flame using
NIR  cavity-enhanced optical  frequency comb
spectroscopy. The broad spectral bandwidth of the comb
allows the measurement of twenty OH transitions from
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four different bands, the largest number ever detected
simultaneously with absorption spectroscopy in this
range. We remove water interference by taking ratios of
spectra measured at different HABs above the production
zone and isolate multiple undistorted OH lines. We
retrieve OH concentration and flame temperature relative
to the reference HAB by fitting a model to the spectra.
The broad spectral bandwidth also yields better immunity
to baseline drifts, which can be removed during the fitting
process. The relative OH concentration and flame
temperature obtained from the fits compare well to 1-D
simulations. The retrieval of absolute flame parameters
will require simultaneous fitting of OH and water
transitions at each HAB, which in turns relies on the
availability of an accurate model of high-temperature
water spectra. The calculations of a new water line list are
under way and the broadband high-temperature spectra
measured in the flame with cavity-enhanced optical
frequency comb spectroscopy will allow its verification
[13].
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