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Absorption cross-sections of formaldehyde (CH 2 O) were measured at elevated temperatures near 3.6 μm, 

a region of strong intensity due to the overlapping Q Q 5 branch of the v 1 band and the P Q 7 branch of the 

v 2 + v 4 combination band. 1,3,5-trioxane was shock-heated in an argon bath gas to produce controlled mix- 

tures of formaldehyde over a range of temperatures (90 0–150 0 K) and pressures (0.4–4.8 atm). Spectrally- 

resolved absorption measurements of formaldehyde were obtained using a rapidly-tunable distributed- 

feedback interband cascade laser scanned at 40 kHz over 2778.1–2778.9 cm 
−1 behind reflected shock 

waves. The resulting absorption cross-sections were fit with functions reflecting the temperature and 

pressure dependence of the targeted features, enabling spectral reconstruction at any temperature and 

pressure within the range of the study. By exploiting the strong temperature and pressure sensitivity 

of the cross-sections, it is demonstrated that CH 2 O concentration, temperature, and pressure can be in- 

ferred from a measured absorbance spectrum. Cross-sections of common combustion species were also 

measured over the selected wavelength range to validate that the region is largely free of narrow-band 

interference. Further, the multi-parameter spectral fitting method is shown to correct for baseline inter- 

ference and demonstrated in experiments involving transient gas properties. 

© 2023 Elsevier Ltd. All rights reserved. 
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. Introduction 

Formaldehyde (CH 2 O, H 2 CO, HCHO), or methanal, is an im- 

ortant molecule in biology, medicine, polymer chemistry, atmo- 

pheric chemistry, combustion chemistry, and astronomy. Spec- 

roscopy of CH 2 O is relevant for remote sensing of protostellar 

nvironments [1] and cometary tails [2] . Most pertinent to the 

urrent work, CH 2 O is an intermediate species in all hydrocar- 

on combustion, and is particularly prominent in the oxidation 

egimes of next-generation low-emission heat engines [3] . Thus, 

n-situ spectroscopic measurements of CH 2 O are important to the 

tudy of combustion systems and other high-temperature environ- 

ents [4] . Spectroscopic reference data at high-temperature condi- 

ions are needed to enable such measurements. 

CH 2 O is a prolate asymmetric top molecule with C 2 v molecu- 

ar symmetry [5] and six vibrational modes which render a rich 

nd complex infrared spectrum. A myriad of fundamental, over- 

one, and combination vibrational bands comprise the dense in- 
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rared spectrum yielding several regions of strong absorption. Of 

articular interest for sensing applications has been the overlap 

f the C–H symmetric and asymmetric stretch bands in the do- 

ain of 3.4–3.6 μm, and the C–O stretch band near 5.7 μm. Sev- 

ral researchers have probed select wavelengths in the infrared ab- 

orption spectrum of CH 2 O for quantitative in-situ measurement of 

pecies concentration at elevated temperatures [6–10] . The spectral 

egions relevant to these prior works are labeled in Fig. 1 . A com-

on challenge in these works is locating regions of strong CH 2 O 

bsorption which have minimal interference from other species 

ommon to combustion, namely CH 4 near 3.6 μm and H 2 O near 

.7 μm. Observing Fig. 1 , the region near 3.6 μm was selected for 

his study due to very strong CH 2 O absorption at elevated tem- 

eratures, while remaining largely free of common combustion in- 

erferers. Fig. 2 offers a closer comparison of the the magnitude 

f CH 2 O absorbance relative to common interferers within the tar- 

eted spectral region of this study. As shown, this domain involves 

verlapping Q-branches from the v 1 (C–H symmetric stretch) band 

nd the v 2 + v 4 (C–O stretch + H–C–H out-of-plane vibration) com- 

ination band. 

The number of infrared active vibrational modes of CH 2 O in- 

erently leads to a very large number of possible transitions, or 

https://doi.org/10.1016/j.jqsrt.2023.108690
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Fig. 1. Formaldehyde, methane, and water absorbance plot between 3.4–3.8 μm and 5.5–5.9 μm. The water absorbance between 5.5–5.9 μm has been scaled by a factor of 

1/50. The spectral region studied in this work is highlighted in blue while the regions studied in similar works are highlighted in purple. 

Fig. 2. Absorbance plot of formaldehyde and potential interferers within the spec- 

tral region relevant to this study. A stick plot of the formaldehyde absorption bands 

is shown underneath the absorbance feature. 
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ines, which can be difficult to fully account for in line-by-line 

odeling. This challenge is exacerbated at elevated temperatures 

hen more high rotational energy states are populated and more 

ines meaningfully contribute to observed spectra. The population 

f high rotational states at elevated temperature also increase the 

ikelihood of band overlap, as observed in the domain near 3.6 μm. 

hese factors, along with collisional effects at elevated pressures, 

lend spectral transitions and complicate modeling. Prior exper- 

mental and computational spectroscopy studies have been per- 

ormed to help build formaldehyde line lists in databases such as 

ITRAN and GEISA [11,12] . Unfortunately, the HITRAN and GEISA 

ormaldehyde line lists are limited to relatively low-lying rota- 

ional states populated at room temperature. The AYTY line list 

accessible through ExoMol) provides a spectroscopic database for 

H 2 O accounting for higher energy states [13–15] . The line list in- 

ludes many more transitions and has improved agreement with 

ata at elevated temperatures, as can be seen in Fig. 3 . Despite 

uch improvement, residual disagreements with measured cross- 

ections near 3.6 μm remain significant, highlighting the need for 

ore experimental data to serve both as reference spectra for in- 

erring molecular abundance and as validation targets for further 

atabase and modeling improvement. 

This paper describes two contributions related to formaldehyde 

pectroscopy: (1) a unique high-temperature dataset of CH 2 O ab- 

orption cross-sections near 3.6 μm, and (2) a novel interference- 

mmune sensing method for inferring CH O molecular abundance, 
2 

2 
emperature, and pressure simultaneously using tunable laser ab- 

orption spectroscopy in combustion environments. Experimen- 

al methods including the shock-heating apparatus (i.e. shock 

ube), gas mixture preparation, and the rapid spectral-scanning 

ptical setup are described. Resulting measurements of CH 2 O 

ross-sections in an argon bath gas in the spectral domain of 

778.1–2778.9 cm 
−1 at temperatures of 90 0–150 0 K and pres- 

ures of 0.4–4.8 atm are presented. Measured cross-sections are 

t using a linear regression, providing coefficients to reconstruct 

he cross-section at any temperature, pressure, and wavenum- 

er within the range of the study. Using the established cross- 

ection database, a method is developed to infer temperature, 

ressure, and CH 2 O mole fraction from the local spectral struc- 

ure without prior knowledge of baseline intensity, broadband ab- 

orption, path length, or mole fraction. Additional analysis is per- 

ormed to quantify the effect of common combustion interferers 

nd how such interference is mitigated. The multi-parameter sens- 

ng method is demonstrated via measurements during chemical 

inetics experiments involving CH 2 O formation. In aggregate, this 

ork provides a basis for robust and quantitative measurements of 

H 2 O in dynamic, high-temperature environments and contributes 

o the body of experimental reference data on formaldehyde spec- 

roscopy. 

. Theory 

.1. Absorption spectroscopy 

Here we briefly describe the basic elements of spectroscopic 

heory used in this work to define terms and notation. Spectral 

bsorbance, α(ν) , associated with the target species is calculated 

sing the ratio of transmitted light ( I t ) to incident light ( I 0 ) as de-

ned by the Beer-Lambert law: 

(ν) = − ln 

(
I t 

I 0 

)
ν

= X abs P L 
∑ 

j 

S j (T ) φ j (ν, T , �νC (T , P, X Y )) (1)

In Eq. (1) , ν [ cm 
−1 ] is the wavenumber, X abs is the mole frac- 

ion of the absorbing species, P [atm] is the pressure, L [cm] is the 

ath length, S j [ cm 
−2 / atm ] is the linestrength of transition j, T [K]

s the temperature, φ j [cm] is the lineshape function of transition 

j, and X Y represents the dependence of the lineshape function on 

he gas composition due to collisional broadening. The collisional 

idth of the line, �νC , is given by Eq. (2) in which γCH 2 O −Y is the
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Fig. 3. Comparison between absorption cross-section (Top) and line strengths (Bot- 

tom) predicted using HITRAN and ExoMol databases. Experimental data at T = 

1120 K , p = 0 . 82 atm , and 1% CH 2 O in He are included in the absorption cross- 

section plot. Simulations were performed at the same conditions as the experiment. 

The HITRAN simulation uses line-by-line He broadening coefficients provided in HI- 

TRAN and the ExoMol simulation uses the average of the HITRAN broadening coef- 

ficients within the simulated spectral range. 
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νC = P 
∑ 

Y 

X Y 2 γCH 2 O −Y (T ) (2) 

Eq. (1) is useful when comprehensive line-by-line databases are 

vailable for the target species, and we use this form of the Beer- 

ambert law in Section 2.2 for performing spectral simulations us- 

ng the HITRAN and ExoMol databases [11,15] . However, line-by- 

ine summation is less tractable for larger molecules with a larger 

umber of energy states and associated transitions, for which 

omprehensive databases are lacking (especially at high temper- 

ture conditions). Line-by-line summation is also challenging in 

pectral domains that are highly convoluted due to line broaden- 

ng and mixing between many neighboring transitions with over- 

apping lineshape distributions. The absorption cross-section, σabs 

 m 
2 / mol ], represents an aggregate of the linestrength and line- 

hape function at a given wavenumber, temperature, and pressure. 

q. (3) defines the absorption cross-section as a function of S j and 

j multiplied by the universal gas constant R [8.314 J/mol ·K], T , 
nd a unit conversion factor: 

abs (ν, P, T , X Y ) = R T · 1 

1013 . 25 

∑ 

j 

S j (T ) φ j (ν, T , �νC (T , P, X Y )) 

(3) 

he absorption cross-section provides a useful scaling parameter 

or wavelength-specific molecular absorptivity that can be charac- 

erized as a function of temperature and pressures when line-by- 

ine parameters are not easily deconvolved. Eq. (4) shows a mod- 

fied version of the Beer-Lambert Law that is obtained by substi- 

uting Eq. (3) into Eq. (1) , subverting the line-by-line summation 

o determine absorbance at a given condition from an absorption 

ross-section. 

(ν) = X abs P Lσabs (ν, P, T ) / R T · 1013 . 25 (4)

.2. Existing spectral databases 

The HITRAN and ExoMol databases provide line-by-line spectro- 

copic parameters associated with many CH 2 O transitions near 3.6 

m [11,15] , the targeted spectral region in this work. Line-by-line 

bsorbance simulations require parameters that define transition- 

pecific collisional broadening, γCH 2 O −Y , which are partly cap- 

ured in the aforementioned databases. While the current HITRAN 

atabase provides collisional broadening coefficients for each line 

eported, the ExoMol database contains coefficients only for transi- 

ions associated with the lowest rotational quantum numbers [16] . 

s a first-order comparison, the average of the HITRAN collisional 

roadening coefficients of CH 2 O was employed to simulate the ab- 

orbance using the linecenters, linestrengths, and lower state en- 

rgies from the ExoMol database. Figure 3 compares the predicted 

bsorption cross-section near 3.6 μm using line-by-line simulations 

ith each database assuming He as the collision partner along- 

ide an experimental measurement of the CH 2 O absorption cross- 

ection in a He bath gas. 

The top of Fig. 3 shows that absorption simulations using 

arameters from the HITRAN database predict lower absorption 

han simulations using parameters from the ExoMol database, 

hile both simulations predict a lower overall absorption cross- 

ection than is observed experimentally. These disagreements can 

e better explained by examining the underlying transitions. The 

ottom of Fig. 3 includes a stick plot of the temperature-dependent 

inestrengths calculated using each database. Within the simu- 

ated region, the ExoMol database contains more lines than the HI- 

RAN database and generally predicts higher linestrengths for lines 
3 
hared between the two databases. These differences lead to bet- 

er agreement between the ExoMol database and the experimen- 

ally measured cross-sections in the region between ν = 2778 . 5 

nd 2778.9 cm 
−1 . In this region, the observed disagreement seen in 

ig. 3 is likely due to inaccuracies in the assumed broadening coef- 

cients. Between ν = 2778 . 1 and 2778.5 cm 
−1 , both databases con- 

istently underpredict absorbance suggesting that both databases 

re either missing high-temperature transitions and/or contain in- 

ccurately low linestrengths in that region. It should be further 

oted that potential line mixing at the bandhead of the P Q 7 branch 

f the v 2 + v 4 combination band may also be responsible for the 

ocal underprediction [17,18] . Rather than attempt to generate the 

resumed missing lines or characterize the line mixing and broad- 

ning, we measure absorption cross-sections over a range of tem- 

eratures and pressure to characterize the absorptivity of this con- 

oluted spectral region. 

. Experimental setup 

The absorption spectra of CH 2 O near 3.6 μm were obtained 

sing a tunable interband cascade laser scanned over the wave- 

ength domain of 2778.1–2778.9 cm 
−1 . Measurements at high- 

emperature were enabled by a shock tube facility, depicted in 

ig. 4 . Hot CH 2 O was formed by shock-heating mixtures contain- 

ng 1,3,5-trioxane in argon. Absorption cross-section measurements 

ere taken over a range of conditions spanning temperatures from 

0 0–150 0 K and pressures from 0.4–4.8 atm. In this section, we 

etail the experimental configuration, including the high-enthalpy 

hock tube and optical hardware used in this work, as well as the 

elated preparation, measurement, and analysis procedures. 

.1. Optical setup 

High spectral-resolution investigation of the CH 2 O absorption 

eatures near 3.6 μm was enabled by a continuous-wave dis- 

ributed feedback (DFB) interband cascade laser (ICL) (Nanosystems 

nd Technologies GmbH), used to access the individual rovibra- 
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Fig. 4. (Top-left) Cross-section of optical access to shock tube with laser, gas cell and detector. (Top-middle) Raw detector and pressure transducer data of the incident and 

reflected shock regions. (Top-right) Raw detector signal of attenuated light, I T , plotted on top of the pre-shock background signal, I 0 . (Bottom) Side view of shock tube with 

optical access location and diaphragm location labeled. 
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ional transitions comprising the overlapping Q Q 5 branch of the v 1 
C-H symmetric stretching) band and the P Q 7 branch of the v 2 + v 4 
C-O stretch + H-C-H out-of-plane vibration) combination band. 

he ICL can be tuned in wavenumber from 2775 to 2781 cm 
−1 

nd has a nominal output power of 8.3 mW near 2778.5 cm 
−1 . 

 40 kHz triangle waveform of injection current was used to tune 

he ICL across a 1.03 cm 
−1 scan depth to resolve the entirety of 

he targeted spectral features near 3.6 μm. The laser scan rate and 

aveform provided an effective raw measurement rate of 80 kHz 

ncluding the up and down scans. This raw spectral measurement 

ate could be down-sampled or averaged to improve SNR (signal- 

o-noise ratio). The injection current was modulated below the las- 

ng threshold to mitigate the effects of thermal emission from the 

ot gases in the shock tube. 

The optical arrangement of the laser absorption sensor on the 

igh-enthalpy shock tube is shown in Fig. 4 . The transmitted laser 

adiation is passed through an optical iris and a bandpass spectral 

lter (Andover, 3600 ±140 nm) to minimize thermal emission be- 

ore being focused onto a thermo-electrically cooled photovoltaic 

PV) detector (VIGO System PVI-4TE-6-1). For each measurement of 

ransmitted intensity I t , a corresponding background I 0 is recorded 

n the absence of a mixture to establish a baseline for calcula- 

ion in Eq. (1) . The relative frequency of the laser light is deter-

ined by placing a germanium etalon with a free spectral range 

f 0.0241 cm 
−1 in the path of the beam using an optical flip- 

ount. Additionally, shocks were run in pure Ar to quantify the 

ffect of beam steering on the transmitted signal. Beam steering 

ffects were generally limited to the first laser scan period which 

as not used in data analysis. 

.2. Wavenumber calibration 

During the experiment, time-resolved absorbance data is cap- 

ured following the passage of the reflected shock. Additional 

nformation is required to convert the time-resolved data into 

pectrally-resolved data. First, the relative wavenumber of the scan 

s determined by placing the aforementioned germanium etalon in 

he beam path and recording the attenuated light. The temporal 

pacing between peaks of constructive and destructive interference 

rovides a mapping between time and wavenumber in the scan, 

rovided that the free spectral range (FSR) is known. FSR is a func- 

ion of the length and index of refraction of the etalon, each with 

ts own uncertainty. In this arrangement, the absolute wavenum- 
4 
er is unknown and measurements cannot be reliably calibrated 

gainst existing spectral databases for CH 2 O due to the significant 

isagreement between simulations and measurements is noted in 

ig. 3 . An independent reference is therefore required to confirm 

he FSR and establish the absolute wavenumber range captured in 

he scan. 

The P branch of the ν2 + ν4 combination band of methane con- 

ains three strong room temperature transitions within the spec- 

ral range of the scan. Two of the transitions are grouped around 

= 2778 . 06 cm 
−1 and the other is located at ν = 2778 . 64 cm 

−1 ;

otably, all three lines can be accessed without changing the laser 

emperature or injection current. The HITRAN database lists the 

ncertainties of these linecenters as < 0.01 cm 
−1 . Methane data 

ere recorded before every test to account for day-to-day laser 

rift; the FSR never deviated more than 0.05% and the linecenter 

osition never deviated more than 0.025 cm 
−1 over the course of 

he measurement campaign. Methane measurements taken before 

nd after the reflected shock tests produced no noticeable change 

n the timescale of hours. As such, we estimate a corresponding 

pectral position uncertainty of < 0.01 cm 
−1 . 

.3. Mixture preparation 

At room temperature, formaldehyde is not sufficiently stable 

t substantial enough quantities to be used directly in test mix- 

ures of interest. Thus, we required a molecule to serve as the 

ormaldehyde source. 1,3,5-trioxane readily decomposes into three 

ormaldehyde molecules at elevated temperatures and has a suffi- 

ient vapor pressure to be used in test gas preparation. However, 

ue to its relatively low vapor pressure at room temperature and 

olarity, 1,3,5-trioxane may condense onto or adsorb into the walls 

f vessels that it occupies. The corresponding change in gas con- 

entration (within a diluted mixture) depends on many factors, 

ncluding the respective gas system volumes, metal type/surface 

oughness, and partial pressure of 1,3,5-trioxane [19] . Common 

ethods for handling adsorbing molecules in shock tube experi- 

ents are: 1) Passivate the shock tube walls by filling the tube 

ith the adsorbing molecule, promptly vacuum this mixture and 

hen re-fill with a mixture of the desired concentration; 2) heat the 

hock tube walls to reduce adsorption and raise the vapor pres- 

ure; and 3) allow the molecule to partially adsorb and then mea- 

ure the resulting concentration immediately before the shock [20] . 
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For this study, we used a combination of passivation and di- 

ect measurement of trioxane concentration just prior to the shock 

ube experiment. Due to a lack of an existing database for triox- 

ne absorption in this region, we performed a room-temperature 

pectroscopic study of trioxane using a small optical gas cell with 

 longitudinal path length of 26.34 cm. In this trioxane cross- 

ection study, the small diameter gas cell was connected to a gas 

elivery manifold, itself connected to vacuum pumps and a borosil- 

cate glass flask containing the crystalline 1,3,5-trioxane. The triox- 

ne absorption measurements were performed over the length of 

he gas cell as opposed to traversely, as in the shock tube con- 

guration. This configuration allowed for an initial fill with pure 

rioxane followed by back-filling the gas cell with argon to achieve 

 target concentration percentage without concern for longitudi- 

al variation that could distort the measurement. The integrated 

bsorption from the initial pure trioxane gas sample was used to 

alibrate the gas mixture concentration. The gas pressure in the 

ell was monitored using a capacitance manometer (MKS Baratron 

27D). Absorption cross-sections were recorded over a range of ex- 

erimentally relevant pressures (10 to 250 Torr) for a mixture of 

.5% trioxane. This concentration was selected to provide sufficient 

bsorbance in the 10.32 cm path length of the shock tube while 

lso minimizing the amount of trioxane in the mixture to miti- 

ate the temperature drop associated with endothermic dissocia- 

ion after the shock. The trioxane cross-sections are reported in 

ppendix A . With well-characterized cross-sections of trioxane at 

elevant concentrations, the shock tube test mixture composition 

ould be readily determined before each experiment despite some 

nherent procedural variability. 

.4. Shock tube experiments 

A high-enthalpy shock tube was used to generate high temper- 

tures ( > 800 K) via near-instantaneous shock heating of test gases 

ith diluted 1,3,5-trioxane. The trioxane is shock-heated to pro- 

uce targeted quantities of formaldehyde, as has been successfully 

erformed by others previously [6,8–10] . The shock tube facility 

sed is described in prior works by the authors [17,18,21] , and is 

hown in Fig. 4 . The driven and driver sections of the shock tube

re connected to vacuum pumps, an agitated mixing tank, and a 

as delivery manifold used to barometrically prepare the mixtures 

or the experimental measurements. Mixtures of 1,3,5-trioxane and 

rgon are prepared in the agitated mixing tank and allowed to 

ix for a minimum of 30 min. Before filling each mixture into 

he shock tube, the separate gas cell was filled with methane and 

ata were recorded to determine both the absolute wavenumber 

ange of the experiment and FSR, as described in Section 3.2 . For 

ach test, the gas cell was then removed from the beam path and 

he shock tube was subsequently filled with 1,3,5-trioxane mixture 

nd allowed to passivate over 5 min to avoid a substantial change 

n composition between the trioxane measurement and shock. One 

inute before each shock, the attenuated laser light from the 1,3,5- 

rioxane was recorded to later infer the initial (pre-shock) gaseous 

rioxane concentration from the trioxane cross-section database 

 Appendix A ). 

The test section of the shock tube has an internal diameter of 

0.32 cm, defining the path length L in Eq. (4) . Interchangeable 

orts holding a dynamic pressure transducer (Kistler 601B1) and 

ptical windows circumscribe the test section 2 cm from the shock 

ube end wall, as shown in Fig. 4 . The pressure transducer records 

he pressure time history of the incident and reflected shock wave 

hrough a charge amplifier (Kistler Type 5018A), and five piezoelec- 

ric sensors (Dynasen CA-1135) record the time of arrival of the 

ncident shock wave, from which the incident shock velocity and 

eflected shock test conditions are determined using normal-shock 

elations [22] . When accounting for vibrational relaxation, the un- 
5 
ertainties in reflected shock temperature T 5 and pressure P 5 are 

ypically about 1–2% [23] . Accounting for the uncertainty in T 5 and 

he uncertainty due to the dissociation of 1,3,5-trioxane into CH 2 O 

ives a temperature uncertainty of 3%. Example raw voltage data 

rom the detector and transducer charge amplifier, shown in the 

op of Fig. 4 , were recorded at 10 MHz using a Tektronix MS044

cquisition module, triggered to record by the time-of-arrival sen- 

ors. 

Spectrally-resolved CH 2 O absorption measurements at 40 kHz 

ere performed in the shock tube for a reflected shock tem- 

erature ( T 5 ) range of 90 0–150 0 K and a reflected shock pres-

ure ( P 5 ) range of 0.4–4.8 atm using scanned-wavelength tech- 

iques. Upon shock heating, 1,3,5-trioxane rapidly dissociates into 

ormaldehyde [6] ; the rate at which this occurs limits the accessi- 

le thermodynamic conditions for this study. For reflected shocks 

t 1 atm and at temperatures below ∼900 K, the trioxane does not 

omplete dissociation before the end of the achievable test time 

or this shock tube configuration ( � 2 ms). Conversely, at 1 atm 

nd above 1500 K, the formaldehyde completely dissociated before 

 single full scan was complete, providing insufficient data to pro- 

uce a reliable cross-section. 

.5. Methyl methacrylate experiments 

The cross-sections measured in this work were used to de- 

ermine the time-resolved concentration of CH 2 O during the de- 

omposition of methyl methacrylate (MMA) behind reflected shock 

aves. These experiments were performed as part of the work by 

anders et al. [24] and are described briefly here for context in the 

ensing demonstration. 

Mixtures of approximately 3% methyl methacrylate diluted in 

n Ar bath gas were barometrically prepared in an agitated mix- 

ng tank with its pressure monitored by a capacitance manome- 

er (MKS Baratron 627D). Liquid MMA was evaporated from the 

forementioned glass flask and added to the mixing tank before 

eing agitated with the Ar bath gas for a minimum of 20 min. To 

void loss of MMA concentration to the walls of the experiment, 

he mixing tank and shock tube were filled with pure MMA and 

MA diluted in Ar, respectively, before being quickly vacuumed 

nd filled to the desired pressure. The remaining procedure of run- 

ing shocks and collecting data was identical to the procedure de- 

cribed in Section 3.4 . 

. Results and discussion 

.1. Formaldehyde cross-sections 

A total of 33 tests were run at varied temperature and pres- 

ure conditions within the targeted range. Sample data across 

wo isobars at 0.9 atm and 2.2 atm, along with an isotherm at 

200 K, are shown in the top half of Fig. 5 . Four wavelengths la-

eled λ1 –λ4 were chosen to illustrate the pressure and temper- 

ture dependence. These four points consist of the spectra’s left 

ing at 2778.11 cm 
−1 , left peak at 2778.34 cm 

−1 , middle dip at 

778.41 cm 
−1 and right peak at 2778.51 cm 

−1 . The trends at the 

hosen wavelengths are displayed in the bottom half of Fig. 5 . 

hese specific wavelengths are discussed in the subsequent text 

o highlight the variation of temperature and pressure dependence 

ithin the targeted spectra. It should be noted that the entire 

pectra (including all these wavelengths) are captured within every 

can period, and that the full spectra (not individual wavelengths) 

re used to infer gas properties. 

The left wing of the spectra ( λ1 ) exhibits minimal dependence 

n temperature and pressure relative to the overall spectra. Within 

he spectral region, there is no non-absorbing region to serve as 

 reference point to which non-ideal effects on the spectra from 
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Fig. 5. Cross-sections of CH 2 O along an isobar at 0.9 atm (Top-left), an isobar at 2.2 atm (Top-middle) and an isotherm at 1200 K (Top-right). The cross-sections given at 

each temperature and pressure represent an average of the cross-sections collected for a single test. The trends of cross-sections as a function of temperature (Bottom-left 

and Bottom-middle) and pressure (Bottom-right) at four wavelengths of interest are shown. 

e

c

e

t

t

a

i

t

b

i

i

F

p

m

t

λ
u

t

b

s

v  

s

i

s

d

n

c

l

w  

i

fi  

m

σ

A  

a

s

mission, mechanical vibrations and broadband interferers can be 

orrected. In lieu of a non-absorbing region, λ1 serves as a ref- 

rence that maintains a relatively constant value across a wide 

emperature and pressure range. This insensitivity to pressure and 

emperature can be attributed to a collection of blended lines with 

 range of lower-state energies that effectively offset differences 

n temperature-dependence when aggregated. At higher pressures, 

he lines under the central feature between 2778.3–2778.5 cm 
−1 

egin to broaden, thus increasing their influence on λ1 . This results 

n a slight linear dependence with temperature and pressure that 

s most pronounced in the 2.2 atm isobar and 1200 K isotherm of 

ig. 5 . 

The wavelengths λ2 –λ4 are noted for their proximity near the 

eak(s) of the absorption cross-section throughout the range of 

easured temperatures and pressures. Figure 5 shows that, despite 

he overall spectral absorbance decrease with temperature, λ2 and 

4 remain consistently close to the highest cross-section peak val- 

es. Given the greater temperature sensitivity of λ4 compared to 

hat of λ2 , the ratio of the absorbance at these wavelengths could 

e used to infer temperature (see Section 4.3 ). An increase of pres- 

ure broadens the lines near λ2 and λ4 , smoothing the peaks and 

alleys of the spectra in the 1200 K isotherm of Fig. 5 . The ab-

orption intensity is spread over a wider range of wavenumbers, 
a

6 
ncreasing the cross-section in the wings and decreasing the cross- 

ection between λ2 and λ4 . As the cross-sections at λ2 and λ4 

ecrease with pressure, their broadened absorbance is summed 

ear λ3 , resulting in λ3 becoming the wavelength with the highest 

ross-section as the pressure approaches 5 atm. 

All cross-section measurements were fit by a multi-parameter 

inear regression of logarithmic temperature and pressure terms 

ith predictors given in Eq. (5) , similar to other works [10] . The

ntegrated absorption cross-section from 2778.1–2778.8 cm 
−1 was 

t using Eq. (6) . The coefficients for Eq. (5) are included as supple-

entary material. 

(P, T , ν) = b 1 (ν) + b 2 (ν) ln (T ) + b 3 (ν) ln (P ) 

+ b 4 (ν) ln (T ) ln (P ) + b 5 (ν) ln (T ) 2 

+ b 6 (ν) ln (P ) 2 + b 7 (ν) ln (T ) 3 + b 8 (ν) ln (P ) 3 (5) 

 = 

∫ 2778 . 8 cm 
−1 

2778 . 1 cm 
−1 

σ (P, T , ν) dν = a 1 + a 2 ln T + a 3 P (6)

Figure 5 shows the spectra’s complex dependence on temper- 

ture and pressure, requiring the higher order terms of Eq. (5) to 

ufficiently account for the convoluted effects of line broadening 

nd the reduction of cross-section strength with increasing tem- 
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Fig. 6. Outputs of Eq. (5) at two wavelengths of interest (Top and Middle) and 

Eq. (6) (Bottom) plotted against temperature and pressure. Black dots show points 

where measurements were taken. 

Fig. 7. Detection limits of formaldehyde given in parts per million (ppm) for the 

path length of this study ( L = 10 . 32 cm). 
erature. The cross-section at each wavenumber is a summation 

f many lines, each of which have line strengths dependent on 

emperature and lower-state energy. Each line’s contribution to the 

ross-section at a given wavenumber is dependent on the proxim- 

ty of its line center to the given wavenumber and the line width 

which is a function of the collisional and Doppler broadening). 

he effects of temperature and pressure in this spectral region are 

onvoluted because as the transition’s line widths broaden or nar- 

ow, the relative contribution of each individual line to the cross- 

ection at a given wavenumber is impacted. Across the measured 

pectral range, the integrated cross-sectional area is expected to 

ecrease as temperature increases due to the spread of internal 

nergy across additional modes or states not captured in the target 

pectral domain, decreasing the state populations for these partic- 

lar lines of interest. However, integrating over the available spec- 

ral domain reduces the pressure dependence, enabling the more 

imple fit function shown in Eq. (6) . A slight pressure dependence 

emains because as lines broaden past the bounds of integration 

f Eq. (6) , their contribution to the integrated cross-section is not 

aptured in the integral. If Eq. (6) were to be integrated from ν = 0

o ∞ , there would be no expected pressure dependence. 

Fitting Eq. (6) to the measured integrated cross-section areas 

rovides the contour in the bottom plot of Fig. 6 . The maximum 

esidual between the contour predicted by fitting Eq. (6) and the 

easured integrated cross-section areas is 6% . The source of this 

isagreement is likely from the uncertainty in the initial concen- 

ration of 1,3,5-trioxane; this is consistent with the ∼5% uncer- 

ainty of the trioxane cross-section database found in Appendix A . 

his small uncertainty in integrated cross-section area is reduced 

y scaling the measured cross-sections such that their integrated 

reas lie on the contour predicted by fitting Eq. (6) . Reported b co- 

fficients of Eq. (5) account for this area scaling. Example plots of 

he predicted cross-section at λ2 and λ4 , along with the predicted 

rea A , are plotted alongside measurement points in Fig. 6 . 

An estimate of the uncertainty of the cross-section database 

nterpolation is obtained empirically by testing data against the 

odel. This approach involves removing one temperature and 

ressure condition from the database to create a reduced database. 

his reduced database is fit with Eq. (5) to obtain the b coeffi- 

ients of the reduced database, b reduced . The cross-section of the 

emoved temperature and pressure condition is compared to the 

ross-section predicted by plugging b reduced into Eq. (5) and the 

esidual across the entire spectra is calculated. This process is per- 

ormed on points within the interior of the conditions map (points 

ot touching a red line in Fig. A.2 ) and the maximum residual 

cross all interior tests and wavenumbers is 10%. Edge points are 

ot considered since the remaining database must be extrapolated 

o reconstruct the edge points, biasing the uncertainty upwards. 

hile the maximum residual is 10%, the average residual across all 

avenumbers of the interior points is < 2%, reflecting the fact that 

he majority of conditions have an uncertainty significantly below 

0%. This 10%-uncertainty is reflected in the error bars of the bot- 

om three plots of Fig. 5 . 

Detection limits of formaldehyde are determined by converting 

he cross-sections to absorbance at each temperature and pressure 

t the shock tube path length. The noise amplitude of absorbance 

n the scan is �α = 0 . 0025 , by setting a maximum tolerable mole

raction uncertainty of 10%, the limit of detection is found and 

hown in Fig. 7 . Note these detection limits are for a single scan

eriod and do not account for the benefits of averaging. 

.2. Spectral interference 

The wavelength region of this study was selected, in part, be- 

ause of the minimal interference expected from common com- 

ustion species. Some simple combustion species, including CO 
7 
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Fig. 8. Plot of formaldehyde cross-sections and common combustion interferes at 

10 0 0 K (Left) and 1500 K (Right). 
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temperature of 1200 K and a pressure of 1 atm. 
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nd CO 2 , have mature line lists and are predicted to not interfere 

n this region. More complex molecules, including many common 

ombustion intermediates and some product species, tend to have 

ess reliable predictability with regard to absorption spectra at high 

emperatures. To verify that the selected wavelength region was in- 

eed largely free of narrow-band interference as predicted, cross- 

ection measurements were taken of common combustion species 

hat could be potential interferers. 

Figure 8 shows cross-section measurements of formalde- 

yde (CH 2 O) plotted alongside those of acetaldehyde (CH 3 CHO), 

ethane (CH 4 ), ethylene (C 2 H 4 ) and water (H 2 O). Measurements 

ere performed at ∼10 0 0 K and ∼1500 K to evaluate both the

igh and low end of the CH 2 O database. Except for H 2 O, all species

isted above had measurable cross-sections within the spectral re- 

ion. Fortunately, the spectra of these interfering species were 

argely flat, representing broadband absorbance that can be sub- 

racted out by fitting the entire spectrum of the formaldehyde 

ross-sections to adjust the reference baseline magnitude (see next 

ection). Methane was the only species measured that has a dis- 

inguishable spectral feature (i.e. differential absorption) in this re- 

ion, with a peak around 2778.46 cm 
−1 . With regards to this po- 

ential interference, the wavelengths λ1 –λ4 notably avoid the in- 

uence of this methane peak. These spectrally-resolved absorbance 

easurements for various interfering species can be advantageous 

n data post-processing for removing absorbance not attributed to 

H 2 O and identifying species that may be responsible for such 

aseline absorption. 

Spectral interference from common combustion species in the 

arget wavelength domain can be compared to that of Wang 

t al. [6] at 3.45 μm and Ding et al [8] . at 5.6 μm, both of which

lso aimed for high-temperature sensing. The magnitude of CH 2 O 

bsorption cross-sections reported by Wang et al. at 3.45 μm were 

pproximately 25–40% lower than the values reported in this work 

see again Fig. 1 ). There is minimal interference from H 2 O and a

omparable interference from both CH 4 and CH 3 CHO. Despite be- 

ng a similar magnitude, the spectral features of the CH 4 spectra at 

.45 μm have a maximum peak to valley cross-section of approx- 

mately 1.5 m 
2 / mol whereas the maximum peak to valley cross- 

ection of the CH 4 spectra at 3.6 μm is 0.6 m 
2 / mol (i.e. the CH 4 

pectra at 3.6 μm is flatter). The work by Ding et al. reports cross- 

ections of approximately the same magnitude as this work. There 

s minimal interference from both H 2 O and CH 4 within the spec- 

ral region utilized by Ding et al; the CH 3 CHO interference is com- 

arable to that reported in this work. Notably, both prior works 

everage fixed wavelength laser absorption spectroscopy. This con- 

rasts the spectrally-resolved approach employed here, which has 

umerous advantages as detailed in the following section. 
8

.3. Multi-parameter interference-immune sensing 

In some combustion environments relevant to formaldehyde 

ensing, the temperature and/or pressure is unknown—both of 

hich are prerequisites to accurately utilizing cross-sections. While 

nknown parameters could be left to approximation or indepen- 

ent measurement, here we show that the thermodynamic sensi- 

ivity of the spectrally-resolved measurement can be exploited to 

nfer temperature and pressure. Notably, this method relies solely 

n the shape or structure of the spectra, regardless of magnitude, 

eaning that both temperature and pressure could be extracted 

ith no knowledge of path length or mole fraction. 

Temperature and pressure can be inferred from the absorption 

ross-section by accounting for the spectrally-resolved sensitivity 

o pressure and temperature, as described here. Equation (7) gives 

he Taylor expansion of the cross-section about some guessed 

emperature and pressure ( T 0 and p 0 ). The cross-section at this 

uessed point is given by σ0 when T 0 and p 0 are input to Eq. (5) . 

(T , p) − σ0 = 

∂σ0 

∂T 
(T − T 0 ) + 

∂σ0 

∂ p 
(p − p 0 ) + H . O . T . (7) 

Equation (7) states that taking the difference between a mea- 

ured cross-section, σ , and a cross-section generated at some 

uessed temperature and pressure, σ0 , yields a disagreement ap- 

roximately proportional to both the spectra’s first derivative with 

espect to temperature and pressure and the difference between 

he guessed ( T 0 , p 0 ) and true ( T , p) temperature and pressure of

he two spectra. For example, if we measured the 893 K condi- 

ion shown in the top left of Fig. 5 and estimated the temper- 

ture to be 1295 K, the difference between the measured spec- 

ra and the estimated spectra generated from the cross-sectional 

atabase would be high at λ2 –λ4 but relatively low near the edge 

f the region at λ1 . The larger disagreement between λ2 –λ4 re- 

ects the much steeper derivative of cross-section area with re- 

pect to temperature in this spectral region, as seen in the top sub- 

lot of Fig. 9 . Logically, decreasing the overestimated temperature 

owards the true value would decrease the disagreement across the 

ntire wavenumber range. Thus, as subsequent guesses converge, 

he residual between the measured and guessed cross-section will 

onotonically decrease. 

To generalize Eq. (7) to measured absorbance, rather than ab- 

orption cross-section, we can use the relation in Eq. (8) , where 

he integrated cross-section and absorbance areas A σ and A α are 

iven by A σ = 

∫ ν1 
ν1 

σ (ν) dν and A α = 

∫ ν1 
ν1 

α(ν) dν . 

σ (ν) 

A 
= 

α(ν) 

A 
(8) 
σ α
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ormalizing both sides of Eq. (7) by σ0 · A σ and substituting 

n the relation from Eq. (8) results in Eq. (9) . The integrated 

ross-section area, A σ , is approximated as A σ ≈ ∫ ν1 
ν1 

σ0 (ν) dν since 

(T , p) is unknown. This approximation becomes increasingly ac- 

urate as the estimated temperature and pressure approach the 

rue values. From Eq. (9) , we define the sensitivity of the cross- 

ections with respect to temperature and pressure as 1 
σ0 

∂σ0 
∂T 

and 

1 
σ0 

∂σ0 
∂ p 

respectively—sample sensitivities are plotted in Fig. 9 . Di- 

iding the sensitivities by A σ provides the normalized sensitivities 
1 

A σ σ0 

∂σ0 
∂T 

and 1 
A σ σ0 

∂σ0 
∂ p 

. 

α

A ασ0 

− 1 

A σ
= 

1 

A σ σ0 

∂σ0 

∂T 
(T − T 0 ) 

+ 

1 

A σ σ0 

∂σ0 

∂ p 
(p − p 0 ) + H . O . T . (9) 

quation (9) can then be used to iteratively solve for temperature 

nd pressure as follows: 

1. Make an initial guess for T 0 and p 0 . 

2. Calculate σ0 , A σ , 
∂σ0 
∂T 

, and 
∂σ0 
∂ p 

based on the initial guess. 

3. Determine the slope, m T , of the best fit line of 
α

A ασ0 
− 1 

A σ
plot- 

ted against 1 
A σ σ0 

∂σ0 
∂T 

. 

4. Determine the slope, m p , of the best fit line of 
α

A ασ0 
− 1 

A σ
plot- 

ted against 1 
A σ σ0 

∂σ0 
∂ p 

(example plots are shown in the left col- 

umn of Fig. 10 ). 

5. Solve for temperature and pressure using the fact that T = T 0 + 

m T and p = p 0 + m p . 

6. Plug in the solution as the updated guess at step 2 and repeat 

until values converge; the best fit lines in the left column of 

Fig. 10 show the slope of the line is zero when the values have

converged. 

Temperature could also be inferred by simply considering the 

atio of absorbance of two select wavelengths within the spectral 

omain, similar to relatively well-established two-color thermom- 

try methods [25] . However, the resulting uncertainty and noise of 

he two-color method (for any combination of two specific wave- 

engths in this region) was found to be higher than fitting the 

ntire spectrum. Utilizing the entire spectral domain, with vary- 

ng temperature dependence throughout, is analogous to utilizing 

 multitude of line intensities with varying lower state energy in a 

ulti-line Boltzmann regression to achieve a higher effective sensi- 

ivity (or lower uncertainty) over a wider range of conditions [26] . 

imilarly, previous works have utilized the collision width of indi- 

idual transitions to infer pressure [27] . The present method ex- 

ends this approach to spectra with many blended lines that can- 

ot be easily deconvoluted for traditional line fitting and associ- 

ted analysis. 

The multi-parameter spectral fitting procedure was applied as 

escribed above to a high SNR trioxane decomposition test in the 

op half of Fig. 10 . To exhibit the range of the method, a methyl

ethacrylate (MMA) decomposition test is shown in the bottom 

alf of Fig. 10 with a much lower concentration of CH 2 O than 

,3,5-trioxane decomposition and thus serving as an independent 

nd lower SNR case. In the MMA experiments, two additional ef- 

ects are present that can be addressed in post-processing. First, 

he non-zero baseline resulted in both artificially high and low ab- 

orbance values, leading to non-physical values of temperature and 

ressure. Second, the lower signal-to-noise ratio caused several 

utliers in the plot of α
A ασ0 

− 1 
A σ

vs. 1 
A σ σ0 

∂σ0 
∂T 

and 1 
A σ σ0 

∂σ0 
∂ p 

which 

an bias the slope of the line ( m T , m p ) when weighted equally with

ther points. To mitigate the erroneous influence of non-zero base- 

ines and low SNR when fitting the CH 2 O absorbance, some addi- 

ional post-processing steps must be included. 
9 
Accounting for a non-zero baseline requires the absorbance in 

q. (9) to be modified to include a baseline term, αbaseline , such 

hat α = αmeasured + αbaseline . We use a linear approximation to 

epresent the non-zero baseline, given by αbaseline = a · ν + b. The 

rocedure defined by steps 1–6 can then be performed inside of 

 least-squares minimization function in which the slope, a , and 

ntercept, b, of the linear baseline are floated. An initial guess of 

he baseline can be formulated by noting the cross-section of the 

eft wing ( λ1 ) is approximately 5 m 
2 / mol across the temperature 

nd pressure range i.e. αbaseline = 5 A α
A σ

− αmeasured (λ1 ) . An example 

f a fitted baseline and the resulting baseline-subtracted spectra 

rom an MMA decomposition experiment can be found in the cen- 

er bottom row subplot of Fig. 10 . As noted in Section 4.2 , the

pectral interference from most species is invariant over the tar- 

et spectral domain, justifying the use of a linear baseline. Exper- 

ments with elevated CH 4 concentrations may require additional 

rocessing steps due to the narrow-band interference of CH 4 be- 

ween λ3 − λ4 . The influence of the narrow-band interference be- 

ween λ3 − λ4 can be minimized by excluding the region from the 

t or by simultaneously fitting the CH 4 concentration. 

Low SNR absorbance tests result in data points with higher 

ncertainty and potentially skewed results. This poses an issue 

hen performing linear fits on the plots of α
A ασ0 

− 1 
A σ

vs. the nor- 

alized sensitivities of temperature and pressure as these outlier 

oints can bias the slope of the line. The wings of the spectra have 

he lowest absorbance, and thus SNR, leading to the highest un- 

ertainty points across the spectral range. The plot of α
A ασ0 

− 1 
A σ

s. 1 
A σ σ0 

∂σ0 
∂T 

shows that points of higher uncertainty are generally 

ess sensitive (normalized sensitivity values closer to 0). This fol- 

ows from Fig. 9 where we see that the wings of the spectra have

he lowest sensitivity. Unlike with temperature, Fig. 9 shows that 

he points most sensitive to pressure are more evenly distributed 

hroughout the spectral range resulting in the uncertainty, as rep- 

esented by error bar magnitude, being more evenly distributed 

hroughout the points of the plot of α
A ασ0 

− 1 
A σ

vs. 1 
A σ σ0 

∂σ0 
∂ p 

. There- 

ore, we fit the data using a least-squares algorithm adjusted with 

rror bars [28] , which provided a more accurate temperature and 

ressure measurement from low SNR signals. The error bars of the 

eftmost plots of Fig. 10 are the combined effects of the uncer- 

ainty due to noise in the absorbance signal and the uncertainty 

ue to truncating the higher order terms (H.O.T.) of Eq. (9) added 

ogether in quadrature. A conservative value of absorbance noise 

n this experiment is �α = 0 . 0025 and the higher order terms are

pproximated with Eq. (10) . At high signal-to-noise ratios (top half 

f Fig. 10 ), the higher order terms dominate the error bars; how- 

ver, at low signal-to noise ratios (bottom half of Fig. 10 ), the ab-

orbance noise dominates. 

 . O . T ≈ 1 

2 A σ σ0 

∂ 2 σ0 

∂T 2 
(T − T 0 ) 

2 

+ 

1 

2 A σ σ0 

∂ 2 σ0 

∂ p 2 
(p − p 0 ) 

2 

+ 

1 

A σ σ0 

∂ 2 σ0 

∂ p∂ T 
(T − T 0 )(p − p 0 ) (10) 

hese error bars represent the relative weighting of those individ- 

al points in the least-squares algorithm and are not meant to cap- 

ure the spread of nearby data points. It should be noted that this 

pproach can be similarly employed to effectively exclude or min- 

mize certain regions of the spectra that may include differential 

bsorption of an interferer, such as the aforementioned methane 

ine. 

The right column of Fig. 10 shows time-resolved measurements 

f CH 2 O mole fraction, temperature, and pressure for trioxane de- 

omposition and MMA decomposition experiments. In the triox- 
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Fig. 10. Measurements of the decomposition of 0.57% 1,3,5-trioxane in Ar (Top half) and 3% methyl methacrylate in Ar (Bottom half) after the passage of a reflected shock. 

(Left) Normalized residual between the guessed cross-section and the measured absorbance plotted against the normalized first derivative of the cross-section with respect 

to temperature or pressure. A linear fit of the plotted points is shown in red. (Middle) Reconstructed absorbance of a single scan using the cross-section database at the 

temperature and pressure inferred from the plots in the left column. (Right) Inferred CH 2 O mole fraction, temperature, and pressure for the entire test compared to known 

values where available. 
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ne test, the mole fraction of CH 2 O rapidly rises from zero as 

he trioxane dissociates before plateauing at the expected amount 

three times the initial mole fraction of trioxane. As the ini- 

ial concentration of trioxane is low (0.57 % ), only a small tem- 

erature drop occurs beyond the post-reflected shock temperature. 

he pressure inferred from the CH 2 O spectra was relatively consis- 

ent with the pressure transducer (Kistler) measurement through- 

ut the test. After 3.75 ms, the reflected shock interacts with the 

ontact surface creating an increase in pressure, which is seen in 

oth the spectrally inferred pressure and the pressure transducer 

easurement. This pressure increase coincides with a temperature 

ncrease, which leads to CH 2 O dissociation as can be seen in the 

espective plot above. In the MMA decomposition test, we observe 

apid dissociation of the MMA near 1350 K. At the first measure- 

ent point, the mole fraction of CH 2 O has already reached 0.4%. 

uring the MMA dissociation, here observed from the rise in CH 2 O 

ole fraction, the temperature drops more significantly from the 

ost-reflected shock temperature than seen in the trioxane test; 

his is expected as the initial MMA concentration (3%) is much 

igher than that of trioxane (0.57%) in the respective tests. After 

he initial decomposition period and associated temperature drop, 

he temperature remains relatively constant. The temperature in- 

erred from CH 2 O shows good agreement with CO thermometry 
10 
ata obtained with the method utilized by Sanders et al. applied 

o MMA decomposition [24] . As with the trioxane test, we observe 

ood agreement between the measured pressure transducer and 

H 2 O spectrally inferred pressures, as both remain nearly constant 

hroughout the test time. It should be noted that the time-histories 

f pressure and temperature inferred from the CH 2 O spectra were 

sed to calculate the CH 2 O mole fraction. The results of these tests 

emonstrate that pressure, temperature, and CH 2 O mole fraction 

an all be simultaneously measured using the absorption cross- 

ection database developed in this work. 

As demonstrated, spectrally-resolved data attained at time- 

cales relevant to combustion offer significant advantages in CH 2 O 

ensing. Previous studies targeting CH 2 O absorption have generally 

mployed fixed-wavelength measurements and cross-section cor- 

elations at two or three wavelengths to recover species con- 

entration at high measurement rates. In such works, the time- 

ependent experiment of interest is repeated for each time- 

esolved absorption measurement at “online” and “offline” wave- 

engths. This strategy has been readily employed for multiple rea- 

ons, including to avoid complex detailed modeling of the high- 

emperature broadband CH 2 O spectra and to account for poten- 

ial broadband interference from other combustion species. In any 

ase, the fixed-wavelength online/offline approach requires run- 



N.M. Kuenning, I.C. Sanders, N.Q. Minesi et al. Journal of Quantitative Spectroscopy & Radiative Transfer 309 (2023) 108690 

n

i

s

a

s

c

m

w

t

s

t

s

5

a

l

c

a

p

i

c

t

a

n

t

r

t

b

w

k

i

w

i

b

v

s

f

s

a

D

N

c

I

N

C

o

–

F

o

v

D

W

S

W

F

D

A

t

e

n

a

R

A

i

c

t

s

o

p

2

P

t

f

o

s

d

t

t

m

t

s

T

t

w

t

t

o

S

t

a

c

fi

u

t

H

ing multiple experiments at each desired condition, thus rely- 

ng on a high level of test repeatability and independent mea- 

urements of cross-section scaling parameters (such as pressure 

nd temperature) to accurately recover molecular abundance. As 

uch, this well-established approach generally precludes appli- 

ation for true real-time sensing of CH 2 O in dynamic environ- 

ents without multiplexing multiple light sources. In contrast, the 

ork presented here details a spectrally-resolved sensing method 

hat leverages knowledge of pressure- and temperature-dependent 

pectral structure to enable robust, interference-immune, and 

ime-resolved sensing of formaldehyde in environments with tran- 

ient gas properties. 

. Conclusion 

Absorption cross-sections of CH 2 O were measured near 3.6 μm, 

 spectral domain of strong absorptivity associated with the over- 

apping Q Q 5 branch of the v 1 band and the P Q 7 branch of the v 2 + v 4 
ombination band. Formaldehyde cross-sections were attained over 

 range of combustion-relevant pressures (0.4–4.8 atm) and tem- 

eratures (90 0–150 0 K). This spectral region is favorable for sens- 

ng applications due to minimal interference from other relevant 

ombustion species and high absorption intensity that enables de- 

ection limits in the tens of ppm (at ∼10 cm path length) over 

 wide range of conditions. While the cross-section magnitudes 

ear 3.6 μm are comparable to other infrared peaks used for high- 

emperature sensing, the rapid-tuning (40 kHz) and spectrally- 

esolved sensing approach combined with the strong local spec- 

ral dependence on temperature and pressure enable more ro- 

ust and efficient data collection and processing relative to fixed- 

avelength methods previously used for formaldehyde chemical 

inetics studies. A novel spectral fitting method is introduced to 

nfer the temperature and pressure from the normalized spectra, 

hereafter mole fraction can be quantitatively determined without 

ndependent measurements or estimates of these properties and 

aseline interference can be rejected. In aggregate, this work pro- 

ides a novel data set of high-temperature CH 2 O absorption cross- 

ections that may serve as modeling targets in an important in- 

rared region and presents a new approach for multi-parameter 

ensing from localized cross-sections with complex temperature 

nd pressure dependence. 
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ppendix A. Trioxane cross-sectional database 

Measured absorption cross-sections of 1,3,5-trioxane are shown 

n Fig. A.1 . The spectra at low pressures (between 11 and 65 Torr) 

ontain many peaks and valleys that exhibit strong sensitivity 

o pressure. Around the largest peak (2778.62 cm 
−1 ), the pres- 

ure sensitivity is around −0 . 11 m 
2 · mol 

−1 
/ Torr . Above 65 Torr, 

nly one to two stronger peaks are present and the spectral de- 

endence on pressure is significantly lessened. The sensitivity at 

778.62 cm 
−1 is −0 . 007 m 

2 · mol 
−1 

/ Torr in the 65–246 Torr range. 

reliminary measurements helped to identify the pressure sensi- 

ivity of the spectra which informed the targeted pressure spacing 

or subsequent tests. 

Fig. A.1. Sample cross-sections of 0.5% 1,3,5-trioxane in 99.5% argon. 

To ensure the pressure dependency was sufficiently captured, 

ne data point would be removed from the database and the mea- 

ured spectra would be compared to the predicted spectra pro- 

uced from interpolating between the nearest experimental condi- 

ions. We then calculated the spectrally-resolved disagreement be- 

ween the interpolated spectra and measured spectra. When the 

aximum disagreement across the wavenumber range was < 5% , 

he pressure spacing was considered adequate for this study. This 

ets the maximum uncertainty of the trioxane database as ∼5%. 

his method was used to provide an upper bound of the uncer- 

ainty in the trioxane database—the true uncertainty is likely lower 

hen the removed data point is reinserted in the database. Addi- 

ionally, taking the maximum of the disagreement across the spec- 

ral range overestimates the overall uncertainty since the average 

f the disagreement was consistently < 1% . 

upplementary material 

The supplementary material of this paper consists of 

hree files: H2CO_coefficients.csv , sig_fun.mat , 

nd H2CO_xsec.csv . H2CO_coefficients.csv is a 

omma-separated values file of the coefficients obtained by 

tting Eq. (5) to the measured cross-sections. The first col- 

mn is the wavenumber and the subsequent 8 columns are 

he coefficients b 1 –b 8 . sig_fun.mat is Eq. (5) and takes 

2CO_coefficients.csv as an input along with temperature 
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Fig. A.2. Plot of temperatures and pressure at which database measurements were 

taken. Black boxes labeled 1–6 bound regions where data is shown in Fig. A.3 . The 

region in which the database can be used without extrapolation is bounded in red. 
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nd pressure to reconstruct the cross-section at that point. It is 

mportant to note that sig_fun.mat can take any temperature 

nd pressure as an input but caution should be exercised when 

sing the database around or outside the red outline in Fig. A.2 , 

ast which the data will be extrapolated. H2CO_xsec.csv is 

 comma-separated values file containing the measured cross- 

ections as a function of wavenumber and their corresponding 

emperature and pressure. Figure A.3 shows a plot of all mea- 
ig. A.3. Plot of all cross-section measurements made in this study. The cross-sections giv

ected for a single test. Tests of similar conditions are grouped as noted in Fig. A.2 . 

12 
urements made. For readability, tests of similar conditions are 

rouped together into the regions labeled 1–6 in Fig. A.2 . 

Supplementary material associated with this article can be 

ound, in the online version, at 10.1016/j.jqsrt.2023.108690 . 
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