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a b s t r a c t 

A laser absorption diagnostic technique, probing the mid-infrared vibrational bands of 12 C 16 O and 13 C 16 O 

near 4.9 μm, was developed for sensitive multi-isotopologue temperature and concentration measure- 

ments in high-temperature gaseous systems. Transitions in each of the P-branches of the fundamental 

bands of 12 C 16 O and 13 C 16 O were chosen based on absorption linestrength, relative spectral isolation, and 

temperature sensitivity. Five total rovibrational transitions are spectrally-resolved over a ∼1.2 cm 

−1 do- 

main using a 50 kHz triangle scan function with a distributed-feedback quantum cascade laser, yielding 

a 100 kHz effective measurement rate of both isotopologues and respective temperatures, independent 

of mixture composition. In addition, relevant broadening parameters for the P(0,22) transition of 13 C 16 O 

near 2007.8767 cm 

−1 were measured to enable higher time resolution ( > 1 MHz) measurements using 

fixed-wavelength methods. Time-resolved multi-isotopologue thermometry performance was validated in 

a shock tube over a range of temperatures (110 0–240 0 K) relevant to combustion kinetics investigations. 

The technique is utilized in shock-heated oxidation experiments with isotopically labeled fuel mixtures, 

simultaneously measuring both carbon monoxide isotopologues throughout the reactions. To the authors’ 

knowledge, these results demonstrate the first use of carbon isotope labeling with laser absorption spec- 

troscopy to observe distinct competitive oxidation among different fuel components. 

© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Optical sensing of carbon monoxide ( CO ) is important for a va-

iety of applications, including environmental health safety mon-

toring and combustion efficiency characterization. In regards to

ombustion, CO is a significant intermediate species, measure-

ents of which are often used to validate and develop chemical

inetic models for combustion applications [1] . Particularly, laser

bsorption spectroscopy (LAS) is a common method for quanti-

atively measuring concentration of combustion species—including

O [2–9] —at high time resolution during combustion reactions be-

ind reflected shock waves, providing valuable experimental con-

traints on kinetic models of hydrocarbon decomposition and oxi-

ation. Most of these measurements have been made using ‘neat’

ixtures comprising a single fuel; practical fuels used in real com-

ustion devices are typically blends of many different hydrocar-

ons with similar intermediates and products [10] . During the ini-

ial fuel pyrolysis prior to oxidation, these fuel molecules tend to

ecompose into a small number of similar C –C intermediates,
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he kinetics of which largely dictate the evolution of the rest of the

eaction [11,12] . These intermediates compete with one another in

xidation reactions, making it difficult to characterize the contri-

utions of a particular fuel component on overall combustion be-

avior when probing a single kinetic parameter. 

To experimentally contrain complex kinetics models, an in-

reased number of parameters must be measured in controlled

tudies. Deliberately labeled isotopologues, particularly those that

ontain isotopes of hydrogen atoms, are commonly used in phys-

cal organic chemistry research to distinguish reaction path-

ays [13,14] . Here we focus on carbon as a shared element in fu-

ls and the intermediate CO, which can be readily measured by in-

rared absorption. Roughly 1.1% of all carbon on Earth is 13 C [15,16] ,

aking it one of the more common stable isotopes available for

se in isotopic tagging techniques [13,15] and representing an op-

ortunity for combustion kinetics investigations [14] . Accordingly,

his work targets the infrared absorption spectra of the two most

bundant isotopologues of CO , 12 
C 
16 
O and 13 

C 
16 
O , as shown in

ig. 1 . 

In this article, we describe a laser absorption sensor that si-

ultaneously probes the distinct spectra of 12 C 16 O and 13 C 16 O (ab-

reviated in this work as 12 CO and 13 CO , respectively) to recover
. 
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Fig. 1. Simulated spectra of 12 CO and 13 CO calculated at conditions relevant to com- 

bustion. Targeted spectral region outlined in black. Spectral line parameters taken 

from HITEMP database [17] . (For the interpretation of references to color in this 

figure, the reader is referred to the web version of this article.) 
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mole fraction and temperature in high-temperature shock tube

kinetics studies. The technique is coupled with isotopic labeling of

fuel components with either a 12 C or 13 C to discern the influence

of specific fuels on the aggregate combustion behavior of fuel

mixtures. We present the sensor development by first discussing

the influence of isotopic labeling and substitution on molecular

spectra in the context of wavelength selection. After establishing

the theoretical foundations of the technique, we detail our exper-

imental methodology, including the optical setup, experimental

apparatus, and data processing techniques required to obtain

temperatures and mole fractions from our absorption measure-

ments. We describe both a scanned-wavelength direct absorption

(scanned-DA) method for simultaneous multi-isotopologue detec-

tion and a fixed-wavelength direct absorption (fixed-DA) method

for high-speed sensing of 13 CO . Validation measurements in non-

reactive shock tube experiments are followed by demonstration

of the capabilities of multi-isotopologue LAS in reacting mixtures

of isotopically labeled fuels at high temperatures. The paper con-

cludes with an example analysis highlighting the unique utility of

the technique to help distinguish chemical kinetic pathways. 

2. Background and theory 

This section discusses the relevant background for laser absorp-

tion spectroscopy (LAS) with isotopologues of carbon monoxide for

high-temperature chemical kinetic studies. 

2.1. Isotopic effects on molecular spectra 

Absorption spectra for 12 CO and 13 CO are shown in Fig. 1 . For a

diatomic molecule approximated as a harmonic oscillator, the fun-

damental vibrational frequency ω e is dependent on the bond stiff-

ness k s and the reduced molecular mass μ [18] : 

ω e ∝ 

√ 

k s 

μ
(1)

The spacing between rovibrational transition frequencies, set by

the rotational constant, B , is also dependent on μ: 

B ∝ 

1 

μ
(2)

For an isotopologue, changes in nuclear mass of a molecule with-

out a change in the number of protons does not strongly affect

bond length r e or the bond stiffness k s [19] . As a result, ω e changes

as μ changes; an increase in reduced mass shifts the center of
he overall vibrational band to lower frequencies, seen in Fig. 1 ,

y about 50 cm 

−1 for CO . Additionally, the rotational constant B

s also affected—albeit less obviously—as seen in Fig. 1 , in which

he line spacing between rovibrational transitions reduces by ap-

roximately 0.17 cm 

−1 . These isotopic substitution effects provide

 basis for understanding the ability to spectrally distinguish 12 CO

nd 13 CO isotopologues using LAS, and provides a basis for their

ndependent detection in oxidation experiments of isotopically la-

eled fuels. 

.2. Laser absorption spectroscopy 

Laser absorption spectroscopy (LAS) relates the attenuation of

ight in a gas medium to thermophysical properties such as tem-

erature, pressure, and concentration. The theory of LAS is doc-

mented in detail in the literature [19] , and so only important re-

ults are briefly outlined here for reader comprehension. The Beer–

ambert law in Eq. (3) defines the spectral absorbance αν in a uni-

orm medium of pathlength L [cm] for a specific frequency ν as a

unction of the ratio of incident light intensity, I 0 , and transmitted

ight intensity, I t : 

ν = − ln 

(
I t 

I 0 

)
ν

= P X abs S i (T ) ϕ i (ν) L (3)

he spectral absorbance αν depends linearly on total pressure P

atm], mole fraction of absorbing species X abs , line strength S i ( T )

cm 

−2 /atm] for rovibrational transition i at temperature T [K], line-

hape function ϕi ( ν) [cm] and the pathlength L [cm]. ϕi ( ν) is the
nly variable with a spectral dependence, and varies depending

n the gas temperature as well as partial pressures of different

ollision partners. In scanned-wavelength direct absorption, it is

ossible to scan across the entire spectral domain of transition

 to resolve the lineshape profile ϕi ( ν), albeit at the expense of
ome temporal resolution. Total absorbance area for a single iso-

ated transition can then be calculated by integrating absorbance

n the spectral domain: 

 i = 

∫ ∞ 

−∞ 

ανdν = P S i (T ) X abs L (4)

hich eliminates the dependence on the lineshape function ϕi ( ν)
 

∫ ∞ 

−∞ 

ϕ i (ν) dν = 1 ). This is usually achieved in practice by fitting

n assumed lineshape function to the spectra. The ratio R of two

bsorbance areas associated with two rovibrational transitions A

nd B eliminates dependence on mole fraction, pressure, and path-

ength: 

 = 

A A 
A B 

= 

S A (T ) 

S B (T ) 
= f (T ) (5)

emperature-dependent linestrengths S A ( T ) and S B ( T ) can be calcu-

ated from reference-temperature linestrengths S A ( T 0 ) and S B ( T 0 ),

hich for the transitions used in this work are known in the HI-

RAN database [20] to within 2% uncertainty (For more detail, re-

er to Appendix A ). Thus, by simultaneously resolving at least two

ransitions for a given species and calculating their absorbance ar-

as, the temperature of the gas can be inferred without requiring

etailed information about the broadening parameters of the line-

hape, resulting in a measurement independent of gas composition

nd pressure. Once T is known, Eq. (4) can be used to determine

ole fraction, assuming that pressure is measured independently.

aking the derivative of the expressions for S i ( T ) with respect to

emperature, the temperature-sensitivity of R can be approximated

s [19] : 

dR/R 

dT /T 

∣∣∣∣ ≈
(
hc 

k B 

)∣∣E ′′ A − E ′′ B 
∣∣

T 
(6)
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Fig. 2. Examined spectral range noted in Fig. 1 showing the 12 CO and 13 CO tran- 

sitions of interest. Absorbance simulated at expected conditions behind a reflected 

shock with HITEMP 2010 [17] . 

Table 1 

Examined rovibrational transitions in the present work. All linestrengths from the 

HITRAN database [20] have a reported uncertainty of 2%, except the 13 CO P(2,10) 

and 12 CO P(2,20) lines, which have 5% reported uncertainty. 

Freq. ν i Species Line S i ( T 0 ) E ′′ 
i 

[cm 

−1 ] ( v ′′ , J ′′ ) [cm 

−2 /atm] [cm 

−1 ] 

2007.877 13 
CO P(0,22) 5.56 ·10 −3 928.582 

2007.944 13 
CO P(2,10) 4.20 ·10 −15 4365.33 

2008.422 12 
CO P(2,20) 2.85 ·10 −9 5051.74 

2008.525 12 
CO P(0,31) 6.62 ·10 −3 1901.13 

2008.626 13 
CO P(1,16) 2.50 ·10 −6 2591.13 

(  

l  

i  

l  

i  

t  

t  

l  

F  

m  

c  

p  

m  

p  

a  

P  

n  

c  

t  

h

t  

t  

v  

d  

t  

i  

6  

a  
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e  
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here h [J · s] is the Planck constant, c [cm/s] is the speed of light,

 B [J/K] is the Boltzmann constant, and E ′′ 
i 

[cm 

−1 ] is the lower

tate energy associated with rovibrational transition i . Noteworthy

n Eq. (6) is that temperature sensitivity is greater for transition

airs which have greater differences in lower state energy; this in-

uences the line selection process. 

In this work, we demonstrate a sensor utilizing both scanned-

avelength direct-absorption (scanned-DA) and fixed-wavelength 

irect-absorption (fixed-DA) techniques, the latter of which re-

uire additional line broadening parameters pertaining to the line-

hape function ϕi ( ν), but which enables faster measurements. In

oth techniques, we model ϕi ( ν) using the Voigt lineshape pro-
le, a convolution of Lorentzian and Gaussian profiles which de-

cribes collisional and temperature line broadening effects, respec-

ively [19] . The value of ϕi ( ν) at the transition linecenter, ν i ,0 , can

e calculated by: 

 i (νi, 0 ) = 

2 

�νD 

√ 

ln 2 

π
exp 

(
a 2 

)
[ 1 − erf (a ) ] (7) 

here: 

 = 

√ 

ln 2 �νc 

�νD 

(8) 

n this profile, the thermal broadening of the line is characterized

y a Doppler width �v D [cm 

−1 ], 

v D = νi, 0 

(
7 . 1629 × 10 −7 

)( T 

M 

)1 / 2 

(9) 

here M is the molecular weight of the absorbing species. The

ollisional broadening is characterized by a collisional width �v c 
cm 

−1 ]. �v c depends on pressure and gas composition, and has

nique broadening behavior for every molecular collision partner

 : 

v c = P 
∑ 

Y 

X Y 2 γabs −Y (10)

here γabs −Y [cm 

−1 atm 

−1 ] is the broadening coefficient between

ollision partner Y and the absorbing species. γabs −Y is typically

odeled using a power law, often expressed in terms of 2 γ Y : 

 γY (T ) = 2 γY (T 0 ) 
(
T 0 
T 

)n 

(11)

n which n is a temperature-dependent exponent. With knowledge

f n, γ Y ( T 0 ), T , and P , Eqs. (7) through ( 11 ) can be used to de-

ermine ϕi ( ν i ,0 ), which can be used with L and measured ανi, 0 to

etermine X abs per Eq. (3) when fixing the laser wavelength near

he linecenter. 

. Spectral line selection 

Line selection for LAS sensing is typically influenced by the

trength, isolation, and temperature sensitivity of accessible rovi-

rational transitions. For multi-isotopologue sensing, relative prox-

mity of transitions for both 12 CO and 13 CO is also an important

onsideration. Ideally, the spectral domain should exhibit mini-

al interference from neighboring 12 CO and 13 CO lines, but the

ines should be in sufficient proximity that they can be accessed

ithin the tuning depth of a single narrowband light source tuned

t a high scan rate (to achieve a correspondingly high measure-

ent rate). The strongest absorption in 12 
CO and 13 

CO occurs

n the fundamental bands centered near 4.65 μm (2150 cm 

−1 )

nd 4.76 μm (2100 cm 

−1 ), respectively, and this mid-infrared do-

ain has recently become accessible with compact, tunable, room-

emperature quantum cascade lasers (QCLs) [4,5] . 

The P-branches of the bands of both 12 
CO and 13 

CO con-

ain many strong rovibrational absorption lines that are favor-

ble for low-interference measurements at moderate pressures
 ∼1 atm) [4,5] . The high-temperature spectra of H 2 O, while over-

apping those of both CO isotopologues, possesses large spac-

ng between lines in the wavelength domain of the CO isotopo-

ogues, offering interf erence-free spectral windows. Additionally,

n the P-branches, there is minimal interference from the high-

emperature spectra of both CO 2 isotopologues. A close inspec-

ion of the P-branches within 190 0–210 0 cm 

−1 reveals several iso-

ated absorption features near 2008 cm 

−1 as attractive targets.

igure 2 shows simulated spectra of 12 CO and 13 CO in this do-

ain of interest along with H 2 O at combustion-relevant shock tube

onditions using the latest HITEMP [17] database for an optical

ath-length of L = 10.32 cm, temperatures of T = 1200 K, and

ole fractions of X CO = 0.01 and X H 2 O = 0.02. The spectra com-

rises two rovibrational transitions for 12 CO and three for 13 CO ,

llowing for multiple two-line thermometry options. For 12 CO , the

(31) line in the v (0 → 1) fundamental band provides the domi-

ant contribution, while the P(20) line in the v (2 → 3) hot band

ontributes more significantly at the higher end of the tempera-

ure range. These 12 CO lines are also used for measurements in

igh-temperature, high-pressure rocket engine combustion condi- 

ions [21] and atmospheric pressure flames [22,23] , and more de-

ails about their selection and application can be found in pre-

ious work. For 13 CO , the strong P(22) line in the v (0 → 1) fun-

amental band provides the only transition observable at room-

emperature for the expected mole fractions, while the P(16) line

n the v (1 → 2) hot band contributes more significantly above

00 K. Lastly, the P(10) line in the v (2 → 3) hot band contributes

bove 10 0 0 K, although this feature blends with the P(22) line

t pressures above ∼1.5 atm. Table 1 details the 12 CO and 13 CO

ovibrational transitions of interest. A comparison of the differ-

nt possible combinations of 13 
CO lines for two-line thermom-

try using Eq. (5) is shown in Fig. 3 . Although ratios including

he P(2,10) line show more sensitivity in the higher temperature

ange, the tendency of this weak line to overlap with neighboring

trong lines at low temperatures and higher pressures limits utility.
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Fig. 3. Calculated linestrength ratios as a function of temperature for the different 

combinations of the P(0,22), P(1,16), and P(2,10) lines of 13 CO and for the P(0,31) 

and P(2,20) lines of 12 CO . Lines used for thermometry in this work are bolded. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. (Top) Cross-section of the shock tube test section showing windows for op- 

tical access and laser/detector setup. (Middle) Side view of the shock tube showing 

the location of the test section at the end of the driven section of the tube. (Bottom) 

Example raw detector and pressure transducer signals during non-reactive shock 

heating of 12 CO and 13 CO in a He/Ar bath gas. 
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Additionally—as discussed in more detail in Appendix A —all the

transitions in the domain have linestrength S i ( T 0 ) uncertainties re-

ported in the HITRAN database [20] as 2%, except the 13 CO P(2,10)

and 12 CO P(2,20) lines, which have 5% reported uncertainty. As a

result of these considerations, the P(0,22)/P(1,16) combination with

�E ′′ = 1662.5 cm 

−1 is the most favorable for a wide range of condi-

tions, despite greater line separation in the 13 CO spectra. Likewise,

owing to its strong absorption over the range of expected tem-

peratures (110 0–220 0 K) at expected concentrations ( ∼0.5%), we

utilize the 13 CO P(0,22) line for high-speed ( > 1 MHz) fixed-DA

measurements of 13 CO mole fraction. 

4. Sensing methodology 

This section describes aspects of the sensing methods neces-

sary for successful implementation in the targeted combustion en-

vironments. Here we discuss the selection of the light source, laser

control and tuning parameters, and the relevant optical setups.

We also discuss the spectral data processing methods associated

with interpreting the absorbance measurements, including requi-

site measurements of select line broadening parameters. Estimates

of uncertainty regarding all measurements are discussed in detail

in Appendix A . 

4.1. Optical setup 

For the light source, a continuous-wave distributed-feedback

(DFB) quantum cascade laser (QCL) (ALPES Lasers) is used to ac-

cess the two 12 
CO and three 13 

CO lines of interest. The QCL

is tunable from 2001 to 2014 cm 

−1 , with a typical power of

50 mW at 4.9 μm. In the scanned-wavelength operating mode,

a 50 kHz triangle waveform of injection current tunes the QCL

across a wavenumber range of ∼1.2 cm 

−1 capturing the CO tran-

sitions of interest, as depicted in Fig. 4 . This effectively yields

absorbance area measurements at 100 kHz, counting the up-

scan and down-scan. The injection current i ( t ) is also scanned

below the lasing threshold to allow for measurement of the

transient thermal emission. The wavelength tuning of the QCL

was stable enough to capture the targeted 12 CO and 13 CO tran-

sitions with repeatable signal-to-noise ratios (SNR) from scan

to scan. For fixed-wavelength measurements, the injection cur-

rent is held constant and the QCL is fixed at the linecenter of

the 13 CO P(0,22) line (2007.8767 ±0.00025 cm 

−1 ), monitored by
 wavemeter (Bristol 671B) before and after each shock tube

xperiment. 

For light collection, the transmitted laser radiation is passed

hrough a bandpass spectral filter (Spectrogon, 4960 ±148 nm) to

inimize thermal emission before being focused onto a thermo-

lectrically cooled photovoltaic (PV) detector (Vigo PVI-4TE-5). For

ach measurement I t , a corresponding background I 0 is recorded

ithout a mixture present to establish a baseline for calculation

n Eq. (3) . For scanned-wavelength measurements, the relative fre-

uency of the laser light is determined using a germanium etalon

ith a free spectral range of 0.0241 cm 

−1 . For all tests, the detector

s sampled at its maximum bandwidth of 15 MHz for an equivalent

easurement rate of 7.5 MHz. 

.2. Shock tube experiments 

The high-enthalpy shock tube ( Fig. 4 ) used in this work is of a

eldless flange design similar to that described by Aul et. al [24] .

he shock tube is connected to vacuum pumps, an agitated mix-

ng tank, and a gas delivery manifold used to barometrically pre-

are the mixtures of interest for all experiments. The test section

f the shock tube has an internal diameter of L = 10.32 cm, and is

ircumscribed by interchangeable ports which can hold sensors or

ptical windows 2 cm from the end wall. For these experiments,

wo half-inch sapphire windows are used to allow transmission

f the laser light into and out of the tube. A dynamic pressure

ransducer (Kistler 601B1) is also mounted in one of the ports and

ecords the pressure trace of the incident and reflected shock wave

hrough a charge amplifier (Kistler 5018A). Five time-of-arrival sen-

ors (Dynasen, Inc.) provide a means for determining the incident

hock velocity, from which the reflected shock test conditions ( T 5 ,

 5 ) are determined [25] . Uncertainty in reflected shock tempera-

ure and pressure are typically about 1% when properly accounting

or vibrational relaxation of all components of the test gas [26] .
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Fig. 5 . Example scanned-wavelength detector signal in the shock tube. 
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Fig. 6. Example scanned-wavelength Voigt fitting of data in a high enthalpy shock 

tube experiment. 

Fig. 7. (Top) Example scanned-wavelength absorbance area measurement during 

a non-reacting shock of 12 CO and 13 CO . (Bottom) Pressure time history for corre- 

sponding shock. 

i  

l  

t  

V

 

t  

F  

i  

f  

M  

t  

d  

s  

P  

f  

b  

m  

s

4

 

m  
nce the QCL and detector were aligned and operational, a se-

ies of argon (Ar ) shocks were performed to ensure that no beam-

teering was present, which would complicate the baseline fitting

iscussed in Section 4.3.1 . Data from the detector at 15 MHz us-

ng a PicoScope 40 0 0 series data acquisition module, which was

riggered to record by the time-of-arrival sensors. 
12 
CO and 13 CO thermometry and concentration measurements

t 100 kHz were conducted in the shock tube over a range

f combustion-relevant temperatures (110 0–230 0 K) and near-

tmospheric pressures (0.5–1.5 atm) using scanned-DA techniques.

or the non-reactive thermometry and concentration studies, equal

oncentrations of 12 CO and 13 CO were prepared with different bath

as mixtures of argon (Ar ) and helium (He ) for measurements

t temperatures between 1100 and 2300 K. These experiments

rovided validation of simultaneous 12 CO and 13 CO thermometry

nd mole fraction measurement. For reactive studies, mixtures of

r , O 2 , and combinations of 12 CH 4 , 
13 CH 4 , and 

12 C 2 H 4 were pre-

ared for oxidation experiments at temperatures from 1400 to

800 K, measured with both scanned-DA and fixed-DA methods.

nitial experiments validated the ability of the shock tube to pro-

uce repeatable species time-histories in oxidation studies with a

uel (CH 4 ) that has well-known ignition behavior [27] . Finally, we

emonstrated the ability of the sensor to simultaneously resolve

roduction and destruction of both CO isotopologues during igni-

ion of a binary fuel mixture in which one of the fuels was isotopi-

ally labeled. These experiments validated the sensor’s ability to

erform time resolved multi-isotopologue species measurements

or combustion studies. 

.3. Data processing 

Here we detail the different data processing methods required

o infer temperature and mole fraction from both scanned-DA and

xed-DA measurements as they relate to Eqs. (3) –( 11 ). As men-

ioned, we utilize the Voigt lineshape function to fit the CO spectra

or all measurements, and the details of implementing this model

or both scanned-DA and fixed-DA measurements are provided in

he following subsections. 

.3.1. Scanned-wavelength direct absorption (100 kHz) 

Raw detector voltage data, such as those shown in Figs. 4 and 5 ,

re processed using Eq. (3) to obtain spectral absorbance αν , such

s shown in Fig. 6 . The spectral domain is then divided into two

egions; the first containing the P(0,22) and P(2,10) lines of 13 CO

nd the second containing the P(2,20) and P(0,31) lines of 12 CO

nd the P(1,16) line of 13 CO . A two-line least-squares fitting rou-

ine was used for the first region, while a three-line fitting routine

as used for the second region. All lines in this work were fit using

he Voigt lineshape profile with absorbance area A i and collisional

idth �v c as free parameters, while Doppler width �v was fixed
D 
ndependently using temperatures estimated from ideal shock re-

ations [25] . Residuals from the fitting were all within 2% during

he shock tube experiments, confirming the appropriateness of the

oigt lineshape for this study. 

Example calculated absorbance areas from a non-reactive shock

ube experiment containing X 12 CO = X 13 CO = 0 . 0075 are shown in

ig. 7 . Some vibrational relaxation is visible immediately after the

ncident and reflected shocks, but the absorbance area calculations

or all transitions are shown to be stable in time subsequently.

oreover, the absorbance areas calculated from the upscan of the

riangle wave agree with the absorabance areas calculated from the

ownscan of the triangle wave, highlighting the ability of the sen-

or to perform measurements at 100 kHz. As seen in Fig. 7 , the

(0,22) and P(1,16) lines of 13 CO and P(0,31) line of and 12 CO show

avorable absorbance area with 0.75% 12 CO and 13 CO seeded in the

ath gas. These absorbance areas are used to infer temperature and

ole fraction of both CO isotopologues using Eqs. (5) and ( 4 ), re-

pectively, and the results are discussed in Sections 5 and 6 . 

.3.2. Fixed-wavelength direct absorption ( > 1 MHz) 

To enable high time resolution ( > 1 MHz) fixed-DA measure-

ents, a spectral model accounting for collisional broadening



384 D.I. Pineda, F.A. Bendana and K.K. Schwarm et al. / Combustion and Flame 207 (2019) 379–390 

Fig. 8. Example absorbance spectra and spectral fits of the P(0,22) 13 CO line for 

both He and Ar collision partners in a high temperature optical cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. He - and Ar -broadening coefficients for the P(0,22) 13 CO line with power law 

fits for 30 0–230 0 K. High-temperature gas cell data marked with circles. Data from 

shock tube measurements marked with triangles. 

Table 2 

Spectral modeling parameters for the P(0,22) 13 CO line. 

Y 2 γ13 CO −Y (T 0 ) n 13 CO −Y Range 

[cm 

−1 /atm] [K] 

He 0.0953 ±0.0023 0.494 ±0.024 296–1863 

Ar 0.0767 ±0.0017 0.595 ±0.026 296–2312 
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( Eqs. (7) through ( 11 )) is necessary to simulate linecenter ab-

sorbance, which is then used to infer mole fraction from mea-

sured linecenter absorbance using Eq. (3) . Our shock tube stud-

ies are carried out with He and/or Ar as the bath gas, for which

collisional broadening parameters are unavailable in the current

HITRAN [20] and HITEMP databases [17] . For the aforementioned

scanned-DA measurements, these broadening parameters are not

a prerequisite to employ the two-line thermometry methods dis-

cussed in Section 2.2 , since Eqs. (4) and ( 5 ) are independent of

the lineshape function ϕi ( ν). However, for a given oxidation exper-

iment utilizing fixed-DA, both the broadening parameters γ Y ( T 0 )

and n as well as the temperature of the medium must be known

independently to model ϕi ( ν) and interpret the absorbance mea-

surements. To determine the He - and Ar-broadening parameters of

the P(0,22) line of 13 CO , high-temperature ( > 10 0 0 K) absorbance

measurements were made during the non-reacting shock tube

experiments described previously, while lower-temperature (300–

10 0 0 K) measurements of broadening parameters for the P(0,22)

line of 13 CO were taken using a high-temperature optical static cell

at pressures varying from 40–100 Torr. The relative temperature

and pressure uncertainty in the cell is approximately ±0.3%, and

±0.125%, respectively. More details about the mechanical design

and thermal analysis of the cell are available in another work [28] .

For the shock tube broadening measurements in Ar , some He was

added (10%) to the bath gas to accelerate vibrational relaxation

of CO behind the reflected shock wave, necessitating independent

knowledge of He broadening parameters. 

For measurements in the optical static cell, the QCL was

scanned at 70 kHz from 20 07.82–20 07.96 cm 

−1 to cover the entire

P(0,22) line, and data was collected from the detector at 7.5 MHz

using a PicoScope 50 0 0 series data acquisition module. Figure 8

shows example scanned measurements of the P(0,22) line using

the DFB QCL with both He and Ar as bath gases. Fit parameters

were excluded for conditions in which the Voigt fit exhibited large

residuals ( > 3%), likely due to collisional narrowing [29] . Measure-

ments of broadening coefficients 2 γ13 CO −Y (T ) of the P(0,22) line

from both the shock tube and gas cell experiments of 13 CO are

shown in Fig. 9 . Also shown is a least-squares fit [30] of Eq. (11) to

estimate both the temperature-dependent exponents n He , γ He ( T 0 ),

n Ar , and γ Ar ( T 0 ), as well as their respective uncertainties, �n He ,

�γ He ( T 0 ), �n Ar , and �γ Ar ( T 0 ). The resulting broadening parame-

ters are given in Table 2 . 
To obtain high-speed measurements of 13 CO mole fraction in a

eacting mixture, we perform a fixed-DA measurement during the

eaction behind a reflected shock as well as a companion scanned-

A measurement with the same mixture composition at the same

eflected shock conditions to obtain a temperature time-history

sing two-line thermometry. Using the measured reflected shock

ressure and calculated temperature, as well as the parameters in

able 2 in conjunction with Eqs. (7) through ( 11 ), we calculate

i ( ν i ,0 ) using a Voigt lineshape profile [19] and subsequently de-

ermine mole fraction from Eq. (3) , as shown in Section 6 . By ac-

ounting for the temperature change in the collisional broadening

uring the reaction, we reduce the uncertainties associated with

he mixture’s exothermicity [9] , allowing for more accurate mea-

urements of CO mole fraction. Results are provided in Section 6 . 

. Validation results 

The main objective of this work is to provide the ability for ac-

urate simultaneous temperature and concentration measurements

f both CO isotopologues at concentrations sensitive enough to dis-

inguish competitive oxidation between different com ponents of

uel mixtures. This section discusses the performance of the sensor

n high-temperature environments typical of shock tube oxidation

tudies. For a comprehensive uncertainty analysis on the measure-

ents of temperature and mole fraction reported here, the reader

s referred to Appendix A . 

The temperature for each reflected shock is calculated from

he incident shock velocity measured by the time-of-arrival sen-

ors and is treated as the known temperature, while the known

ole fractions of both CO isotopologues for non-reacting shocks

re calculated from the barometric mixture preparation. Known

eflected shock temperature and CO mole fractions are overlaid

ith measured values during a representative shock tube experi-

ent in Fig. 10 , showing excellent agreement. Typical uncertainty

n temperature measured using two-line thermometry on the up-

can (50 kHz) absorbance areas for each CO isotoplogue is ap-
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Fig. 10. Measured temperature and mole fraction of 13 CO and 12 CO based on two- 

line thermometry for a non-reactive 13 CO / 12 CO /Ar/ He shock with comparison to cal- 

culations from the ideal shock relations and known mixture concentrations. 
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Fig. 11. Comparison of multi-isotopologue thermometry and concentration mea- 

surements with known quantities in high-enthalpy shock tube from 1100–2250 K. 

Different markers indicate distinct 12 CO / 13 CO /Ar/He mixtures. 

Fig. 12. Mole fractions of 12 CO and 13 CO from two different shock oxidation ex- 

periments using 12 CH 4 and 
13 CH 4 as the fuel, respectively. Shaded regions indicate 

uncertainty in model predictions due to uncertainties in reflected shock conditions. 
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roximately 2% over the test time ( ∼1 ms) of the non-reacting

hock. It can also be seen that the mole fraction values calcu-

ated from the upscan absorbance agrees with those calculated

rom the downscan absorbance, enabling 100 kHz mole fraction

easurements. Several of these experiments were conducted for

 temperature range relevant to combustion kinetic studies. The

ccuracy of the sensor over 1100–2250 K is shown in Fig. 11 , in

hich the measured temperatures and mole fractions of 12 CO and
3 
CO are compared with the expected temperature from shock re-

ations and the concentrations recorded barometrically during mix-

ure preparation. The sensor is shown to reliably determine tem-

erature and mole fraction for various concentrations of 12 CO and
3 
CO in different bath gas mixtures of He and Ar . At lower tem-

eratures ( < 1300 K) and higher pressures ( > 1.5 atm), the P(2,10)

ine of 13 
CO and the P(2,20) line of 12 

CO were too broadened

o make reliable measurements of the absorbance areas for those

ransitions. However, in these conditions, the P(0,22) and P(1,16)

ine of 13 CO and the P(0,31) line of 12 CO are still distinguishable

nough for thermometry and mole fraction measurements of 13 CO ,

s shown in Fig. 11 for the points at 1200 and 1300 K. Assum-

ng temperature from ideal shock relations, 12 CO and 13 CO exhib-

ted detection limits of 150 ppm and 160 ppm, respectively, using

canned-DA methods at 1500 K. The corresponding 13 CO detec-

ion limit using fixed-DA methods was approximately 21 ppm at

620 K, assuming a 1- σ noise floor. 

To validate both the experimental apparatus and the similar-

ties of the reaction rates associated with isotopologues of fu-

ls, we performed shock tube oxidation experiments at approxi-

ately the same conditions (nominally T 5 = 1758 ± 10 K and P 5 =
 . 764 ± 0 . 025 atm) for two different stoichiometric ( φ = 1 ) mix-

ures of 1.25% CH 4 / 2.50% O 2 / 96.5% Ar ; one with 12 CH 4 and

nother with 13 CH 4 . The ignition behavior of CH 4 is one of the

ost well-known among fuels, and for which there are several

stablished kinetic mechanisms; these experiments (at conditions

or which much data exists in the literature) serve to validate the

easurement technique as well as the facility used to prepare and

eact the mixtures. The mole fractions of both CO isotopologues

rom these experiments are shown in Fig. 12 , along with a chem-
cal kinetic simulation performed using Cantera [31] with an un-

odified GRI-MECH 3.0 mechanism [32] . The mole fraction results

f the independent experiments agree with one another and with

he kinetic model for methane combustion, highlighting the simi-

arities in ignition behavior of the isotopically labeled fuels. Further

iscussion regarding the kinetic effects of isotopic substitution is

rovided in Appendix B . 

. Demonstration results 

In order to conclusively demonstrate the ability of the tech-

ique to discern competitive oxidation between different com-

onents of a fuel mixture, a representative combination of fuels

nd reflected shock environments must be determined. A well-

stablished and tractable chemical kinetic mechanism, GRI MECH

.0 [32] , was chosen for modification accounting for isotopic
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Fig. 13. Measured CO mole fraction during ignition of fuel/O 2 mixture diluted in 

Ar at 1726 K (top) and at 1504 K (bottom) alongside chemical kinetic predictions. 

Shaded regions indicate uncertainties in kinetic model due to uncertainty in mix- 

ture composition and reflected shock conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. (Top) Measured (scanned-DA) and assumed (fixed-DA) temperature for ox- 

idation experiments in identical reflected shock conditions. (Bottom) CO mole frac- 

tion during scanned-DA (markers) and fixed-DA (smooth line) experiments. Shaded 

regions indicate fixed-DA uncertainties. 
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labeling of carbon atoms. We used this modified mechanism

to survey and downselect temperature and pressure regimes of

interest for ignition of isotopically-labeled fuel mixtures, with

particular attention to smaller carbon-number species relevant to

real fuel oxidation [11,12] . Owing to all the possible permutations

of carbon atoms in the molecules possessing more than one

carbon atom, this modification increased the number of species in

the mechanism from 53 to 117 and the number of reactions from

325 to 886. 

Two fuels with distinctly different structure (and hence, ignition

behavior), methane (CH 4 ) and ethylene (also known as ethene,

C 2 H 4 ), were chosen for inclusion in reactive mixtures for the

initial competitive oxidation tests. Shock tube oxidation experi-

ments were performed with different mixtures of 13 CH 4 , 
12 C 2 H 4 ,

O 2 , and Ar to validate the sensor’s ability to measure both species

during a reaction. Although known as the simplest hydrocarbon,

CH 4 often requires higher temperatures than other hydrocarbons at

stoichiometric equivalence ratios to ignite in a comparable amount

of time [33,34] . For example, at atmospheric pressure, a tempera-

ture of about 1700 K is required for successful ignition within the

shock tube test times demonstrated in this work ( ∼2 ms). The

addition of C 2 H 4 into the fuel mixture reduces this temperature

requirement, and a stoichiometric mixture of 67% CH 4 /33% C 2 H 4 

will ignite at 1500 K within this test time. Notably, this particular

ratio of 13 CH 4 to 
12 C 2 H 4 results in a nearly equal number of

carbon atoms corresponding to each carbon isotope. 

6.1. Multi-isotopologue CO sensing in reacting mixtures 

To specifically test competitive oxidation in oxygen-starved en-

vironments, a fuel-rich mixture ( φ = 1 . 5 ) of 67% CH 4 /33% C 2 H 4 and

O 2 was prepared in an Ar bath gas. Example results in Fig. 13 show

the mole fraction results of two scanned-DA experiments with this
ixture under similar shock-heated pressures (0.744 ±0.02 atm)

nd different temperatures (1726 ±9 K and 1504 ±8 K), along with

he modified kinetic simulation prediction. It can be seen that at

igher temperatures ( > 1700 K), the time histories of the mole

ractions of both 12 CO and 13 CO are both similar, tracking with one

nother. This indicates that the carbon atoms from both 12 C 2 H 4 

nd 13 CH 4 are oxidizing at similar rates in these conditions. This

articular observation agrees with the modified chemical kinetic

rediction quite well. At lower temperatures, however ( ∼1500 K),

 separation of reaction timescales is visible between 12 CO and
3 
CO —12 

CO appears earlier and in higher quantities than 13 CO . This

ndicates that the carbon atoms from 

12 C 2 H 4 and 
13 CH 4 are oxidiz-

ng at different rates in these conditions, at least initially. More-

ver, the degree to which the timescales are initially separated is

nderpredicted by the modified kinetic mechanism, which shows

he mole fractions agreeing within the model uncertainty. Notably,

he experimental mole fraction results for 12 CO and 13 CO disagree

ith one another beyond what is explicable with experimental un-

ertainty. 

.2. High-speed 13 CO sensing 

Since high-speed 12 
CO sensing using transitions in the P-

ranch of the fundamental band has already been demonstrated

y other researchers [4,35] , we focus the discussion of our

xed-DA measurements on 13 
CO . To demonstrate the ability of

he sensor to measure mole fraction of 13 
CO at a time resolu-

ion ( > 1 MHz) suitable for chemical kinetic studies at higher

emperatures ( > 1800 K), a stoichiometric mixture ( φ = 1 ) of

7% CH 4 /33% C 2 H 4 and O 2 was prepared in an Ar bath gas.

igure 14 shows the mole fraction results of two independent

hock tube oxidation experiments—one scanned-DA and one fixed-

A—with nearly identical reflected shock conditions. The two-line

hermometry temperature time history from the scanned-DA ex-

eriment, shown in red markers with error bars, was used to es-

imate a temperature time history for the corresponding fixed-DA

xperiment, shown as a line with shaded error region. The mole

raction results from the fixed-DA measurements show excellent

greement with the results from the scanned-DA measurements,



D.I. Pineda, F.A. Bendana and K.K. Schwarm et al. / Combustion and Flame 207 (2019) 379–390 387 

b  

s  

T

7

 

l  

e  

r  

a  

i  

a  

k  

t  

r

 

t  

a  

t  

t  

F  

t  

t  

f  

p  

r

H

O  

H  

C  

H  

 

i  

C  

O  

a  

i  

A  

t  

m

1
 

 

q  

1
 

c  

i  

(  

O

1
 

H  

H

 

t  

f  

1
 

i  

a

H  

H  

 

u  

o  

a  

b  

t  

o  

s  

s  

b

 

e  

c  

m  

d  

y  

d  

v

8

 

m  

C  

i  

t  

k  

s  

t  

m  

t  

w  

f  

s  

i  

a  

o  

a  

m

 

i  

s  

s  

d  

e  

a  

a  

H  

m  

o

A

 

L  

s  

C  

D  
uilding confidence in both the precision and versatility of the sen-

or and in the accuracy of the broadening parameters we report in

able 2 . 

. Discussion 

In Section 6 , we demonstrated the ability of multi-isotopologue

aser absorption spectroscopy to unambiguously identify the par-

nt fuel sources of intermediate oxidation species. The technique

epresents a starting point of a new avenue towards anchoring

nd constraining detailed reaction mechanisms of fuel mixtures us-

ng laser absorption spectroscopy. In many modern kinetic mech-

nisms in the literature, significant uncertainties exist in several

ey elementary reactions involved in the production of CO , par-

icularly reactions involving the formyl ( HCO ) and ketenyl ( HCCO )

adicals [7,9,36] , which we touch on here. 

As an example of the type of analysis that can be made with

his experimental technique, we performed a reaction pathway

nalysis using the GRI-MECH 3.0 mechanism [32] modified for iso-

opic tracking for a constant pressure ideal gas reactor simula-

ion in Cantera [31] for the low-temperature ignition condition in

ig. 13 . The reaction pathway analysis yielded some insights into

he mechanism potentially responsible for disagreement between

he experiment and the model. During the onset of CO formation

or both isotopologues ( ∼1.1 ms in the lower plot of Fig. 13 ), the

rimary pathway for the generation of 13 CO is through the methyl

adical (CH 3 ) and formaldyhyde (CH 2 O): 

O 2 + CH 3 ←→ OH + CH 3 O R119 

 + CH 3 ←→ H + CH 2 O R10

 + CH 2 O + M ←→ CH 3 O + M R57

H 2 O + H ←→ HCO + H 2 R58

CO + M ←→ H + CO + M R167

For reader convenience, we have labeled the reactions accord-

ng to their reaction number in GRI MECH 3.0. In the oxidation of

 2 H 4 , HCO is also comparably produced via direct O atom attack,

 + 

12 C 2 H 4 ←→ 

12 CH 3 + H 

12 CO R25

nd, in conjunction with reaction R167, this represents the dom-

nant pathway to CO for C 2 H 4 during this stage of the oxidation.

nother comparable path to HCO occurs through the reaction of

he vinyl (C 2 H 3 ) radical with O 2 , a reaction which is known to have

any possible pathways [37] : 

2 C 2 H 3 + O 2 ←→ H 

12 CO + 

12 CH 2 O R173

These additional pathways to H 

12 
CO and 12 CO production re-

uire 12 C 2 H 4 and so are not available to 
13 
CO , because the only

3 
C in the system must ultimately come from 

13 CH 4 , and 
13 CH 3 re-

ombination and downstream production of 13 C 2 H 3 is not compet-

tive under these conditions. It should be noted that at this time

 ∼1.1 ms), a significant pathway for the vinyl radical reaction with

 2 produces ketene (CH 2 CO): 

2 C 2 H 3 + O 2 ←→ O + 

12 CH 

12 
2 CHO R294

 + 

12 CH 

12 
2 CO + M ←→ 

12 CH 

12 
2 CHO + M R304

owever, at ∼1.1 ms, ketene is not yet reacting appreciably. 

A bit later in the reaction ( ∼1.3 ms in the lower plot of Fig. 13 ),

he aforementioned pathway to CO through the methyl radical and
ormaldehyde stays dominant for 13 CO and becomes dominant for
2 
CO . Additionally, for the formation of 12 CO from 

12 C 2 H 4 , a signif-

cant pathway through the ketenyl ( HCCO ) radical becomes avail-

ble as ketene undergoes hydrogen abstraction: 

 + 

12 CH 

12 
2 CO ←→ H 

12 C 12 CO + H 2 R80

 

12 C 12 CO + O 2 ←→ OH + 

12 CO + 

12 CO R176

As with earlier, this CO pathway is unavailable to 13 CO , since it

ltimately comes from 

12 C 2 H 3 . From these two snapshots in time

f the reaction paths for the GRI mechanism, it is clear that there

re many more paths to 12 CO than to 13 CO , and this is validated

y our experimental results. Since the results in Fig. 13 show that

here is a larger separation of timescales between the appearance

f 13 CO and 12 CO than predicted by the model, however, it is rea-

onable to suggest that the reaction rates of the pathways exclu-

ive to 12 C 2 H 4 should be increased relative to the pathway shared

y both 12 C 2 H 4 and 
13 CH 4 . 

This reaction analysis on an established kinetic mechanism is an

xample of how multi-isotopologue laser absorption spectroscopy

an provide a unique experimental constraint for efforts to opti-

ize kinetic models of fuel mixtures undergoing competitive oxi-

ation given uncertainties in reaction rate constants [11,12] . Anal-

ses of more modern chemical kinetic mechanisms under active

evelopment and optimization are the subject of forthcoming in-

estigations. 

. Summary and potential improvements 

A mid-infrared laser absorption sensor was developed for si-

ultaneous temperature and concentration measurements of two

O isotopologues at 100 kHz, enabling novel chemical kinetic stud-

es of isotopically labeled fuel mixtures at combustion-relevant

emperatures and near-atmospheric pressures. To the authors’

nowledge, these are the first simultaneous time-resolved mea-

urements of multiple CO isotopologues originating from inten-

ionally isotopically-labeled fuels in a reacting mixture. Using the

ethod, we provide initial experimental evidence revealing dis-

inct competitive oxidation in a relevant fuel mixture. In doing so,

e also provide the first time-resolved LAS measurements of 13 CO

or high-temperature shock tube kinetics studies. The technique

hows potential to improve understanding of competitive oxidation

n multi-component fuel mixtures to distinguish reaction pathways

nd respective rates by unambiguously identifying the parent fuels

f intermediate species. We provide an example of the type of re-

ction pathway analysis that can be facilitated through use of this

ethod, which can aid combustion kinetics investigations. 

To facilitate the use of the sensor in combustion environments

n which CO is created and destroyed more quickly than can be

atisfactorily measured at 100 kHz, broadening parameter mea-

urements with relevant collision partners He and Ar were con-

ucted and utilized for fixed-DA measurements of the temporal

volution of 13 CO at 7.5 MHz, limited only by the bandwidth of the

vailable PV detector (15 MHz). Additional broadening parameters

ssociated with other combustion-relevant species—such as CO 2 ,

 2 O, O 2 , and particularly N 2 —must be performed before fixed-DA

easurements of 13 CO can be performed in atmospheric flames or

ther non-diluted reactive mixtures. 
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Appendix A. Uncertainty analysis 

The uncertainty analysis presented here largely follows that of

Wei et al. [23] , with added discussion for the transient phenomena

associated with shock tube studies. As in that work, unless other-

wise noted, we follow the Taylor series method (TSM) of uncer-

tainty propagation [38] , in which the uncertainty of a variable r ,

�r , is given by: 

( �r ) 
2 = 

(
∂r 

∂x 1 
�x 1 

)2 

+ 

(
∂r 

∂x 2 
�x 2 

)2 

+ · · · (A.1)

where x i are dependent variables and �x i are their respective un-

certainties. 

A1. Temperature uncertainty for scanned-DA 

For the two-line thermometry methods used in this work, tem-

perature is given by [19] : 

T = 

hc 
k B 

(E ′′ 2 − E ′′ 1 ) 

ln (R ) + ln 
(
S 2 (T 0 ) 
S 1 (T 0 ) 

)
+ 

hc 
k B 

(E ′′ 
2 
−E ′′ 

1 
) 

T 0 

(A.2)

Uncertainty in temperature as expressed in Eq. (A.2) depends only

on the uncertainties of the reference temperature linestrengths in

the HITRAN/HITEMP database, �S i ( T 0 ), and the uncertainty in the

ratio of calculated absorbance areas �R : (
�T 

T 

)2 

= 

(
�R 
R 

)2 + 

(
�S 1 (T 0 ) 
S 1 (T 0 ) 

)2 + 

(
�S 2 (T 0 ) 
S 2 (T 0 ) 

)2 
(

hc 
k B 

E ′′ 
2 
−E ′′ 

1 

T 0 
+ ln (R ) + ln 

(
S 2 (T 0 ) 
S 1 (T 0 ) 

))2 
(A.3)

The linestrengths of the P(0,22) and P(1,16) lines of 13 
CO are

known to within 2%, and so �S i (T 0 ) /S i (T 0 ) = 0 . 02 for these lines.

For 12 
CO , the linestrengths of the P(0,31) and P(2,20) lines are

known to within 2% and 5%, respectively, and so �S i (T 0 ) /S i (T 0 ) =
0 . 02 for the P(0,31) line and 0.05 for the P(2,20) line. However, the

largest contributor to Eq. (A.3) is usually �R , given by the expres-

sion: (
�R 

R 

)2 

= 

(
�A 1 
A 1 

)2 

+ 

(
�A 2 
A 2 

)2 

(A.4)

In this work, �A i is conservatively assumed to be equal to the

maximum value of the residual multiplied by the absorbance area

A i calculated from the Voigt fitting procedure. 

A2. Mole fraction uncertainty for scanned-DA 

For the scanned-DA measurements, the mole fraction for any

given species is calculated by: 

X = 

A i 
S (T ) P L 

(A.5)

i 
hich is not spectrally dependent on lineshape ϕi ( ν). The uncer-
ainty in X depends on the uncertainties of A i , S i ( T ), P , and L : 

�X 

X 

)2 

SDA 

= 

(
�A i 
A i 

)2 

+ 

(
�S i (T ) 

S i (T ) 

)2 

+ 

(
�P 

P 

)2 

+ 

(
�L 

L 

)2 

(A.6)

s mentioned earlier, �A i is calculated based on the residuals of

he Voigt fit. The pathlength L of the shock tube is known to a

igh precision; �L / L is assumed to be much smaller than the other

erms in Eq. (A.5) and so it is not included in our uncertainty anal-

sis. However, for the high temperature gas cell, the pathlength

hanges a small amount with the thermal expansion of the cell,

nd so �L = 1 mm for those experiments. 

Uncertainty in pressure, �P is dominated by two sources. For

ll experiments, uncertainty in the pressure transducer / capaci-

ance manometer measurements �P meas leads to uncertainties in

ole fraction and broadening parameters. For the shock tube ex-

eriments, uncertainty in the reflected shock pressure P 5 due to

ncertainties associated with the shock relations �P 5 contribute.

�P 

P 

)2 

= 

(
�P meas 

P meas 

)2 

+ 

(
�P 5 
P 5 

)2 

(A.7)

or the sake of brevity, these uncertainties will not be discussed

n detail; however, we note that significant contributors to �P 5 
nclude uncertainties in the composition of the driven gas (from

he barometric mixture preparation), uncertainties in the time-of-

rrival measurements, and small uncertainties in the initial pres-

ure P 1 and temperature T 1 . Further information can be found in

he work by Campbell et al. [26] . This leaves the uncertainty in

emperature-dependent linestrength S i ( T ), which is given by: 

 i (T ) = S i (T 0 ) 
Q(T 0 ) 

Q(T ) 

(
T 0 
T 

)
exp 

[
−hcE ′′ 

i 

k B 

(
1 

T 
− 1 

T 0 

)]

×
[
1 − exp 

(
−hcν0 ,i 

k B T 

)][
1 − exp 

(
−hcν0 ,i 

k B T 0 

)]−1 

(A.8)

here Q is the partition function for the molecule of interest,

nd ν0, i is the linecenter of the transition i of interest. The two

ncertainties we are primarily concerned with are the reference

emperature linestrength uncertainty �S i ( T 0 ) (which we have al-

eady calculated) and the uncertainty in temperature-dependent

inestrength due to uncertainty in temperature �S i,T ( T ). In short,

T (from the uncertainty in �R ) affects the S i ( T ) used to calculate

ole fraction. The following expression can be obtained for the un-

ertainty in linestrength due to uncertainty in observed tempera-

ure, �T : 

S 2 i,T (T ) = S 2 i (T )�T 2 
(

−∂Q(T ) /∂T 

Q(T ) 
− 1 

T 
+ 

hcE ′′ 
i 

k B T 2 

+ 

hcν0 ,i 

k B T 2 

(
exp ( −hcν0 ,i /k B T ) 

1 − exp ( −hcν0 ,i /k B T ) 

))2 

(A.9)

his expression is consistent with the analysis presented

y Ouyang and Varghese [39] . The total uncertainty in the

inestrength S i ( T ) can now be calculated: 

S 2 i (T ) = �S 2 i (T 0 ) + �S 2 i,T (T ) (A.10)

hus, all uncertainty dependencies of X as given in Eq. (A.5) are

ccounted for and �X can be calculated using Eq. (A.6) . 
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3. Mole fraction uncertainty for fixed-DA 

For fixed-DA measurements at the linecenter ν i ,0 , the mole frac-

ion is calculated by: 

 = 

αν

S i (T ) P ϕ i (ν0 ) L 
(A.11) 

hich is spectrally dependent on lineshape ϕi ( ν). The uncertainty
n X depends on the uncertainties of αν , S i ( T ), P , ϕi ( ν0 ), and L : 

�X 

X 

)2 

FDA 

= 

(
�αν

αν

)2 

+ 

(
�S i (T ) 

S i (T ) 

)2 

+ 

(
�P 

P 

)2 

+ 

(
�L 

L 

)2 

+ 

(
�ϕ i (ν0 ) 

ϕ i (ν0 ) 

)2 

(A.12) 

he uncertainties �P and �L remain the same as previously.

ince we estimate T from a scanned-DA experiment to calcu-

ate both S i ( T ) and ϕi ( ν0 ) for a fixed-DA experiment at nearly

dentical conditions, the uncertainties �S i ( T ) and �T also remain

he same. Measurement uncertainty in wavelength-dependent ab-

orbance αν , as determined by Eq. (3) , is influenced by noise in

he intensity of the laser light on the detector. We estimate the

bsorbance uncertainty �αν : 

αν = −ln 

(
I t ± �I 

I 0 ± �I 

)
(A.13) 

here �I is the 95% confidence interval associated with the laser

nd detector noise for both the incident light I 0 and transmitted

ight I t , determined from a measurement of I 0 prior to shock heat-

ng the test gas. The uncertainty in lineshape ϕi ( ν) depends on the
pectral model used. As mentioned, we use the Voigt lineshape

rofile in this work, dependent on Doppler width �νD [cm 

−1 ]

which is dependent on temperature T ) and collisional width �νc 

cm 

−1 ]. For brevity, we omit the details of the Voigt profile un-

ertainty derivation and provide a conservative approximate uncer-

ainty dependence: 

�ϕ i (ν0 ) 

ϕ i (ν0 ) 

)2 

= 2 

(
�(�νD ) 

�νD 

)2 

+ 

(
�(�νc ) 

�νc 

)2 

(A.14) 

he uncertainty dependence in the Doppler width �νD , �( �νD ),

an be obtained as: 

�(�νD ) 

�νD 

)2 

= 

(
�ν0 ,i 

ν0 ,i 

)2 

+ 

1 

4 

(
�T 

T 

)2 

(A.15) 

here �ν0, i can be determined by the stability of the waveme-

er measurement, in this work ±0.0 0 025 cm 

−1 . During fixed-DA

hock tube studies, collisional width �νc is modeled according to

q. (10) , and the resulting expression for its uncertainty can be cal-

ulated: 

�(�νc ) 

�νc 

)2 

= 

(
�P 

P 

)2 

+ 

(
�X Y 
X Y 

)2 

+ 

(
�γY (T 0 ) 

γY (T 0 ) 

)2 

+ n 2 
(

�T 

T 

)2 

+ ( ln (n )�n ) 
2 

(A.16) 

he uncertainties in collisional broadening coefficient (in bath gas

 ) γ Y ( T 0 ), �γ Y ( T 0 ), and temperature-dependent exponent n , �n ,

re determined from the linear regressions applied to Eqs. (10) and

 11 ), respectively, which account for independent measurement

ncertainty in multiple dimensions [30] . The mole fraction of the

on-reacting bath gas Y (in this work, Ar ) is assumed not to change

ppreciably throughout the experiment, and its uncertainty �X Y 
s calculated from the barometric mixture preparation. Notably,
he temperature-dependent pressure-induced line shift [19] of the
3 
CO P(0,22) line is not considered when tuning the laser to

007.8767 cm 

−1 . Assuming δ(T 0 ) = −0 . 003 cm 

−1 /atm [40,41] and

 temperature-dependent exponent of M ≈1 [42] , this results in a

ine shift of δ ≈ −0 . 0 0 035 cm 

−1 and a ≈0.03% underestimation of

ν at the tested conditions, which is added to the overall uncer-

ainty �αν . Thus, all uncertainty dependencies of X as given in Eq.

A.11) are accounted for and �X can be calculated using Eq. (A.12) .

4. Ignition delay timing 

In the oxidation experiments shown in this paper, the mod-

led and experimental ignition delay times were observed to occur

ithin the margin of error resulting from the uncertainty in the

eflected shock temperature and pressure. Given this agreement,

e slightly shift the timing of the modeled results (within the cal-

ulated uncertainty) so that the peak CO mole fractions align in

ime with the experimental results in order to focus comparison

n the remainder of the species time-history profiles. In particular

his adjustment allows for improved comparison of species evolu-

ion/shape before primary ignition. 

Likewise, there are small shock-to-shock variations in ignition

elay related to the stochastic nature of the diaphragm bursts.

he peaks of CO mole fraction and absorbance from the respec-

ive scanned-DA and fixed-DA oxidation experiments shown in

ig. 14 were found to agree within the time of one scanned-DA

can, and were similarly synchronized to provide the temperature

rofile estimate used to determine X CO for the fixed-DA experi-

ent. 

ppendix B. Isotopic effects on chemical reactions 

In many fields of chemistry, isotopic substitution is used—

articularly with hydrogen—for its ability to produce observably

ifferent reaction rates as a means to distinguish reaction path-

ays. In this study, however, we assume that the reaction rates of
2 
C - and 13 C -containing fuels and fuel fragments are indistinguish-

ble enough to have minimal effects on the ignition behavior of

he fuels. A brief justification of this assumption follows. 

The change in observed reaction rate due to isotopic sub-

titution is related the change in vibrational frequencies of the

onds associated with the transition state of the reaction [13] . The

hanges in vibrational frequencies are, in turn, dependent on the

hange in the reduced mass of the atoms in the bonds. As such, re-

ctions involving isotopes of hydrogen have some of the largest ob-

ervable changes in reaction rates due to its relatively small atomic

ass—deuterium has a mass that is twice that of hydrogen, a 100%

ncrease. However, 13 C is only 8% more massive than 12 C , which

as a less significant effect on its respective reduced masses that

ontrol the vibrational frequencies of the bonds involved in reac-

ions. An expression for estimating kinetic isotope effects is given

n the equation below, 

k 12 C 
k 13 C 

= exp 

(
hc( ̄ν12 C − ν̄13 C ) 

2 k B T 

)
(B.1) 

n which k i is the rate coefficient of a reaction for isotope i,

 is temperature, and ν i is the vibrational frequency associated

ith the relevant bond to the reaction. For a typical reaction that

nvolves breaking a C-H bond in the stretch coordinate ( ̄ν12 C ≈
0 0 0 cm 

−1 ), substituting 13 C ( ̄ν13 C ≈ 2991.10 cm 

−1 ) results in a

eaction rate ratio k 12 C /k 13 C of 1.00493. This assumes the bond is

ully broken without any activated complexes (such as would nor-

ally exist in a hydrogen abstraction reaction), and so the actual

sotope effect will be smaller [13] . 
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This calculation, along with the results shown in Fig. 12 , suggest

that carbon isotopologues of the fuels in this study can be treated

as kinetically indistinguishable, facilitating analysis in chemical ki-

netic studies utilizing multi-isotopologue laser absorption spec-

troscopy. Lastly, it should be noted that all the shock tube experi-

ments in this work are carried out with significant dilution ( > 96%)

with small quantities ( < 2%) of fuels, rendering the effect of natu-

rally occurring 13 C during oxidation of 12 C -containing fuels negli-

gible. 
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