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Abstract

We demonstrate the application of mode-locked mid-infrared dual frequency comb spectroscopy for combustion analysis.
With two settings of the same dual-comb system, the measurement spans 1500 cm™ from 2.8 to 5 um with 0.0067 cm
(200 MHz) point spacing, or almost a quarter-million discrete comb modes. Using this broadband spectrometer, we
quantify the pyrolysis and smoldering combustion of wood samples. Specifically, we measure 20-second time-resolved
mole fractions of CHg4, H,0, two isotopologues of CO, (*2C*0,, 3C0,), two isotopologues of CO (*2C*60, 3CQ),
ethane, formaldehyde, methanol, formic acid, as well as gas temperature directly above radiatively heated wood samples.
The combination of the fine spectral resolution and the broad bandwidth of the dual-comb spectrometer allows for precise

separation of absorption signatures of individual molecules from the congested spectra.

Keywords: Dual-comb spectroscopy, mid-infrared, absorption spectroscopy, biomass combustion

1. Introduction

Absorption spectroscopy is a non-intrusive, in-situ approach for studying transient phenomena in harsh combustion
environments, allowing for the simultaneous quantification of multiple gas species and temperature by observing wavelength-
dependent absorption fingerprints for each species [1]. In order to accommodate the complex chemistry and rapidly changing
conditions in combustion, absorption-based diagnostics must balance spectral bandwidth and resolution (to resolve the
fingerprints of key combustion species) with acquisition speed (necessary to capture physical transients and avoid spectrum-
distorting turbulence-induced transmission fluctuations). Recent advancements in frequency comb laser sources and techniques
expand our ability to capture broadband, high-resolution spectra at fast time scales for combustion. Here, we demonstrate mode-
locked, mid-infrared dual-comb spectroscopy as a promising approach for high-resolution, multi-species and temperature

measurements for combustion analysis in complex systems.

Optical frequency combs are broadband laser sources with discrete, equally spaced laser frequency modes referred to as ‘comb
teeth.” This unique property combines certain advantages of traditional tunable laser approaches (high-resolution and fast
acquisition provided by bright, coherent sources) with certain advantages of Fourier transform instruments (broad spectral
bandwidth). Specifically, the high brightness and coherence of frequency comb sources make it possible to pass the light
through harsh, high-temperature environments and detect the absorption spectrum with high signal-to-noise ratio (SNR) while
rejecting background radiation. At the same time, the discrete nature of the comb teeth make it possible to rapidly probe the
attenuation from absorption on the individual teeth by using Vernier [2] or dual-comb interference [3] approaches. Dual-comb

spectroscopy (DCS) in particular uses two optical frequency combs with slightly different comb tooth spacing. This difference
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gives rise to heterodyne beat signals between adjacent teeth of the two combs, which are detected on a single photodiode [3].
While there is a trade-off in DCS between spectral bandwidth and acquisition rate of a single spectrum, the acquisition rate is
several orders of magnitude faster than traditional Fourier transform instruments with the same resolution (ranging from 100
Hz, for the measurements demonstrated here, to MHz) providing strong rejection of spectral distortion from turbulence [4].

This is made possible by the lack of moving parts in a dual-comb system and the brightness of the source.

Frequency comb spectroscopy in combustion environments was first implemented in the near-infrared [5-8,2], where
components to build the laser systems are robust and cost effective due to their development for the telecom industry. While
near-IR systems enable sensitive detection over long pathlengths or at relatively high concentrations, many combustion-
relevant molecules absorb weakly in the near-IR, limiting the practicality of the near-IR sources for detection in combustion
systems. In recent years, researchers have pushed to develop comb sources extending into the mid-IR to enable measurements
of the fundamental vibrational transitions for many carbon-based species, where absorption can be 1000 times stronger than in

the near-IR.

There are multiple approaches to generate mid-IR comb sources [3], generally falling into two categories: nonlinear down-
conversion of mode-locked combs [9] and direct, solid-state generation such as in quantum cascade lasers (QCL) [10] or
interband cascade lasers (ICL) [11]. These semiconductor lasers emit light in the mid-IR or longwave-IR with a tooth spacing
ranging from 5 to 50 GHz [10], and a bandwidth limited by the device dispersion to less than 100 cm™* [10] (up to a few hundred
comb teeth). The large comb mode spacing, and high power-per-mode make QCL-based DCS ideal as a diagnostic in high
pressure and rapidly varying systems, as recently shown in [12]. However the coarse resolution can be insufficient to measure
small, narrowly absorbing molecules without multiple interleaving measurements, and the smaller bandwidth can also limit the

number of detectable species, [10].

In contrast, mid-IR combs generated from a mode-locked near-IR comb via nonlinear processes such as difference-frequency
generation (DFG) [13-17] or optical parametric oscillators (OPO) [18-22] can exhibit simultaneous bandwidth as high as 3700
cm* [16] with typical comb tooth spacing of 100-200 MHz (typically hundreds of thousands of comb teeth), but comparatively
low power-per-mode. The source combs can be phase locked to each other allowing for better mutual coherence and long

averaging times, which helps achieve high SNR.



Here we demonstrate for the first time, broadband mid-infrared dual-comb spectroscopy utilizing mode-locked lasers for
combustion analysis. We use a NIST high-power, fiber-based mid-IR comb [14,17,23] with 200 MHz comb tooth spacing
covering 1000 cm? instantaneously and 1500 cm™ across the duration of this experiment. The broad bandwidth coupled with
the fine resolution allows for instrument-lineshape-free measurements of both narrow and broadly absorbing species. By fully
resolving the spectrum, we can separate the overlapping molecular signatures of both the narrow and broadly absorbing

molecules and fit with absorbance models to extract quantitative concentration time histories and gas temperatures.

Biomass pyrolysis and combustion was selected as the ideal demonstration of the benefits of the mid-IR DCS system because
it is an extremely complex process involving a variety of species. Understanding the evolution of species and temperature
during biomass pyrolysis and combustion is vital to understanding the chemistry and ultimately predicting wildfire spread
dynamics and emissions rates. This effort builds on previous work using Fourier transform infrared spectrometers (FTIRs) to
quantify emissions from biomass burning in both laboratory [24-26] and field-based studies [27,28]. By performing these
measurements with a mid-IR DCS system in place of an FTIR, we can extract time-resolved measurements in the turbulent,
high-temperature zone directly above the sample. Here, we select the CO and CO, fundamental bands at 2000 to 2300 cm™* to
quantify emissions from smoldering combustion, and the C-H stretch region from 2500 to 3500 cm* to target emissions of
pyrolysis species. In total, the DCS covers absorption from 11 target species: CH4, H2O, two isotopologues of CO, (*2C*¢0,,
13C160,), two isotopologues of CO (*2C*®Q, 13C*®Q), ethane, formaldehyde, methanol, and formic acid. In many cases, the
spectra from these species are highly overlapping and contain both broad and narrow features. Nevertheless, through coherent
averaging, the mid-IR DCS generates the high-SNR, ultrahigh-resolution, and broadband spectra needed to separate out these
overlapping and congested molecular signatures. We can then fit with absorbance models to extract quantitative concentration

time histories for each of the eleven species in addition to gas temperature.

2. Experimental System

2.1 Optical System

The mid-IR dual frequency comb system is based on fiber optic, mode-locked lasers. The mid-IR light is generated through
DFG of two near-IR fiber comb oscillators in a periodically poled lithium niobate (PPLN) crystal [14]. Each comb has a tooth
spacing of 200 MHz (0.0067 cm). The center wavelength of the output spectrum is tuned by changing poling periods of the
PPLN crystal. Further details of the DCS system are explained in refs [14,23]. Figure 1 shows example measured transmission

spectra from two different PPLN poling periods. The blue spectrum in Fig.1 covers the CO and CO; transitions in the 4-5 um



region. The red spectrum in Fig.1 covers the C-H stretch (3-4 um region). Spectra are collected at a rate of 104 Hz, phase

corrected and averaged to 20-s time steps.
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Figure 1: Transmission spectra from the DCS system (20-s average). Blue and red spectra were
recorded with different PPLN poling periods to target CO, CO; absorption (single-pass) and C-H
absorption (triple-pass) respectively.
The experimental setup is shown in Fig.2. Due to building constraints it isn’t possible to locate the combustion system in the

same room as the laser system. Therefore the mid-IR comb light is coupled into a 20-m single mode InF; fiber for delivery to

the experiment. The light is collimated with an off-axis parabolic mirror and passes over the radiatively heated sample (details
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configuration increases the interaction length and the corresponding Figure 2: Top-down view of experimental
setup. Components in green dashed boxes are

absorption signal. As such, components in the green dashed boxes in Fig.2 only present for tests in the C-H stretch
region.

are only present for tests in the C-H stretch region.

Because CO and CO; are narrow absorbers, the broadband intensity variations of the mid-IR combs can easily be separated
from the molecule signatures in post-processing. However, the molecular signatures of the large, broadly absorbing molecules
in the C-H stretch region are difficult to separate from the comb source intensity variations, so a second reference measurement

is added to monitor the comb spectra in this region.



2.2 Combustion System and Sample Preparation

Biomass samples are 10x10x2.5-cm cuts of oak that have been dried in a convection oven at 75°C for 25-days. Sample mass is
monitored regularly and considered dry when the mass no longer decreases. The surface of each sample is lightly sanded with
110-grit sandpaper to ensure uniformity. During the experiment, the samples are radiatively heated at 14 kW/m? in a mass-loss
calorimeter from GBH International [29]. The calorimeter consists of a cone-shaped resistive heater above a sample-holding
pedestal. Initially, the radiation from the heater is blocked by a shutter, which is opened to begin testing. The mass-loss
calorimeter is placed inside an aluminum containment chamber with a 15-cm duct and in-line fan to remove smoke from the

chamber. An infrared camera (FLIR A655SC), monitors the surface temperature of the wood samples during testing.

3. Data Analysis

To quantify species concentrations and gas temperature, we fit the measured transmission spectra with absorption models
derived from the Pacific Northwest National Laboratory (PNNL), HITRAN and other experiments [30-32], using the m-FID
technique in Ref [33]. Prior to each measurement, we record a 5-minute transmission spectrum with the heater on, the shutter
open, and the sample removed. This background transmission spectrum is then used to normalize the subsequent measured
spectra. This normalization serves two purposes; first it removes background absorption from the open portions of the beam
due to CO and H,O in the room air. Second, the normalization removes most of the intensity variation of the mid-IR comb
sources themselves across the spectrum. Because of their differences, the spectral fitting for each spectral region will be

described in separate sections below.

3.1 4to5um Region

The 4-5 um spectral region contains absorption features from CO, CO, and H;O. Due to the strong absorption in this band, we
measure two isotopologues of CO, (2C*60,, 3C*0,) and CO (*2C*0, ¥C0). Figure 3 shows the contributions from each
molecule to the total absorption. During each 30-minute experiment, the concentrations of CO and CO; are sufficient to saturate
the most strongly absorbing transitions. These transitions can exhibit distortion to the lineshape, so we remove regions where
transmission falls below 20% prior to fitting [23]. The unsaturated regions are analyzed with the m-FID technique [33], by
applying an inverse Fourier transform to the natural log of the transmission spectrum, and performing a non-linear least squares
fit between the time-domain signal and the inverse Fourier transform of a HITRAN model generated through the HAPI interface
[34]. We chose the m-FID weighting function [33] such that slow intensity drifts in the DCS spectra are suppressed for
frequency content smoother than 420 GHz. Additionally, an etalon at 44 GHz is present in the signal from an unknown and

transient source. Since etalons manifest as isolated peaks in the time domain, we weight the fit to zero in this location to remove
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the influence of the etalon. As a result, the molecular response is effectively separated from the slower variation in the comb
spectra. An example fit for this region is shown in the left panel of Figure 3, where the time-domain result from the m-FID

approach is converted back to the frequency domain for easier viewing.

Wavelength (nm)

4800 4700 4600 4500 4400 3600 3400 3200 3000
1 | | | ] | | ] ]
—| m Measurement | m Measurement
14 u Fit 1.2 m Fit + Unknown a
1.2 <
1 —
1 —
0.8 —
0.6
0.4 — \
0.2 — l ‘
) LA
1 1
o) "c"0 (0.36% ’ | ) CH, (0.21%
g 0 ”| “l] I||| I“I““““ ( ) 0 ,..nl‘|h|\||. ul J ‘ “m. s ( )
g 05 1 0.4 ‘
g 0 i H20 (4'2%) il UL el bl J LJLLL. w
< o 2%, (0.73%) 01
0 ] H,CO (437ppm)
0.1 01—
. ||_ Loy weessl ] M\ CHLOH (0.16%)
0.05 —
0.1 f,.AM\
0 ) C,Hg (197ppm)
o "¢ 02 @8eem) 0.02 -
0 i “MM CH,0; (251ppm)
0.01 — —
.l H|“|||| T L
0 | [T (50ppm) o 1S:t1:0; 0.12%)
0.05 m Unknown a
0 0.2 — W Fit Residual
-0.05 FitResiduall O ----------
| | I ! | ! ] ! | ! |
2100 2150 2200 2250 2800 3000 3200 3400

Wavenumber (cm’1)

Figure 3: Recorded absorbance spectra and model fits to obtain species concentrations and
temperature. The left panels show the measurement and fit in the 4-5 um spectral region targeting CO
and COztransitions. The right panels show the measurement in the C-H stretch region. The top panels
show measured DCS data (red) and the spectral fits (blue). The second row shows the fit residuals.
The absorbance model of each constituent in the fit is shown separately below. For the C-H stretch
region (right panels), the blue curve in the top panel is the addition of the spectral fit together with the
residual absorbance from the m-FID approach. The residual is the result of absorbance from
additional unidentified large molecules, as discussed in the text. We label this signal as ‘Unknown a’,
which could potentially be fit when high-temperature models for more large species become available.



3.2 2.8103.8 um Region (C-H Stretch)

There are many broadly absorbing molecules present in the 2.8 to 3.8 um region that do not have line-by-line spectral models
available. To differentiate between broad absorption and transient laser intensity variation, we include an additional reference
detector to normalize the mid-IR comb spectra in this region [14]. Finally, chromatic effects of the beamsplitter are accounted
for with a linear fit to the first time-step of the normalized transmission spectrum (before the wood begins to generate gaseous

species). Every subsequent timestep is normalized by this original linear fit.

We fit the spectrum from this region in two steps. First, we fit the full bandwidth for molecules included in the HITRAN2016
database including; H.CO, H,O and CH4. The fitted spectrum is then subtracted from the measured spectrum. This step

declutters the spectrum and facilitates identification of additional absorbing molecules from the residual spectrum.

Due to the large number of carbon-based species emitted from biomass pyrolysis, the measurement contains absorption from
numerous large molecules. For the purpose of this study, we only perform fits and report concentrations for molecules which
are known to be present in biomass burning and for which we could obtain a reference spectrum and exhibit distinct spectral
features which are easily discernable from other molecules as demonstrated in Figure 4. This includes methanol, acetic acid,
formic acid and ethane. Reference measured absorption cross-sections are used to fit and extract the species mole fractions.

High-temperature datasets from Alrefae et. al. were used for ethane and methanol quantification [35]. A linear interpolation
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FID fit and labeled ‘unknown o’ in Figure 4, was not quantified due to a deficit of high temperature reference spectra available
and the expected high degree of overlap between additional species. Despite this, we can infer which molecules might
contribute to the absorption based on observations from previous studies. For example, Scharko et al. measured significant
absorption from acetaldehyde and acrolein in biomass combustion, both molecules absorb strongly from 2650 to 2850 cm™,
therefore we expect these molecules contribute to the remaining absorption around 2750 cm™ [28]. The remaining absorption
at 2950 cm is more difficult to quantify due to the large number of molecules absorbing in region, including terpenes, alcohols
and acids which have been measured from biomass combustion in different spectral regions [24-28]. It is important to note the
unknown absorbance could also include some degree of fit error and chromatic effects which are not removed by the
normalization procedure. We include the unknown absorbance in Figure 3, to make a clearer comparison between the measured

spectra and the spectral fits for the molecules that could be quantified.

4. Fit Results and Discussion

Figures 3 and 4 show representative data and fits for a 20-s period during the pyrolysis experiment. We fit each 20-s average
spectrum throughout the 30-min experiment to yield time-resolved concentrations and gas temperature. The retrieved
concentrations and gas temperature are plotted as a function of time in Fig.5. The traces follow distinct trends, governed by the
progression of biomass thermal decomposition. The pyrolysis species, such as methanol (CHsOH), acetic acid (C2H4O2), and
formic acid (CH20,), are a product of degradation of the wood at lower temperature and thus are emitted quickly after the
shutter is opened. Emissions of these products continue throughout the test as deeper layers of the wood are heated and begin

to pyrolyze.

At approximately 500-s, we see the onset of smoldering combustion as there is an increase in the emissions of the aliphatic
compounds that are associated with smoldering combustion: CH4 and C;He in addition to CO and CO,. Interestingly, we also
see significant emission of both CO and CO», but not CH4 and C;Hs, prior to the onset of smoldering combustion, which
suggests either the unstable species from the pyrolysis are decomposing to form CO and CO- or these species are directly
produced from the pyrolysis. It is noteworthy that the isotopologue ratios of CO follow the natural abundance, while there is a
splitting in the isotopologue ratio for CO during smoldering combustion. Isotopologues of C'? and C*3 can indicate carbon
fractionation pathways, seasonal trends and CO, sources for the tree [36]. However, meaningful interpretation of the isotopic
ratios requires extreme precision and accuracy to resolve minute differences between isotopologue concentrations. As such,

we avoid drawing conclusions based on these early measurements, and future investigations into isotopic ratios using mid-IR



DCS will require enhanced short-term SNR as well as improved spectral databases of these isotopologues, particularly for high-

temperatures.

Direct comparison to previous studies is not possible due to different fuel types and the fact that previous studies extractively
sampled the gases or optically interrogated in the exhaust flume with much lower time resolution. However, relative
concentrations reported here compare well with previous studies on biomass combustion. Yokelson et al. report emissions of
CO, CO,, CHg4, C2Hs and NH3 from smoldering combustion in laboratory scale fires consistent with the findings here except
NHs, which was below the detectable limit in this study [24]. In the same study, they report methanol, formaldehyde, acetic

acid and formic acid as detectable in pyrolysis products [24].
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Figure 5: 20-s time-resolved species concentrations and gas temperature derived from the DCS
measurements. Species concentrations are normalized by the natural abundance used in the HITRAN
database. The species are grouped by the process which governs their production (and hence trend),
with species predominantly produced from smoldering combustion on the left and species produced
from pyrolysis on the right. Uncertainty bars are calculated from uncertainty in pressure measurement,
statistical fit uncertainty, and saturation threshold (varied from 0.15 to 0.25).
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5. Conclusion

We demonstrate the first application of mode-locked mid-IR dual-comb spectroscopy in a combustion environment. The
measurements cover a bandwidth of approximately 1500 cm (45 THz) at an optical resolution of 0.0067 cm™ (200 MHz) using
two settings of the same spectrometer. Previous optical characterizations have been performed in an extractively sampled
configuration, or in the exhaust flume of the experiment with >30-s time resolution. The large spectral bandwidth and high
spectral resolution of our spectrometer allow for the in-situ quantification of 11 species as well as gas temperature. All species
concentrations could be determined efficiently with just two sample runs, which will be critical for future efforts to study
statistical variation and multiple wood types. Future work will focus on further reducing the need for averaging to achieve

higher time resolution.
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8. Figure Captions
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Figure 1: Transmission spectra from the DCS system (20-s average). Blue and red spectra were recorded with
different PPLN poling periods to target CO, CO, absorption (single-pass) and C-H absorption (triple-pass)
respectively.

Figure 2: Top-down view of experimental setup. Components in green dashed boxes are only present for tests in the
C-H stretch region.

Figure 3: Recorded absorbance spectra and model fits to obtain species concentrations and temperature. The left
panels show the measurement and fit in the 4-5 um spectral region targeting CO and CO; transitions. The right panels
show the measurement in the C-H stretch region. The top panels show measured DCS data (red) and the spectral fits
(blue). The second row shows the fit residuals. The absorbance model of each constituent in the fit is shown separately
below. For the C-H stretch region (right panels), the blue curve in the top panel is the addition of the spectral fit
together with the residual absorbance from the m-FID approach. The residual is the result of absorbance from
additional unidentified large molecules, as discussed in the text. We label this signal as ‘Unknown a’, which could
potentially be fit when high-temperature models for more large species become available.

Figure 4: Example distinct absorption features used to ensure the presence of large molecules. Red traces show the
fit results with each molecule included. Blue traces show the fit results without the the respective molecule included.
Grey traces are experimental data at 200-MHz point spacing.

Figure 5: 20-s time-resolved species concentrations and gas temperature derived from the DCS measurements.
Species concentrations are normalized by the natural abundance used in the HITRAN database. The species are
grouped by the process which governs their production (and hence trend), with species predominantly produced from
smoldering combustion on the left and species produced from pyrolysis on the right. Uncertainty bars are calculated
from uncertainty in pressure measurement, statistical fit uncertainty, and saturation threshold (varied from 0.15 to
0.25).



