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Abstract

Spontaneous Raman scattering measurements of temperature and major species concentration
in hydrocarbon-air flames require detailed knowledge of the Raman spectra of the hydrocarbons
present when fuels more complex than methane are used. Although hydrocarbon spectra have
been extensively studied at room temperature, there are no data available at higher temperatures.
Quantum mechanical calculations, when available are not sufficiently accurate for combustion
applications. This work presents experimental measurements of spontaneous Stokes-Raman
scattering spectra of methane, ethylene, ethane, dimethyl ether, formaldehyde and propane in the
temperature range 300-860 K. Raman spectra from heated hydrocarbons jets have been collected
with a higher resolution than is generally employed for Raman measurements in combustion
applications. A set of synthetic spectra have been generated for each hydrocarbon, providing the
basis for extrapolation to higher temperatures. The spectra provided here will enable
simultaneous measurements of multiple hydrocarbons in flames. This capability will greatly
extend the range of applicability of Raman measurements in combustion applications. In
addition, the experimental spectra provide a validation dataset for quantum mechanical models.
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1. Introduction
Raman/Rayleigh scattering is a powerful laser diagnostic technique for measurements of
temperature and species concentrations in combustion environments.[1-5] The line-imaging
Raman/Rayleigh scattering instrument at Sandia National Laboratories (SNL) provides
instantaneous measurements of temperature and major species concentrations (N2, O2, CO2, CO,
H2O, H2 and CH4) in flames, over a 6 mm probe line, with a spatial resolution of ~100 microns.
The instrument is routinely applied to measurements in laboratory-scale flames that are
specifically designed to advance the understanding of the turbulence-chemistry interaction, and
to provide validation databases for computational models. Recent measurement campaigns
focused on the effects of preferential diffusion, fuel stratification, and swirl in methane-air
flames. [6-8] The combustion community has a strong interest in extending the range of
applicability of this instrument to fuels more complex than methane. However, the data

processing to extract species concentrations and temperature from Raman/Rayleigh
measurements is more challenging for complex fuels, particularly when simultaneous
measurements of multiple hydrocarbons are needed.
Recently Fuest et al. [9] introduced the “hybrid method” to extract concentration
measurements from line imaging Raman data. The hybrid method combines the benefits of the
two previously dominant approaches, the “matrix inversion” [10] and the spectral fitting
approach [11]. In the matrix inversion approach “Raman channels” are defined on the CCD
camera by on-chip binning over assigned spectral regions. The resulting Raman signal vector S
(at given location x and instantaneous shot) is related to the species number density vector N
through the matrix C:
S = C (T ) ² N
1)

The signal on each channel contains the Raman response of its associated species (diagonal
terms of the C-matrix), and contributions (crosstalk) from all the other species (off diagonal
terms of the C-matrix). Many crosstalk contributions are negligible, making the C matrix sparse.
The matrix elements are functions of temperature and are obtained by empirical calibration.
Given the signal vector S and the Raman response matrix C, the number densities can be
obtained by matrix inversion. The process is iterative since the matrix C depends on the
temperature that is unknown. A guess temperature is estimated from the Rayleigh signal, the
number densities are computed, and a more accurate temperature is obtained using the computed
Rayleigh cross-section. This process is iterated until the temperature converges. Problems arise
in 1D Raman imaging for turbulent combustion applications. Beam steering caused by steep
density gradients is responsible for shifts of the entire Raman spectra with respect to the fixed
Raman channels. Further complications arise from the “bowing effect”, an intrinsic feature of
compact on-axis spectrometers such as the one used in our experimental set-up (details in
Section II).[12] The image of the entrance slit is distorted by the diffraction grating, causing a
red shift of up to 1.2 nm between the bowing center and the edge of the measurement line. The
Raman channels therefore cover a slightly different spectral region, at different locations along
the probe line. Because of beam steering and the bowing effect, the elements of the matrix C are
also a function of the spatial position along the probe line, and of the instantaneous laser
pointing.
An alternative to the matrix inversion approach is direct spectral fitting of the Raman data to a
theoretical or empirical library. This approach preserves the spectral information and can correct
for beam steering and bowing effect by shifting the spectra during the fitting procedure.
Moreover, spectral fitting allows for a better treatment of the background by fitting it
simultaneously with the spectra itself. The drawback of the approach is a significantly lower
signal-to-noise ratio with consequent lower precision than what can be achieved by on-chip
binning due to reduced readout noise. In addition the data acquisition rate is reduced, and the
spectra are sensitive to the lineshape and to the instrument function. In the hybrid approach the
elements of the matrix C are computed by integrating the theoretical Raman spectra over the
Raman channels for different values of the temperature, position along the probe line, and pixel
shift due to beam steering. This approach allows automatic compensation for spectral shift due to
beam steering and the bowing effect, while preserving the higher precision allowed by on-chip
binning.

The hybrid approach requires the knowledge of the Raman spectra as functions of the
temperature. In previous Raman measurements in methane-air flames performed at Sandia, the
spectra of all the major species, except methane, were obtained from quantum mechanical
calculations from the Ramses algorithm [11]. Since methane Raman spectra at elevated
temperatures are not available in Ramses, the elements of the matrix C associated with the
contributions from methane are assumed independent of the location along the probe, and of the
pixel shift, (as in the regular matrix inversion approach). The temperature dependence was
determined empirically from measurements in a stable, laminar flame from a Tsuji burner [13].
The strongest Raman signal from methane is due to the CH vibrational stretch and it is in the
2600-3300 cm–1 range, a region well separated from the channels associated with other major
combustion species. By choosing a sufficiently large methane Raman channel, the matrix
elements associated with the methane channel are independent of the pixel shift and of the
position along the probe line. A weaker Raman signal from methane is located in the 1200-1900
cm-1 range resulting from a CH2 bending mode, causing a crosstalk onto the CO2 (1133-1489
cm–1) and O2 (1489-1662 cm–1) Raman channels. The methane Raman signals in the CO2 and O2
channels are sensitive to the bowing effect, with ~10% changes in the integrated Raman
scattering intensity between the center and the edge of the 6 mm probe line. Since the methane
crosstalk is an order of magnitude weaker than the CO2 and O2 Raman signal, the error in the
concentration caused by neglecting the bowing effect is less than 1% for typical methane-air
flame compositions.
The approach used to determine species concentrations for methane can be extended to
Raman measurements in flames where the fuel is a single hydrocarbon, defining a region
associated with the strong v1 CH-stretch transition to evaluate the hydrocarbon concentrations
from that, and determining the temperature dependence empirically. Neglecting the beam
steering and the bowing effect will produce an error in the O2 and CO2 concentrations due to
crosstalk, but it will not have a significant effect on the hydrocarbon concentration or the
temperature. The approach breaks down for more complex fuels where multiple hydrocarbons
are present simultaneously. This is a case of great interest for combustion applications, because it
is closer to what is encountered in a practical combustor. For example, typical composition of
natural gas includes a significant percentage of ethane and propane, in addition to methane.
Mixtures of methane and ethylene are often used as surrogate of cracked JP-7 fuel for aerospace
applications.[14] Even when the fuel is a single hydrocarbon, combustion intermediates
concentrations can be significant, and cannot be neglected without causing large errors in the
temperature measurements. This is the case for instance in DME-air flames where the combined
mole fractions of methane, formaldehyde, acetylene, ethylene, ethane (combustion
intermediates) reach 8% of the total mole fractions.[15]
Figure 1a) shows the room temperature spectra of methane, ethylene, ethane, and DME,
obtained with the spectrometer of Ref. [6] that has a 1200 lines/mm grating. Raman spectra in
the CH-stretch region are closely overlapped giving rise to very large crosstalk. The vertical lines
define a plausible channel for methane (2882-2949 cm–1), with boundaries defined by the
frequencies where the methane Raman signal is 10% of its peak value at 300 K. At room
temperature, assuming equal concentrations of all hydrocarbons, the integrated Raman signal of
DME and ethane on the methane channel (crosstalks of DME and ethane onto methane) are 61%
and 127% of the integrated methane Raman signal. Changes in the crosstalks due to the bowing
effect are up to 5% and 20% for DME and ethane, respectively, and cannot be neglected without
large errors in the concentration measurements, especially when measuring combustion

intermediates. Figure 1b) shows the same spectra as the upper plot, obtained with the same
optical configuration but with a higher dispersion grating (4165 lines/mm). The methane Raman
channel boundaries are again chosen to correspond to 10% of the peak value in the high
dispersion spectrum, but this corresponds to a much narrower spectral interval (2911-2925 cm–1).
Consequently, the overlap is greatly reduced, and the crosstalk of DME and ethane onto the
methane channel (2911-2925 cm–1), are only 17% and 10% of the integrated CH4 signal, a
reduction by a factor of 4 and 12, respectively. The major drawback of using a higher dispersion
is that a smaller spectral region is imaged on the CCD camera, making it inadequate for Raman
measurements of the other combustion species. The issue can be overcome by a dual-resolution
Raman instrument, imaging simultaneously the 800-4600 cm–1 region at the resolution of Fig.
1a) and the 2700-3280 cm–1 region with the dispersion of Fig 1b), using two detection systems.
Such an instrument, combined with the hybrid approach to correct for beam steering and for the
bowing effect has potential for allowing Raman measurements of multiple hydrocarbons in
combustion environments. Recently, we developed a polarization-separation Raman instrument
that simultaneously acquires two orthogonal polarization components of the Raman spectra to
remove fluorescence interference in rich hydrocarbon flames.[16] The instrument can be
modified by using a higher dispersion grating in one of the spectrometers, so that dual-resolution
Raman spectra can be collected.
The focus of this paper is the development of a library of Raman spectra for methane, ethane,
ethylene, DME, and propane, to enable the hybrid approach for the analysis of Raman data
acquired with a dual-resolution instrument. Although ambient temperature Raman spectra of all
these hydrocarbons are available in the open literature, high temperature measurements are
available only for methane [17]. Theoretical models in the temperature range useful for
combustion applications have been proposed only recently for methane [17], but they are too
complex for heavier hydrocarbons. Ekoto et al.[18] reported a set of experimental Raman spectra
for the aforementioned hydrocarbons in the 300-900 K range, obtained with the low dispersion
spectrometer, and therefore inadequate for the dual-resolution instrument. The spectra presented
in this paper cover the same temperature range of Ref. [18], but are obtained with a grating of
4165 lines/mm (for 0.03 nm/pixel dispersion) and a slit width of 100 µm, resulting in a higher
spectral resolution. We collected two sets of spectra using an appropriately oriented thin film
polarizer. The sets labelled “perpendicular polarization” and “parallel polarization” contain,
respectively, the component of the Raman spectra with polarization perpendicular and parallel to
the scatter plane spanned by the direction of the incident radiation and the direction of
observation, which is 90 degrees in the current configuration. The exciting laser is
perpendicularly polarized with respect to the scatter plane. Figure 2c) shows the orientation of
the laser polarization and of the scatter plane. A third set of spectra, labelled “no polarizer” was
obtained with no thin film polarizer in the path. Because of the large signal collection angle the
“parallel” component includes also contributions from the isotropic component of the Raman
signal. Hence the depolarization ratio, defined as the ratio of the parallel and perpendicular
component, is always larger than predicted from theory assuming very small collection solid
angle [19]. Synthetic spectra obtained as sum of Gaussian curves, with width and amplitude of
the Gaussian curves expressed as a function of the temperature were generated by a fitting
algorithm, and compared to the experimental spectra. The number of Gaussian curves is
determined by the algorithm, and it is not representative of individual transitions or branches.
The synthetic spectra can later on be convolved with the appropriate apparatus function to
generate spectra matching the instrument resolution (different for low and high resolution sides

of the dual-resolution system), and then integrated over the designed spectral region to obtain the
C matrix. The last section describes a strategy to extend the synthetic spectra to higher
temperatures, and demonstrates its application to methane spectra.

2. Experimental set-up
The main components of the experimental set-up used in this work are an electric heater to
control the gas mixture temperature, a low resolution Raman/Rayleigh instrument to accurately
determine the temperature dependence of the integrated Raman signal, and a high resolution
Raman spectrometer to provide detailed spectral information. Figure 2 shows a schematic and a
photograph of the heater. It consists of a 0.635 m long quartz tube, with a 30.1 mm outer
diameter at the exit and a 1.5 mm wall thickness. The test gases are injected in the quartz tube by
two shorter quartz tubes placed 0.51 m from the flanged base. The low resolution Raman data
were collected in a mixture of N2 and the chosen hydrocarbon, with total flow rates of ~ 50 SLM.
The mixture ratio was selected to maximize the Raman signal at room temperature without
saturating the camera. The high resolution measurements were made in pure hydrocarbons
(Matheson C.P. grade) at flow rates of ~ 10 SLM. Mass flow rates were controlled by MKS flow
controller. The gas temperature near the exit is monitored by a type K thermocouple, inserted
into a port 0.457 m from the flanged base. A silicon carbide heater element, 32 cm long with a
heated length of 21 cm was seated against the flanged quartz base with a clamp designed to
minimize mechanical stress on the quartz body. A 2 inch thick fiberglass insulation blanket
surrounds the heater to minimize heat losses. A Variac variable transformer provides power to
the heater, and the supplied current was manually adjusted to achieve the desired thermocouple
temperature. Gas temperatures are limited to approximately 900 K at the heater exit. Higher
temperatures cause outgassing from the heater element that interferes with the Raman
measurements. Pyrolysis also becomes a concern at high temperature because the temperature
next to the heating element is higher than what is measured by the thermocouple resulting in
pyrolitic decomposition of the hydrocarbon. This is particularly evident for DME, where
methane and formaldehyde spectra appear for thermocouple temperatures above 700 K. Raman
measurements were taken 25 mm from the surface, sufficiently close to the exit so that no air is
entrained, but distant enough to avoid scattering from the surface. Black barriers visible in Fig. 2
were used to minimize backscatter from the incident laser light. The energy of the laser was
adjusted to maximize signal to noise ratio, and it is limited by the photo-fragmentation threshold
of each hydrocarbon. Photo-fragmentation is typically associated with formation of C2 that
produces strong fluorescence interference peaks, easily detectable in the low resolution spectra.
The “low resolution” Raman/Rayleigh instrument was the same as described in [20], and
routinely used for measurements in CH4-air flames. The instrument combines Rayleigh and
Raman scattering for single-shot acquisition of temperature and major species concentration (N2,
O2, CO, CO2, CH4, H2, H2O) along a 6 mm probe line. The Raman-Rayleigh imaging probe is
provided by four frequency doubled Nd:YAG lasers, with 100 ns delay between each pulse, and
sent through three optical delay lines, to generate a 1.4 J/pulse combined laser beam, temporally
stretched over 400 ns to prevent optical breakdown. A pair of 150 mm diameter achromatic
lenses (Linos Photonics f/2 and f/4) focuses the Raman/Rayleigh signal into the detection
system. The main internal components include two custom-built motor-driven chopper wheels,
six commercial camera lenses, a custom transmission grating (1200 lines/mm Kaiser Optical)
and mirrors and filter to separate the signal from Raman scattering (~550-700 nm) and Rayleigh

scattering (532 nm). A Princeton Instruments 1340/400 EMB CCD camera is used for the
Rayleigh signal. A non-intensified, low-noise, cryogenically cooled CCD camera (Princeton
Instruments VersArray 1300B with CryoTiger cooling unit, –110⁰ C operating temperature) is
used for Raman detection. Gating for the Raman camera is provided by a rotating shutter
operating at 21000 rpm. The stationary and rotating slits are 0.50 mm and 0.55 mm, respectively,
and they are centered at a radius of 63.5 mm, producing a gate width of 3.9 µs (FWHM). This
high-speed shutter is operated in tandem with a low-speed (3000 rpm) shutter, placed at the focal
plane of the main collection lens, which provides 300 µs gating for the Rayleigh camera. The
two wheels are controlled by a custom-made phase-locked loop (PLL) circuit, which also
provides the master timing signals for operation of lasers and cameras. The Raman camera is
binned spatially providing ~100 microns spatial resolution. Raman channels for all major species
are defined in the spectral direction and the Raman signal is hardware binned in this direction.
Two channels are defined for the hydrocarbons, one covering the 882-1791 cm–1 Raman shift
region, the other covering the 2548-3434 cm–1 region. The low resolution Raman/Rayleigh
system is not used to generate the Raman spectra, but to provide accurate temperature
dependence of the integrated signal.
The Raman spectra shown in this paper were obtained using a “high resolution” Raman
detection system placed opposite to the “low resolution” system described above. A similar
version of the spectrograph has been previously used by KC et al. [21] to acquire high resolution
N2 spectra in laminar flames. A pair of 150 mm diameter achromatic lenses (Linos Photonics f/2
and f/4), identical to the ones used for the “low resolution” system, focused the Raman signal at
the entrance of a Holospec f/1.8i spectrograph (Kaiser Optical Instruments). The
Raman/Rayleigh signal was then collimated by a camera lens, the Rayleigh signal was removed
by a holographic notch filter with an OD > 6 at 532 nm and a FWHM transmission width < 350
cm–1. The remaining Raman signal was then focused by a second lens on a 100 µm slit and
collimated by a subsequent camera lens onto the grating. Two holographic transmission gratings,
with 4165 lines/mm, were available to disperse the Raman signal. The HDG-573 grating was
used to probe the hydrocarbon bending modes in the 882-1791 cm–1 region; the HDG 631
grating was used to probe the CH stretching modes in the 2548-3434 cm–1 region. The dispersed
light was focused into a Princeton Instrument LN cooled Versarray camera. The CCD array was
horizontally binned over 90 pixels, corresponding to a measurement volume of ~ 1 mm to
improve the signal to noise ratio. No binning was applied in the spectral direction and a spectral
dispersion of ~ 0.02 nm/pixel was achieved. The detection assembly was enclosed within black
curtains and all additional light sources were carefully removed to reduce scattering from
ambient light.

3. Temperature dependence of the integrated Raman signal
This section discusses the temperature dependence of the integrated Raman signal collected
with the “low resolution” Raman/Rayleigh system. This approach is preferred to direct
integration from the “high resolution” spectra, because of higher signal to noise ratio, reduced
sensitivity to changes in the background, and more accurate temperature measurements. The
integration width and resulting binning regions for the hydrocarbons were chosen to match the
regions covered by the two gratings used for the high resolution spectrometer, covering the 8821791 cm–1 (CH2-bend region) and the 2548-3434 cm–1 region (CH-stretch region). We collected
Raman/Rayleigh data in mixtures of N2 and one hydrocarbon; the laser energy and the ratio of

the hydrocarbon to the N2 were optimized to avoid breakdown and photo-fragmentation, and to
obtain a signal of ~ 50000 counts in the CH-stretch bin, at room temperature. The laser energy
and the integrated N2 to hydrocarbon ratio were kept constant while varying the gas temperature.
Temperature was measured by Rayleigh scattering, assuming that the mixture Rayleigh cross
section is temperature independent over the range of the experiments. The thermocouple
measurements, taken inside the quartz tube, 0.178 m from the exit, were systematically higher
than the Rayleigh measurements, and a calibration curve was derived to correct the thermocouple
readings and facilitate accurate control of the heater. The Raman signal was background
subtracted, multiplied by a calibration curve that removes the effects of the non-uniform
throughput in the spatial direction, and averaged over the central 1 mm and over 500 single
shots. The calibration curve was obtained by previous measurements in a uniform mixture of
nitrogen and each hydrocarbon. The temperature dependent Raman signal in each channel was
then normalized by its value at the ambient temperature. To remove the density dependence, the
Raman signal was divided by the ratio between the Rayleigh signal at given temperature and the
Rayleigh signal at ambient temperature.
Raman/Rayleigh measurements taken at room temperature in pure hydrocarbons and pure N2
jets provide the Rayleigh cross section relative to N2 and the ratios of the hydrocarbon Raman
signal in the CH2- bend and CH-stretch regions to the N2 Raman signal (2208-2429 cm–1) taken
without a polarizer. The integrated Raman signals in N2 with the perpendicular and parallel
polarizer orientations are 81.5% and 9.5% of the signal collected with no polarizer, respectively.
The results are summarized in Table I. The integrated signal in the CH-stretch region is between
10 and 26 times stronger in the hydrocarbon than in nitrogen, allowing for higher detection limits
than other combustion species. The Raman signal in the CH2-bend region is weak for methane
(~0.6 of the N2 signal), but 3 to 5.5 times larger for the other hydrocarbons. This makes
combustion measurements particularly challenging because the crosstalk of the hydrocarbons
onto the CO2 and O2 channels can be comparable to the CO2 and O2 contributions. As an
example for an unstrained C2H4-air flame with equivalence ratio of 0.7, C2H4 mole fraction is ~
5.5 times smaller than O2, producing a crosstalk contribution that is greater than 20% of the O2
signal, and accounts for most of the signal in the CO2 channel. In higher temperature regions the
relative contribution on the O2 channel decreases (for lean flames), but the contribution of C2H4
onto the CO2 channel is higher than the CO2 signal up to 1100 K.
The symbols in Fig. 3 show the density-independent, normalized, integrated Raman signal as
function of the Rayleigh temperature for the CH-stretch hydrocarbon channel (on the right) and
for the CH2-bend channel (on the left). The error bars represent ± one standard deviation, and are
typically ~ 1% of the mean value. The integrated ro-vibrational N2 scattering signal (2208-2429
cm–1) acquired with the perpendicular polarizer is also shown in the methane plot and compared
to Ramses calculations computed with the appropriate polarization. The measured N2 Raman
signal is within 0.5 % of the Ramses predicted value and demonstrates the accuracy of the
measurements. The continuous curves are third order polynomials obtained by a least-squares fit
to the experimental results.
The component of the spectrum with polarization parallel to the scattering plane has a weaker
dependence on temperature than the perpendicular portion. With the exception of CH4, changes
in the normalized Raman signal with temperature are much stronger in the CH2-bend region.
Fluorescence of C2, obtained by photo-fragmentation at higher temperature, produces a large
interference signal in the CH2-bend and in the CO region. The C2 fluorescence could not be
responsible for the observed temperature dependence in the CH2-bend region because we

observed no changes in the CO channel. Detailed comments on the temperature dependence for
each hydrocarbon can be found in the next section together with descriptions of the spectra.

4. High resolution hydrocarbon spectra
The spectra shown in this section were collected in heated hydrocarbon jets with no N2
dilution, using the high resolution spectrometer previously described. N2 dilution allows higher
laser energies, but the net effect is a reduction of the hydrocarbon Raman signal because of the
lower concentration. The laser energy was tuned for the different hydrocarbons and temperatures
in order to achieve the maximum Raman signal without inducing breakdown or photofragmentation. Occasional spectra containing evidence of photo-fragmentation and of laser
induced breakdown were removed during the data processing. A quadratic polynomial that
provides the conversion from camera pixel to wavelength was obtained by matching the
measured pixel locations of spectral peaks from a neon spectral lamp to their expected
wavelength from the lamp user manual. Background spectra were obtained by averaging 100
instantaneous spectra taken with the laser blocked. A throughput calibration curve is needed to
correct for the frequency-dependent transmissivity of the grating and of other optical
components. A standard L-931 tungsten lamp provided the calibration source. The spectral
irradiance of this source is tabulated in the product manual. The tabulated data did not cover our
spectral region of interest, (560 - 590 nm, 615 - 650 nm), and the available data were fitted to a
modified Planck function to obtain the irradiance in W/m2/nm:
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where T is the estimated temperature of the tungsten filament (2851 K) and m1 and m2 are the
best fit coefficients. The irradiance was then multiplied by the dispersion (derivative of the pixel
to cm-1 conversion curve from the neon lamp measurements) to obtain the irradiance per pixel.
The calibration curve was obtained as the ratio between the expected and the measured
irradiance per pixel. The raw data were background subtracted, normalized by the laser energy,
multiplied by the throughput calibration curve and averaged over the total number of
realizations. The average spectra were normalized so that the integrated signal matches the
hydrocarbon/N2 ratio reported in Table 1. The temperature dependence of the high resolution
spectra was corrected by the third order polynomials of Fig. 3 to make use of the higher accuracy
of the low resolution instrument. The resulting spectra in Fig.4 to Fig. 19 are plotted as a
function of Raman shift. Note that the high resolution spectra reported here are averaged over
±45 pixels around the bowing center, so that the bowing effect is smaller than 1 pixel. The
Raman shift was obtained as the difference between the Nd:YAG laser frequency and the
frequency of the collected Raman signal. The value of the Nd:YAG laser frequency was not
measured, but set to 18793.2 cm–1 so that the methane ν1 peak falls at 2917 cm–1.
The following subsections describe the spectra collected for each hydrocarbon. The spectra
are provided in graphical form in Figs. 4-18 and in tabular form in the supplemental material.
The temperature dependence of the spectra, the polarization dependence and several spectral
features are discussed with particular attention to combustion applications. The spectra provided

here can also be used to validate theoretical models. As a general rule an N-atomic molecule with
a non-linear structure has 3N–6 normal vibrational modes. Fundamental vibrational frequencies
for all the hydrocarbons investigated in this study are listed in [22].The general harmonic
oscillator selection rule is ∆vi=±1,where v is the vibrational quantum number, but to be Raman
active a change in the induced dipole moment is required, imposing more restrictive selection
rules that depend on the symmetry properties of the molecule. Most of the transitions discussed
in the section below are fundamental transition v=0→1 but at higher temperatures, where higher
vibrational energy states are populated, hot band transitions such as v=1→2 and v=2→3 can be
observed. First overtone modes v=0→2, although generally weaker are also observed. Higher
order overtones are too weak to be detected and can be neglected for combustion applications.
Combination modes occur when two or more fundamental frequencies interact with each other;
this often involves modes that are not Raman active at their fundamental frequency. Overtones
and combination modes are typically much weaker than the fundamental modes, but their
amplitude can be strongly amplified by resonances like the Fermi resonance. When a
fundamental and an overtone or combination mode have approximately the same frequency, the
two modes mix, producing a spectral shift that separates the two bands as well as an amplitude
reduction of the fundamental band, and an amplitude enhancement of the overtone or
combination band.
The experimental spectra with polarization perpendicular to the scattering plane are compared
to synthetic spectra obtained as combination of several Gaussian curves. The number of
Gaussian curves is determined by a peak-finder algorithm applied to high temperature spectra so
that more peaks can be identified. The peak locations are kept constant for each species as the
temperature varies. The peak finder algorithm smooths the first derivative of the signal, and then
takes only the zero crossings whose slope exceed a threshold, and with original signal above an
amplitude threshold. Details on the peak finder algorithm are described in Ref. [23]. The
amplitude and the width of the Gaussian curves are determined by minimizing the difference
between the experimental and the computed spectra at each temperature. If the fit is
unsatisfactory, the number of peaks is increased, by decreasing the thresholds in the peak-finder
algorithm. The spectra are divided in several regions (typically 6 or 7), each containing peaks of
approximately the same magnitude. This provides better peak recognition and improves the
quality of the fit across the entire spectrum. The amplitude dependence on the temperature is
approximated by a third order polynomial, and the width by a linear fit. Peak positions and the
coefficients of the polynomials for the amplitude and the width are reported in the supplemental
materials. We chose Gaussian curves over Lorentzian as basis functions for the synthetic spectra
because they provide a better fit to the experimental data. In combustion applications, the
synthetic spectra provided here can be utilized in a manner similar to the spectra derived by
Ramses quantum mechanical calculations [9] and, after convolution with the appropriate
instrument function at the respective instrument dispersion, can be used to generate the
temperature, pixel, and spatial location dependent matrix elements for the hybrid Raman data
processing approach.
4.1.Methane
Methane is a spherical top molecule, with four distinct normal vibrational modes that are
Raman active. The v1 mode is a symmetric CH-stretch mode centered at 2917 cm–1, the v3 is a
triply degenerate CH-stretch mode centered at 3019 cm–1, the v2 is a doubly degenerate
deformation (bending) mode centered at 1534 cm–1, and the v4 is a triply degenerate deformation

mode centered at 1306 cm–1. The frequencies of the vibrational modes satisfy the relation ν1≈ ν3≈
2ν2≈ 2ν4. Because of this relation between the vibrational frequencies, the Raman spectrum is
characterized by polyads, with strong interaction between different vibrational modes. Extensive
studies of the methane spectrum are available in the literature.[24-27] More recent work from
Jourdanneau et al. [17] includes experimental investigation at low pressure (1 amagat), for
temperatures ranging from 300 K to 900 K, and a quantum mechanical model is proposed with
parameters obtained by best fit to the experimental spectra.
The first polyad is a dyad and includes the v2 and v4 modes. The top portion of Fig. 4 shows
the Raman spectra of CH4 in the dyad range 1100 cm–1 to 1800 cm–1obtained with no polarizer in
the path. This is an important region for combustion diagnostics because it overlaps the O2 and
CO2 spectra. The integrated CH4 Raman signal (per molecule) in this region is ~ 47% of the O2
signal, therefore it constitutes a non-negligible crosstalk contribution. For a CH4-air flame with
equivalence ratio of 0.7, the crosstalk contribution of CH4 onto O2 is ~16% of the O2 signal in
the reactants and decreases at higher temperatures. The black, continuous, vertical lines identify
the CO2 (1133-1489 cm–1) and O2 (1489-1662 cm–1) Raman channels at the bowing center; the
dotted lines indicates those same channels at the edge of the probe line, shifted spectrally by the
bowing effect. Raman spectra are shown in the 300-860 K range. The spectra are dominated by
the ν2 doubly degenerate bending mode at 1534 cm–1. The v4 bending mode centered at 1306 cm–
1
is much weaker, as already observed by Jordanneau et al.,[17] and it is not clearly
distinguishable in the experimental spectra. The bottom of Fig. 4 shows the component of the
methane Raman signal perpendicularly polarized. The top and bottom plots of the figure differ
only by the reduced intensity of the polarized spectra, roughly half of the value measured with no
polarizer. This suggests that the dyad scattering is completely anisotropic and not polarized as
already observed in [17]. A polarization separation approach such as the one illustrated in [16]
would greatly reduce the dyadic contribution of the CH4 spectrum improving the accuracy of
CO2 and O2 concentration measurements. The spectral resolution is sufficient to resolve the S
and O branch transitions (∆J = ±2 respectively), and the P and R branch transitions (∆J = ±1
respectively), but it is inadequate to resolve the ro-vibrational transitions in the Q-branch. Figure
3 shows a weak temperature dependence of the integrated signal in the dyadic region, first
decreasing by 5% at 600 K and then increasing back to its original value at ~ 900 K. Different
temperature dependences are observed if the integration region is split to match the CO2 and O2
channels. The integrated spectrum over the CO2 channel increases by 19% from 300 K to 860 K,
whereas the integrated signal in the O2 channel decreases down to 77% of its original value. The
different temperature dependence of the two channels can be understood by noting that at high
temperatures the Stokes transitions from vibrationally excited states (hot-bands) become more
significant and the ground vibrational state population diminishes. Because of anharmonic
vibrational effects these hot-bands are shifted to lower frequencies relative to transitions from the
vibrational ground state. Thus these transitions are shifted preferentially away from the O2
channel and into the CO2 channel. Figure 4 clearly shows the appearance of a frequencydownshifted “shoulder” at high temperatures arising from the Q-branch from the first excited
state. The change in the Raman crosstalk between the center and the edge of the probe volume
(+/- 3 mm from optical axis), caused by the “bowing effect” is -5% at 300 K and -10% at 860 K
for O2 and -15% at 300 K and -5% at 860 K for CO2. As discussed in the introduction, the error
on the O2 and CO2 species concentration measurements when neglecting the change in the
methane crosstalk due to the CH2 bending caused by the bowing effect is significantly smaller
because of the lower Raman signal intensity in this region, compared to the O2 and CO2 Raman

signal. As an example the error in O2 concentration in the reactants of a CH4-air flame with
equivalence ratio of 0.7 is ~0.8% of the measured O2 concentration. The dotted spectra in the
lower portion of Fig. 4 are the synthetic spectra, obtained as sum of 119 Gaussian curves. The
synthetic spectra are optimized so that the integrated signals associated with the O and P branch
(1150-1512 cm–1), Q branch (1512-1560 cm–1), S and R branch (1560-1780 cm–1), match the
experimental values.
Figure 5 and Fig. 6 show the methane spectra in the pentad region between 2600 and 3300
cm–1. This is the region typically assigned to the hydrocarbons in Raman measurements when the
matrix inversion or the hybrid approach is used. Spectra are dominated by the strong ν1 totally
symmetric stretch mode at 2917 cm–1. This mode has a1 symmetry species, and the associated
selection rule is ∆J=0, allowing only Q-branch transitions. Figure 5 shows a close-up of the
perpendicular component of the methane Raman spectra in the 2890-2925 cm–1 region,
corresponding to the Q-branch of the ν1 CH-stretch mode. Spectral resolution is not sufficient to
resolve the ro-vibrational structure. As the temperature increases, the amplitude of the 2917 cm–1
peak decreases, but additional peaks appear at lower frequencies (Q-branches of the hot bands)
due to the increase in the population of levels with higher energies. The integrated signal
associated with this region (2890-2925 cm–1) stays within 1% of the ambient temperature value.
Figure 6 compares the perpendicular (upper plot) and parallel (lower plot) components of the
Raman spectra. The strongly isotropic ν1 mode [17] is almost completely perpendicularly
polarized, and its intensity is significantly reduced in the parallel component. The dominant
features in the parallel component of the spectra are associated with the ro-vibrational structure
of the triply degenerate, v3 stretching mode (f2 symmetry species, with selection rules ∆J=0, ±1,
±2). Hot bands for this mode are too weak to be observed in this temperature range. The
expanded vertical scale of Fig. 6, allows one to discern additional isotropic (polarized) features,
associated with the first overtone of the deformation modes (2ν4 with a peak at 2586 cm–1 and
2ν2 with a peak at 3073 cm–1) and the ν2+ν4 combination mode at 2835 cm–1. These modes are
enhanced by Fermi resonance with the ν1 stretching mode. Additional Raman signal is expected
in the octad region near 4300 cm–1. It is produced only by overtones and combination modes, but
its contribution is too weak and can be neglected for combustion applications. The synthetic
spectra for the perpendicular component of the Raman spectra are obtained as sum of 166
Gaussian curves. The synthetic spectra are intended to be used with the hybrid approach,
therefore small discrepancies in the spectral features are negligible as long as the integrated
signal is conserved. The integrated Raman signal in the CH-stretch region (2548-3434 cm–1)
depends only weakly on temperature (increase up to 3%) as shown in Fig. 3. When multiple
hydrocarbons are measured simultaneously, the CH-stretch region is divided in several
hardware-binned regions to define separate channels for all the hydrocarbons present. Each
region has a different temperature dependence that can be extracted by convolving the synthetic
spectra with the appropriate instrument function and then integrating over the spectral region
associated with each channel.
4.2.Ethylene
The ethylene molecule (H2C=CH2) is a prolate asymmetric rotor, with twelve nondegenerate
normal vibrational modes, 6 of which are Raman active. Extensive literature is available on
ambient temperature Raman spectra of ethylene. Foster et al. presented detailed studies on the v1,
v3 and v5 Raman vibrational bands [28]; Knippers et al. [29] investigated some of the overtone
Raman Q branches. More recently, Bermejo et al. [30] investigated the v2, v3, and 2v10 Raman

bands at very high resolution (0.003 cm–1). Oomens et al. [31] investigated the hot bands in the
2970-3015 cm–1 region at low rotational temperatures by pumping the molecules to excited states
using an IR-IR double resonance technique. For combustion application a mixture of methane
and ethylene is a commonly used JP7 surrogate. [14] CARS measurements of ethylene in flames
have been demonstrated by Beyrau et al. [32]. Raman measurements of ethylene in flames are
severely limited by the low photo-fragmentation threshold and by C2 fluorescence interference
effects. We recently developed a polarization-separation Raman/Rayleigh instrument [16] to
remove the effect of C2 fluorescence interference from the Raman data on a single-shot basis.
[16] As shown in Fig. 1 the Raman spectra of methane and ethylene are sufficiently separated
also with the low-dispersion grating, and the hybrid approach can be applied to data from the
polarization separation Raman instrument, if ethylene and methane spectra are present. Despite
the large interest in combustion applications, studies of the evolution of the ethylene Raman
spectra at higher temperature are scarce. Quantum mechanical models for the ethylene Raman
spectrum are not available in the open literature.
Figure 7 shows the ethylene spectra in the 1100 -1780 cm–1 range for temperatures between
300 and 860 K. The strong spectral peak at 1343 cm–1 is associated with the v3 normal
vibrational mode (CH2 bending). The rotational structure associated with this Q-branch is very
compressed and it is unresolved in our data. Weak and broad (~400 cm–1) wings, presumably
unresolved O, P R and S branch lines, accompany the Q-branch, but are not visible at the vertical
scale used in Fig. 7. The v3 has ag symmetry therefore is mostly isotropic and strongly polarized.
The component of the spectra shows only a small reduction in the peak signal (13%) with respect
to the spectra taken with no polarizer (not shown here, but available in tabular form), confirming
that this vibrational structure is prevalently isotropic and strongly polarized. The unresolved O,
P, R and S branch lines that constitute the wings are anisotropic and, as expected, their amplitude
is roughly halved in the polarized spectra. At higher temperatures the v3 band becomes broader
and skewed toward lower frequencies, as a consequence of the appearance of hot bands that are
unresolved at this resolution. As the temperature increases, the v3 signal integrated over the CO2
channel (1133-1489 cm–1), normalized by the density, increases by up to 23%. The integrated
Raman signal associated with the v3 mode at 300 K is ~3.43 time larger than the N2 signal, and
falls completely in the CO2 channel. Since the spectral features are well centered in the CO2
channel, the crosstalk correction is not sensitive to beam steering or to the bowing effect. The
region corresponding to the O2 channel (1470-1660 cm–1) is dominated by the v2 vibrational
mode of ethylene, a C2 stretching mode centered at 1624 cm–1, and the second overtone of the v10
vibrational mode (CH2-bend), expected around 1652 cm–1, which is enhanced by Fermi
resonance and produces the weak broad structures on the blue side of the v2 Q-branch. The
spectra associated with the v2 mode fall completely within the O2 channel, and the integrated
“crosstalk” contribution is not sensitive to beam steering and to the bowing effect. At 300 K the
integrated signal in this region is ~1.7 time the signal in N2, and therefore constitutes a major
crosstalk contribution even at low concentrations. Similar to the v3 Q-branch, the spectrum is
strongly polarized with only a 17 % reduction in the peak intensity in the perpendicular
component. The spectra show strong temperature dependence, with the peak at 1624 cm–1 down
to 14% of its original amplitude when the temperature reaches 860 K. In turn lower frequencies
hot bands become stronger, and the integrated signal over the O2 channel (1470-1660 cm–1) after
a small 3% drop at 400 K increases at 860 K by ~6% relative to room temperature. Synthetic
spectra were obtained for the perpendicular polarization and plotted as dashed curves in Fig. 7.
The v3 mode is represented by six Gaussian curves, where the spectral features in the O2 channel

are approximated by combinations of 37 Gaussian curves. Small discrepancies can be observed
on the low frequency side of the v3 mode; the integrated signal obtained from the synthetic
spectra is within 0.2% of the measured value.
Figure 8 shows the perpendicular component of the v1 band (CH stretch, ag symmetry species)
of the ethylene Raman spectra in the 2980-3050 cm–1 region. The band is characterized by the
strong Q-branch transition peaking at 3020 cm–1. As the temperature increases the peak
amplitude drops quickly as hot bands become stronger, but the total integrated signal is roughly
constant. Hot bands appear as the temperature increases, but the spectral resolution is not
sufficient to resolve them, and only a broadening of the spectra is observed. The v1 Q-branch is
highly isotropic, and removing the polarizer only increases its intensity slightly.
Figure 9 shows the perpendicular component of the Raman spectra of ethylene in the 26003350 cm–1 region, with a significantly expanded vertical scale, to allow visualization of minor
contribution to these spectra. The broad spectral structures centered at 3102 cm–1 are associated
with the v5 CH2 stretching mode. The spectral features centered at 2878 cm–1 are attributed to the
second overtone of the v12 CH2 in plane bending mode. The peak at 3240 cm–1 is attributed to the
second overtone of the v2 C2 stretching mode, and the 3274 cm–1 peak is attributed to the v2+2v10
mode (C2 stretch and second overtone of the CH2 rocking mode). Comparison of spectra
obtained with and without the polarizer shows that all those vibrational modes are highly
isotropic and perpendicularly polarized except for the v5 asymmetric stretch mode that is
completely depolarized.
Significant changes in the spectra are observed with changes in the temperature. The v1 mode
behaves similarly to the previously described v2 mode; the peak value decreases rapidly (to 17%
of the room temperature value for the 3020 cm–1 peak), but lower frequency hot bands become
stronger, producing a skewed broadening of the lines at this low resolution. The integrated
Raman signal decreases by 2% from 300 K to 400 K and then increases monotonically with
temperature, up to 4% at 860 K. The amplitudes of the overtone modes quickly decrease with
temperature and at 860 K cannot be distinguished from the broad wings of the v1 mode. The
synthetic spectra in the CH-stretch region are a combination of 137 Gaussian curves.
Discrepancies are observed mostly for the v1, making the synthetic spectra inadequate for a
spectral fitting approach. The integrated area of the synthetic spectra differ by less than 0.15%
from the measured value, and the discrepancies in the spectral features are not significant for the
evaluation of the matrix elements in the hybrid approach.
4.3.Ethane
The ethane molecule has twelve fundamental vibration modes, but only six are Raman active.
There is a discrepancy in the numbering and the symmetry designation of modes v7 to v12
reported by van Helwoort [33] and by Shimanouchi [22]. As for the remaining of the paper we
follow Shimanouchi [22] numbering that is also consistent with NIST tables. The 3 modes (v1, v2,
v3) belonging to the totally symmetric ag symmetry species are vibrational-rotational bands that
satisfy the selection rule ∆K=0 and ∆J= ±1, where the three degenerate modes (v7, v8, v9) have
Raman bands that satisfy ∆K=±1, ±2 and ∆J=0, ±1, ±2. [33] Extensive studies of the Raman
spectrum of ethane at room temperature are available in the literature. [33-37] Ethane is present
in significant amounts in natural gas, and therefore it is of interest for combustion applications. It
is also one of the major intermediates in DME combustion, which is of current research interest.

Other than the low-resolution study by Ekoto et al.,[18] there are no experimental databases that
provide the Raman spectra of ethane as a function of the temperature.
Figure 10 shows the ethane spectrum in the 880-1100 cm–1 region. In the hybrid approach this
region is assigned to the signal from the C2 fluorescence interference, and used as a basis for
computing the corrections needed to remove this interference in most Raman channels. Thus,
failure to account for the ethane contribution in this region will propagate to all the other
concentration measurements. The ethane spectrum in this region is dominated by the C2 stretch
mode centered at 995.3 cm–1. The Q-branch transitions are strongly polarized, where the weak O
and S branch are not polarized. The spectra in this region are strongly temperature dependent.
The spectral resolution available is not sufficient to resolve the hot band, but the envelope
changes dramatically, producing large shifts in the peak location, and increasing the width and
the skewness of the spectral features. The integrated signal increases by 67% when the
temperature rises from 300 K to 860 K. The synthetic spectra for the perpendicular component
are obtained as a combination of 59 Gaussian curves. No major discrepancies are visible in the
figure and the integrated signals from the synthetic spectra are within 1% of the measured values.
Figure 11 shows the ethane spectrum in the 1100-1800 cm–1 region corresponding to the CO2
and O2 channels. Spectra obtained with no polarizer (top) and with the polarizer oriented to
transmit the perpendicular polarization (bottom) are shown. The major feature in this region is
attributed to the v8 CH3 deformation mode centered at 1469 cm–1. The Raman spectra show an
unresolved envelope that extends up to 250 cm–1 from the band origin, overlapped with well
resolved peaks, regularly spaced about 6-7 cm–1 apart. This regular structure is associated
directly with the P, O, Q, R and S branches of the v8 band, and it is described in detail in [33].
The non-resolved envelope is attributed to complex interactions of the v8 band with several
combination bands and overtones such as 3v4+v12, 2v4+v9, and v4+v12. Very weak, depolarized
features associated with the v9 normal mode (CH3 rocking) are centered at 1195 cm–1. The
narrow peaks at 1343 cm–1 and 1642 cm–1 do not belong to ethane but are associated with the v2
and v3 modes of ethylene. The ethane gas was provided by Matheson cylinder with a CP grade
that guarantees >99% ethane, and from the peak height we estimate a mole fraction of ~0.25% of
ethylene. Comparison between the spectra obtained with and without the polarizer show that the
v8 is not polarized, and its intensity is reduced by roughly half when adding a polarizer. The
polarized 2v12 transition at ~1646 cm–1 observed in Ref.[33] is noticeable in the perpendicular
component, but it is very weak. The ethane signal in the CO2 and O2 region is roughly 0.75 of the
N2 signal when collecting only the perpendicular polarization, and approximately twice that
value if no polarizer is used. The Raman signal increases with temperature, reaching a 10%
increment at 860 K. The signal in the CO2 channel decreases with temperature reaching a
minimum of 93% of the ambient temperature value at 500 K and is then slowly increasing. The
signal in the O2 channel increases monotonically with temperature reaching a 5% increment at
860 K. The ethane crosstalk in the O2 and CO2 channels is strongly dependent on the spatial
location along the probe volume due to the bowing effect, with variations of up to –26% and
+20% between the center of the bowing and the edges for O2 and CO2, respectively. The error is
reduced to –9% and +10% at 860 K. The synthetic spectra are obtained as combinations of 96
Gaussian curves. Discrepancies are visible between the synthetic and the experimental spectra,
most likely caused by an insufficient number of peaks, in particular near the v9 and the 2v12
modes. The integrated signal over the combined CO2-O2 channels from the synthetic spectra is
within 2% of the experimental value; the integrated signal over the CO2 is up to 2.7% smaller
than the experimental value, and the integrated signal over the O2 channel is up to 3% larger.

Nevertheless, the synthetic spectra allow accounting for beam steering and for the bowing effect,
greatly reducing the error in the ethane crosstalk terms.
Figure 12 shows the ethane spectrum in the 2700-3100 cm–1. Two Raman-active fundamental
vibrational modes are present in this region: the strong v1 symmetric CH3 stretch mode centered
at 2953.7 cm-1 and the weaker v7 asymmetric CH-stretch mode centered at 2968.7 cm–1. The
other major features in this region are the peaks at 2894 and 2899 cm–1, corresponding to a very
strong Fermi resonance of the overtones of the in phase (v8) and out of phase (v11) asymmetric
CH3 deformation with the symmetric stretching mode v1. [33] As a result of the Fermi resonance
the overtones amplitude is greatly increased and their frequencies blue shifted by 45 and 42 cm–1
respectively. Hot bands associated with the v1 and 2v8 Q-branch transitions are responsible for
the skewness toward the red. Weaker but well defined spectral features appear at 2744 cm–1
attributed to the v6 overtone, and at 2779 cm–1, attributed to the v2 overtone (with its blue shifted
2v2+ v4 hot band), enhanced by anaharmonic resonance with the fundamental v1 band. [33]
Comparison of the perpendicular and parallel components of the Raman spectra shows that the
v1, 2v8 2v6 and 2v2, 2v2+ v4 modes are primarily isotropic and strongly polarized. Because of the
large collection angle, the peaks at 2899 cm–1 and 2954 cm –1 are still visible in the parallel
component. A large broadband, unpolarized, envelope, similar to the one produced by the v8
mode, covers the 2800 - 3100 cm –1 range in the parallel polarization plot, and it is attributed to
the v7 mode (eg symmetry) centered at 2969 cm–1, with additional contributions from the
anisotropic component of the v1 mode.
The ethane spectrum in the 2700-3100 cm-1 region shows strong temperature dependence. The
peak amplitude decreases, hot bands appear toward lower frequencies and become dominant,
causing a shift of the maximum amplitude location, a broadening, and an increased skewness of
the v1, 2v8 and 2v11 modes. The v7 depolarized mode shows a strong rotational dependence with
the temperature, with a broadening of the envelope, with amplitude increasing on the red side of
the center band and decreasing on the blue side. The total integrated signal is only weakly
dependent on the temperature, remaining within 3% of the ambient temperature value throughout
the entire range considered. The synthetic spectra are obtained as combinations of 67 Gaussian
curves. We observe discrepancies between the experimental and synthetic spectra near the v8 and
v11 overtones, but good agreement everywhere else. The difference between the integrated
signals over the entire CH-stretch region is within 2%.
4.4.Dimethyl ether
Dimethyl ether (DME) is one of the simplest and most abundant ethers, and there is extensive
literature on the ambient temperature spectra. [38-42] Recently, there has been an increased
interest in the combustion community because it is a renewable biofuel with good auto-ignition
properties, and it is a promising alternative diesel fuel. DME has two of the moment of inertia
very close to each other, therefore can be approximated to a symmetric top molecule. [40] The
molecule has 21 normal vibrational modes, 13 of which are Raman active. There is a discrepancy
in the numbering and the symmetry designation of modes v15 to v21 reported by Coudert et al.
[41] and by Shimanouchi [22]. To be consistent with the remaining of the paper, and with what
reported in the NIST tables, [43] we use Shimanouchi [22] numbering. Experimental spectra
shown here are limited to 690 K because at higher temperatures CH4 and CH2O are formed by
pyrolysis due to contact with the heating element which is at a higher temperature than the probe
volume.

Figure 13 shows the perpendicular component of the DME spectra in the 900-1200 cm–1
region. The integrated signal in this region is ~3.5 times the N2 signal. The strongest feature in
this region is associated with the symmetric CO stretch mode (v6, a1 symmetry species) centered
at 932 cm–1. This mode shows a strongly polarized Q-branch and a poorly resolved, broad
baseline that is not polarized attributed to the O, P, R and S branches (spectra with no polarizer
are not shown here, but available in tabular form). The broad, featureless signal from 1000 to
1200 cm–1 is a combination of the v10 CH3 rocking mode, centered at 1150 cm–1, and the v17
asymmetric CO stretch mode, centered at 1104 cm–1. The amplitudes of these modes are
approximately halved when adding a polarizer suggesting that they are anisotropic. The v6 mode
is strongly temperature dependent; lower frequency transitions become dominant at lower
temperature (hot bands), causing a shift and a broadening of the unresolved spectrum. The
underlying depolarized modes instead become weaker when increasing the temperature. The
integrated signal in the region increases rapidly with temperature, reaching a 15% increment at
690 K. The synthetic spectra are generated by 21 Gaussians, providing an integrated signal that
is within 2.5% of the experimental value.
Figure 14 shows the perpendicular component of the Raman spectra collected in the 12151775 cm–1 region. The expected [22] CH3 rocking mode at 1227 cm–1 is too weak, and is not
visible in the recorded spectra. The 1300-1600 cm–1 region is characterized by a complex
spectrum generated by the v3 symmetric CH3 bend mode, two symmetric CH2 bend modes (v4,
v19) and three asymmetric (v9, v14, v15) CH2 bend modes all having frequencies centered around
1450 cm–1.[44] Removing the polarizer the spectral shape is unaltered, but the amplitude roughly
doubled indicating that the modes are not polarized and anisotropic. The weak, polarized peak at
1244 cm–1 was attributed to the symmetric deformation mode v5 by Taylor et al. [38] The
spectrum in the 1300-1600 cm–1 region shows a strong temperature dependence; at higher
temperature the spectrum becomes wider, the peak amplitudes smaller, the center region
becomes featureless and weaker, and the wings stronger. This region falls between the CO2 and
O2 Raman channels. The signals in the O2 and CO2 channels are ~0.53 and 1.7 times the N2
signal, respectively. The signal in the CO2 channel decreases with temperature by ~6% at 690 K,
while the signal in the O2 channel increases monotonically up to 1.6 times the ambient
temperature value. Neglecting the bowing effect, the DME crosstalk at the edge of the probe
volume is overestimated by 11% for CO2, and underestimated by 54% for O2. The synthetic
spectra are obtained as combinations of 8 Gaussian curves and do not adequately represent the
detailed spectral features. The integrated area in the CO2 channel is within 2% of the
experimental values, but errors up to 6% are found in the O2 channel. The error could be reduced
if a higher number of peaks were used for the synthetics spectra.
The CH-stretch (2700-3100 cm–1) region of the Raman spectra of DME, shown in Fig. 15 is
dominated by the v1 symmetric CH stretch mode at 2993 cm–1, the v12 asymmetric CH stretch
mode at 2991 cm–1, two symmetric CH2 stretch modes (v2 at 2822 cm–1 and v13 at 2820 cm–1) and
an asymmetric CH2 stretch modes (v8 at 2893 cm–1) [22]. The frequencies of the peaks in the
experimental spectra are shifted by the strong Fermi resonance with combination and overtone
modes. The total Raman signal in this region is ~21 times the N2 signal. The experimental data
show the strongest peaks at 2819 cm–1 associated with the v2 and the v13 symmetric CH2 stretch
modes, and at ~2998 cm–1 associated with the v1 symmetric CH stretch (2993 cm–1) and the v12
asymmetric CH stretch (2991 cm–1) modes. Additional experimental peaks appear at 2870, 2889,
2899, 2921, 2935, and 2960 cm–1. The spectra are complicated by the numerous overtones and
combinations of the CH3 deformation modes that land in this region. These numerous modes are

also anharmonically shifted and amplified by Fermi resonance, because of their spectral
proximity to the v1 and v2 modes. Comparison of the data collected with no polarizer and with the
vertical and horizontal polarizers shows that the spectrum is strongly polarized, but also reveals a
broad, much weaker, unpolarized component, centered around 2974 cm–1 and ~400 cm–1 broad.
The DME spectrum in the CH-stretch region shows very strong temperature dependence. The
amplitude of peaks at 2819, 2870, and 2998 cm–1 decreases at higher temperature, while their
width increases. The peak at 2960 cm–1 quickly disappears with increasing temperature, but new
features appear around 2940 cm–1, merging with the peak at 2936 cm–1, whose amplitude and
width increase at higher temperature. The parallel component of the spectrum shows only weak
temperature dependence, characterized by a broadening of the unresolved structure. The
integrated signal from the perpendicular component of the Raman signal increases with
temperature by 4% at 690 K, while the parallel component stays within 1% of the ambient
temperature value. The synthetic spectra are obtained as combinations of 61 Gaussians, and
comparison with the experimental spectra show good agreement. The integrated signal is within
1% of the measured value.
4.5.Formaldehyde
Figure 16 shows Raman spectra collected in a DME jet heated to 780 K and 860 K. Locally,
near the heater element itself, DME reaches temperatures higher than what is measured by the
thermocouple located downstream at the exit, and pyrolysis occurs, producing methane and
formaldehyde. DME spectrum at 860 K shows the v3 CH2 scissor mode of formaldehyde
centered at 1499.7 cm–1, the weak v2 CO stretch mode at 1742 cm–1, and the strong v1 CH2
stretch mode centered at 2782 cm–1. [45] The v4 CH2 asymmetric stretch mode lands in a region
with a strong DME contribution and it is too weak to detect. The strong v1 mode of methane at
2917 cm-1 is also evident at 860 K. Formaldehyde is a molecule of great interest for combustion
applications, but experimental studies of its Raman spectra in the gas phase are very scarce and
limited only to ambient temperature. [45, 46]
To investigate the behavior of the formaldehyde at lower temperatures we added N2 to the
flow through a previously capped port shown in Fig. 2. The cold N2 flow mixed with the heated
mixture of DME methane and formaldehyde, after pyrolysis occurred, and temperatures as low
as 400 K were reached. The spectra in Fig. 17 are obtained by subtracting the synthetic spectra
for methane and DME at the measured temperature from the experimental spectra. The spectra
are normalized so that the total signal associated to formaldehyde is constant with temperature.
The concentration of formaldehyde in the sample was not constant, and therefore no information
about the dependence of the integrated signal with temperature could be extracted. The spectra
show that as the temperature increases hot bands appear, and the intensity of the 2782 cm-1 peak
decreases. To our knowledge this is the first time Raman spectra of formaldehyde at temperature
up to 860 K have been reported. The lack of a temperature dependent profile will certainly affect
the accuracy of formaldehyde concentration measurements in flames, but comparison with other
hydrocarbon Q-branches suggests that the error will be less than 2% in the 300-900 K range.
Larger discrepancies may be caused by errors in the DME synthetic spectra, in particular in the
presence of apparent spectral shifts caused by beam steering or by the bowing effect. Since
ambient temperature measurements in pure formaldehyde are not available, we also lack an
absolute calibration.

4.6.Propane
Propane is a very common fuel, and Raman spectroscopy has been previously applied to
propane-air flames. Early studies [47] have identified the contributions of the 27 distinct
vibrational modes to the Raman spectra spectrum of propane, but neither quantum mechanical
models nor experimental studies at higher temperatures are available. Figure 18 shows Raman
spectra of propane in the 900-1800 cm-–1 region. Because of the low spectral resolution, the
rotational structures are unresolved. The integrated signal in this region is ~3.6 times the N2
signal. Reference [47] indicates that the strongest peak is centered at a Raman shift of 867 cm–1
which is outside the spectral region accessible in these experiments. The broad structure centered
at 1054 cm–1 is attributed to the v20 C2 stretch mode. The peaks at 1157 cm–1 and 1193 cm–1 are
attributed to the v7 and to the v25 CH3 rocking modes. Weak and broad structure located between
1200 and 1400 cm–1 are associated to the v12 CH2 twist mode centered at 1278 cm–1 and the v19
CH2 wag mode centered at 1338 cm–1. The region between 1350 and 1600 cm-1 is characterized
by the strong v11 CH3 deformation mode centered at 1452 cm-1, overlapping a broad structure
generated by the interaction between several weaker transitions including CH3 deformation
modes (v4, v17 and v24), CH2 scissor mode v5, and overtones and combination modes. Comparison
between the spectra obtained with and without the polarizer show that all the features are
strongly anisotropic except for the v7 and v25 CH3 rocking modes. The integrated signal in this
region shows an increase of 11% in the 300-690 K range. The signal integrated over the C2
channel is ~25 % of the signal in this region, and increases by 40% when increasing the
temperature to 690 K. The integrated signal in the CO2 channel accounts for 63% of the total
signal in this region, and decreases by 8% when the temperature reaches 690 K. The integrated
signal in the O2 channel accounts for the remaining 12% of the total signal, and increases by 60%
in the 300-690 K range. The signal in the CO2 and O2 channel is sensitive to beam steering and
to the bowing effect. The propane crosstalk on the CO2 channel is 11 % weaker at the edge of the
measurement volume, because a smaller portion of the v11 mode falls in the channel. On the other
hand the propane crosstalk on O2 is 72% stronger. The difference in the crosstalk strength
between the bowing center and the edges is reduced at higher temperature, being 5.5% for CO2
and 30% for O2. The synthetic spectra show good agreement with the experimental data; the
computed integrated signal in the CO2 and O2 channels are within 1 and 2.5%, respectively.
Figure 19 shows the propane spectra in the 2700-3100 cm–1 Raman shift region. The
dominant feature is the peak at 2887 cm–1 attributed to the symmetric stretching modes of CH2
(v3), and CH3 (v16). At higher frequencies the spectra become more complex because of the
interaction, asymmetric stretching modes v10, v15, v22, and v1 (2967, 2968, 2973 and 2977 cm–1)
of CH3, with CH2 stretching modes v2 (2962 cm–1, symmetric) and v23 (2968 cm–1, asymmetric),
and several combination and overtone modes. Comparison of the data collected in the two
polarization directions shows that distinct, strongly polarized peaks are overlapped with a broad,
much weaker, unpolarized component, centered around 2935 cm–1 and ~200 cm–1 broad. The
polarized smaller peaks at 2738 and 2771 cm-1 are likely combination modes (v5+v12) and
(v18+v6), although we cannot be certain of this attribution. The spectra show a strong temperature
dependence, with the peak amplitudes becoming lower, but the width larger, resulting in only
modest changes in the overall integrated signal (within 3% for the perpendicular polarization).

5. Combustion applications: library generation and extrapolation to high
temperatures

The spectra described in the previous section show that for combustion applications it is
preferable to collect only the perpendicular component of the Raman spectra. The Raman
channel associated to a species is chosen to include the strongest, almost completely polarized
transitions of that species, therefore the signal-to-noise ratio is only weakly reduced by collecting
only the perpendicular component of the Raman signal. Crosstalks of methane, ethane and DME
onto the O2 and CO2 channel are attributed to transitions that are not polarized and therefore are
roughly halved by rejecting the parallel component of the Raman signal. Similarly, using the
high dispersion spectrometer (Fig. 1b) the contributions of each hydrocarbon in the region
dominated by another hydrocarbon are often associated to O, P, S, and R transitions that are not
polarized. For this reason synthetic spectra have been generated only for the perpendicular
polarization, but the same approach can be easily extended to the spectra with no polarizer and to
the parallel component. The synthetic spectra provided in this work can be used to extend the
hybrid method to hydrocarbon species. Fig.20 demonstrates this approach for spectra collected in
an ambient temperature mixture of N2 and CH4 using the spectrometer described in Ref. [20],
with a low (1200 lines/mm, upper plot), and a high (4165 lines/mm, lower plot) dispersion
grating. In the hybrid approach, “stick” spectra for all major species (N2, O2, H2, H2O, CO2 and
CO) are obtained from quantum mechanical calculations using Ramses [11], with no slit
function. The stick spectra are then convolved with the instrument transfer function to generate
spectra that match the instrument resolution. The instrument transfer function is provided by the
Rayleigh scattering image of the laser profile in air, appropriately scaled by the magnification
ratio between the Raman and Rayleigh imaging systems. For the hydrocarbons (CH4, C2H4,
C2H6, CH2O, C3H8, and DME), synthetic spectra computed at the appropriate dispersion replace
the stick spectra. The top portion of Fig. 20 compares measured, low-dispersion, ambient
temperature, nitrogen and methane spectra (in blue) to the spectra (dotted red line) obtained by
convolution of the “stick” spectrum of nitrogen and the synthetic spectrum of methane with the
instrument transfer function. The lower portion of Fig. 20 shows (in blue) the methane, ambient
temperature spectrum, collected with the high dispersion grating. Spectra collected with the high
dispersion grating (high-dispersion spectra) have the same dispersion of the high resolution
spectra discussed in this paper, but lower spectral resolution because no slit is used. The
instrument function used to convolve the synthetic spectra for the high dispersion leg is 14%
narrower than what used for the low dispersion spectra. The compression of the instrument
function accounts for the broadening in the synthetic spectra introduced by spectrometer used to
collect the high resolution spectra. This broadening can be neglected for the low dispersion
spectra but it is a significant contribution to the high dispersion spectra. The 14% compression
factor was optimized to minimize the residual (black curve). The plots show that the convolution
from the synthetic spectra provides spectra that are as accurate as the ones obtained from
Ramses, for both the low and the high dispersion spectrometer. The convolved spectra can then
be integrated over the spectral regions associated with the Raman channels to evaluate the
temperature and position dependent elements of the matrix C.
Unfortunately, the experimental and synthetic spectra are limited to 860 K, but hydrocarbons
are also present in flames at higher temperatures. Extrapolation or further experimental
calibrations are needed to extend the synthetic spectra to higher temperature. Care must be taken
when using the third order polynomial of Fig. 3 to extrapolate the temperature dependence to
higher temperatures not reachable with the heater. The third order polynomial approximating the
experimental N2 measurements provides results that are within 1% of the Ramses prediction up
to 1700 K, but 10 % different at 2000 K. This suggests that extrapolation up to 1500 K may

provide reasonable results for the hydrocarbons Raman signal temperature dependence, but it is
not possible to quantify the uncertainty associated with such extrapolation. Extrapolated signal of
methane in the CH-stretch region is within 3% of the experimental measurements taken in a
laminar flame from a Tsuji burner.[13] The synthetic spectra can be extended to higher
temperature by an iterative process. The amplitude and width of each Gaussian used to generate
the synthetic spectra are expressed as a third order polynomial of the temperature and can be
extrapolated to higher temperatures. The polynomials describing the amplitude of the Gaussian
allow negative values at temperatures above 860 K, but such values are unphysical and are
replaced with values equal to 1/10th of the smallest positive value. The ratio between the
integrated signal predicted from the polynomials and the integrated signal from the extrapolated
synthetic spectra is computed, and used to scale the peak amplitudes. Polynomials for the peak
amplitudes are recomputed, and the process iterated until the change in the integrated signal is
within 1% of its value. Synthetic methane spectra in the 300-1400 K range obtained with this
process are shown in Fig. 21. We expect only a qualitative agreement with the actual Raman
spectra at these temperatures, but the integrated signal matches the extrapolated value. Extending
this approach to the other hydrocarbons requires experimental measurements in stable laminar
flames, like the one provided by the Tsuji burner, so as to derive the Raman signal dependence at
higher temperature. In the introduction we showed the benefits of a dual resolution Raman
instrument, with a higher dispersion grating to image the CH-stretch region. Measurements in a
Tsuji burner, for different hydrocarbon-air flames, taken with the proposed dual-resolution
Raman instrument, will provide the temperature dependence of the Raman signal at flame
temperatures. Temperature dependence curve can be measured for the different Raman channels
of the high resolution spectra, and the synthetic spectra will be extrapolated to match the signal
in each channel, rather than in entire CH-stretch region, providing more accurate results. These
measurements require the development of the dual-resolution Raman spectrometer and are
beyond the scope of the present paper.

6. Conclusion
Experimental Raman spectra of methane, ethane, ethylene, and DME, at temperatures ranging
from 300 K to 860 K have been collected at higher resolution than what is generally used for
combustion applications. The Raman spectra and their temperature dependence were reported
and discussed, and the spectra are available in graphical and tabular form. Spectra of
formaldehyde at high temperatures are also obtained from pyrolysis of DME. Synthetic spectra,
generated as combinations of Gaussian curves with amplitude and width being functions of the
temperature, were discussed and are provided in tabular form. Synthetic spectra for methane
were extrapolated to higher temperature, with the constraint that the integrated signal satisfies the
temperature dependence previously observed. Future work will focus on measurements in stable,
laminar flames from a Tsuji burner to extend the synthetic spectra at higher temperatures for the
remaining hydrocarbons, following the strategy adopted for methane. The synthetic spectra will
enable application of the hybrid approach to Raman measurements of hydrocarbons-air flames
with fuels more complex than methane. In particular, measurements with a dual-resolution
Raman instrument, combined with the hybrid approach enabled by the Raman spectra here
discussed, will enable simultaneous measurements of DME and its major combustion
intermediates in DME-air flames.
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Appendix
The file named “Experimental Raman spectra” contains in tabular form the experimental
Raman spectra discussed in the paper. Each table (Excel sheet) contains the spectra of one
hydrocarbon for one polarization (no polarizer, perpendicular, parallel). The first column
(labelled “ wn (cm-1)”) is the Raman shift in wavenumber, the remaining columns are the spectra
at the temperature indicated in the first row.
The file named “Coefficients for synthetic spectra” contains the parameters needed to
generate the synthetic spectra. The synthetic spectra are obtained as :
 ( w − µi ) ² 2 ln 2

S ( w,T ) = ∑Ai (T ) exp 

b
(
T
)
i
i =1


N

2

A1)

Where S is the Raman signal, w is the Raman shift, T is the temperature. The parameters Ai
and bi are obtained as a third order and a first order polynomial of the temperature

Ai (T ) = a0i + a1iT + a2i T 2 + a3i T 3

A2)

And

bi (T ) = b0i + b1iT

A3)

The parameters µ i, a0i , a1i , a2i , a3i , b0i and b1i are listed in the supplemental file “Coefficients
for synthetic spectra” for the perpendicularly polarized Raman spectra discussed in the paper.
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Table 1. Integrated Raman signal and Rayleigh cross section ratioed to N2 taken without a polarizer
CH-stretch region (2548-3434 cm–1 )
CH2-bend region(882-1791 cm–1)
Rayleigh crosssection
No
Perpendicular
Parallel
No
Perpendicular Parallel
Polarization
Polarization
polarizer
Polarization
Polarization polarizer

CH4
C2H4
C2H6
C2H6O
C3H8

11.63
10.77
19.07
21.04
26.44

8.98
7.81
14.45
16.01
20.13

1.89
2.17
3.32
3.61
4.67

0.58
5.44
3.16
3.81
3.62

0.30
4.07
1.95
2.16
2

0.21
0.74
0.84
1.22
1.24

2.16
5.99
6.46
9.37
13.58

Figures

Figure 1. a). Raman spectra of methane, ethane, ethylene and DME in the CH-stretch region collected with the
spectrometer described in Ref.1. Fig 1b) shows the same spectra collected with a higher dispersion grating. The vertical
black lines define a plausible CH4 Raman channel. Note that the Raman channel is not the same spectral interval for low
and high dispersion spectra. The horizontal axis is the same for both figures.

Polarized

Direction of laser polarization

Figure 2. a) Schematic, b) photograph of the gas heater, and c) polarization diagram.

Scatter plane

Figure 3. Temperature dependence of the normalized Raman cross section per molecule for various hydrocarbons in
the CH2-bend (left column) and the CH-stretch region (right column). Symbols are the average experimental results, the
error bars represent plus or minus a standard deviation, and the continuous lines are a third order polynomial fit. The
continuous line for N2 is obtained from Ramses [11].

Figure 4. Methane spectra in the dyadic region. Spectra are vertically shifted to avoid overlap. The vertical lines indicate
the spectral regions associated with the CO2 and O2 channels in the matrix inversion approach used for Raman
combustion measurements. Dashed spectra are synthetic spectra. Dashed vertical lines define the spectra regions
associated with the CO2 and O2 channels at the edge of the probe line.

Figure 5. Methane spectra in the pentad region. The spectra are perpendicularly polarized.

Figure 6. Close-up of methane spectra in the pentad region with extended horizontal and expanded vertical scales.
The components of the spectra with polarization perpendicular (top figure) and parallel (bottom) to the excitation laser
beam polarization are shown.

Figure 7. Ethylene spectra in the 1100-1780 cm–1 range.

Figure 8. Ethylene spectra in the 2980-3050 cm–1 range.

Figure 9.Close-up of the “perpendicular” component of the ethylene spectra in the 2600-3300 cm–1 range with
extended horizontal and expanded vertical scales.

Figure 10. Ethane spectra in the C2 region (880-1100 cm–1).

Figure 11. Ethane spectra in the CO2 and O2 region (1100-1780 cm–1).

Figure 12. Ethane spectra in the CH-stretch region (2700-3100 cm–1).

Figure 13. DME spectra in the C2 region (880-1100 cm–1).

Figure 14. DME spectra in the CO2 and O2 region (1100-1780 cm–1).

Figure 15. DME spectra in the CH-stretch region (2700-3100 cm–1).

Figure 16. Raman spectra collected in DME at 780 and 860 K. The v1 CH-stretch mode of methane and the v1, v2, v3
vibrational modes of formaldehyde are evident.

Figure 17. Raman spectra of the v1 vibrational mode of formaldehyde.

Figure 18. Propane spectra in the 900-1800 cm–1 range.

Figure 19. Propane spectra in the CH-stretch region (2700-3100 cm–1).

Figure 20. Measured (blue curve) , convolved (red dotted curve), and residual (black curve) for nitrogen and methane
at ambient temperature collected with a “low” and a ” high” dispersion spectrometer.

Figure 21. Synthetic spectra of methane from 300 K to 1400 K.

Highlights
•
•
•
•

Experimental Raman spectra of hydrocarbons in the 300-860 K temperature range.
Experimental Raman spectra of formaldehyde in the 400-860 K temperature range.
“Synthetic” spectra as sum of Gaussian curves to match experimental spectra.
Low resolution spectra typical of combustion application from “synthetic” spectra.

