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Abstract Mid-infrared quantum-cascade laser (QCL)

absorption spectroscopy of CO2 near 4.2 lm has been

developed for measurement of temperature and concen-

tration in hot gases. With stronger absorption line-strengths

than transitions near 1.5, 2.0, and 2.7 lm used previously,

the fundamental band (0001–0000) of CO2 near 4.2 lm

provides greatly enhanced sensitivity and accuracy to sense

CO2 in high-temperature gases. Line R(74) and line R(96)

are chosen as optimum pair for sensitive temperature

measurements due to their high-temperature sensitivity,

equal signal-to-noise ratio (SNR), weak interference of

H2O transitions, as well as relatively strong line-strengths

in high temperature and weak absorption in room temper-

ature. The high-resolution absorption spectrum of the far

wings of the R-branch (R56–R100) in the fundamental

vibrational band of CO2 is measured in a heated cell over

the range 2,384–2,396 cm-1 at different temperatures from

700 to 1,200 K. Taking three factors into consideration,

including SNR, concentration detectability, and uncertainty

sensitivity, the absorption line R(74) is selected to calculate

CO2 concentration. The tunable QCL absorption sensor is

validated in mixtures of CO2 and N2 in a static cell for

temperature range of 700–1,200 K, achieving an accuracy

of ±6 K for temperature and ±5 % for concentration

measurements.

1 Introduction

Laser-based combustion diagnostics methods, such as

laser-induced fluorescence [1], Rayleigh and Raman scat-

tering techniques [2], coherent anti-Stokes Raman scatter-

ing [3], cavity ring-down absorption spectroscopy [4],

supercontinuum absorption spectroscopy [5], Fourier-

domain mode-locked laser absorption spectroscopy [6], as

well as tunable diode laser absorption spectroscopy

(TDLAS) [7–12], have stimulated drastic research interest

during the past two decades for their nonintrusive nature

and in situ measurement capability. TDLAS is highly

sensitive for monitoring gas concentration and temperature

in combustion environment and has been widely used in

modern combustion and propulsion to reduce pollutant

emissions or improve combustion efficiency. Sun et al. [11]

reported the first TDLAS absorption sensor for measure-

ments of gas temperature and species concentration in a

slagging coal gasifier. Huang et al. [12] reported an in situ

optical system for real-time CO concentration measure-

ment of industrial flame using near-infrared tunable diode

laser with direct and modulated absorption signals.

CO2 is a primary product emission from combustion

devices and an important indicator of combustion effi-

ciency. Previous CO2 sensors are based on TDLAS tech-

nology, using transitions of combination bands in near-

infrared region, such as 1.5 (2201–0000) [8], 2.0

(1201–0000) [9, 11, 13, 14], or 2.7 lm (1001–0000) [15–

17]. However, these absorption bands are relatively weak

at combustion-like temperatures (T [ 600 K), and there-

fore have limited range and applicability, especially in gas

systems at elevated combustion-like temperature, wherein

CO2 is not a major component, which restricts the appli-

cability of TDLAS technology in some combustion diag-

nostics systems.
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The recent commercial availability of high-power,

room-temperature, narrow line-width, single-mode and

mode-hop-free (MHF) tunable IR laser sources, and

quantum-cascade lasers (QCL) offers the possibility of

applying high-sensitivity and high-resolution mid-IR

absorption spectroscopy on combustion diagnostics. QCL-

based concentration and temperature sensors for combus-

tion gases, such as CO [18–20], H2O [21], and NO [22, 23],

have been reported previously. Vanderover and Oehlsch-

laeger [18] described the first QCL-based mid-IR laser

absorption sensor for CO mole fraction and temperature

measurements from 900 to 4,000 K, using line pairs near

the intensity peak of CO fundamental band at 4.6 lm.

Chao et al. [22, 23] demonstrated a mid-IR absorption

strategy for real-time, in situ detection of NO in combus-

tion exhaust gases and measured the H2O absorption

spectroscopy at 633 K in the effluent of a fuel-lean C2H4/

air flame [23] using an external-cavity QCL working at the

fundamental absorption band of NO near 5.2 lm. More

recently, Spearrin et al. [24] reported their progress in

multi-band infrared CO2 absorption sensor using the R(28)

line of combination band (1001–0000) near 2.7 lm and the

R(96) line of fundamental band (0001–0000) near 4.2 lm,

and their cross-band two-line thermometry technique pro-

vided greatly enhanced sensitivity and widely expanded

useful range for high-temperature measurement. However,

the R(28) line (near 3,633.08 cm-1), with a relatively low

value of lower-state energy (about 316.77 cm-1) and a

relatively high value of reference line-strength (about

0.59 cm-2 atm-1) [25], has a non-ignorable absorption

coefficient (about 0.0012 cm-1) at room temperature, 10

times stronger than that at 1,500 K, which may reduce the

sensor accuracy or lead to greater measurement

uncertainty.

The absorption line-strengths of CO2 and H2O in the

near-infrared (near-IR) and mid-infrared (mid-IR) region at

1,500 K are shown in Fig. 1 [25]. Compared with combi-

nation bands near 1.5, 2.0, and 2.7 lm used in previous

CO2 sensors, the fundamental band (0001–0000) near

4.2 lm is promising for sensitive detection, especially in

conditions of relatively low CO2 concentration or short

path length, due to its relatively strong line-strengths and

weak interference of H2O transitions.

In this paper, we describe a QCL-based mid-IR

absorption sensor for CO2 concentration and temperature,

operating near 4.2 lm. This sensor is designed to achieve a

greatly enhanced sensitivity and accuracy in measuring

CO2 in high-temperature gases with little interference of

H2O transitions and weak influence from cold boundary

layer. Strong line-strengths, high-temperature sensitivity,

and equal signal-to-noise ratio (SNR) are taken into

account in optimum pair selection for sensitive temperature

measurements. By measuring the high-resolution

absorption spectrum of the fundamental transitions and

using two-line thermometry technique, sensing of gas

temperature is carried out. In order to improve the detec-

tion sensitivity and accuracy of CO2 concentration, con-

centration detectability, uncertainty sensitivity, and SNR

are taken as major factors in optimum absorption line

selection for accurate CO2 concentration calculation. These

quantitative validation measurements confirm the potential

application of QCL-based mid-IR absorption strategy for

CO2 concentration and temperature measurement in com-

bustion environments.

2 Theory

2.1 Fundamental spectroscopy

The fundamental theoretical principle of absorption spec-

troscopy, which describes the relationship between trans-

mitted and incident spectral intensities, is given by the

Beer-Lambert law equation [15]:

Tm ¼
I

I0

� �
m

¼ exp �NL
X

i

Si Tð ÞU m� mið Þ
" #

: ð1Þ

where, Tm is the transmission; I and I0 are the transmitted

and incident laser intensities, respectively; N is the number

density of the absorbing species; L is the total absorption

path length; Si(T) and U(m - mi) denote the line-strength

and line-shape of a particular transition i, respectively.

Here, mi is the center frequency of various absorption lines,

and m is the scanned laser frequency.

The absorption line-shape U(m - mi), influenced by both

homogeneous collision broadening and inhomogeneous

Fig. 1 Absorption line-strengths of CO2 and H2O at 1,500 K [25]
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Doppler broadening, can be given by Voigt profile, which

is constituted by both Lorentzian and Gaussian functions.

No matter how strongly the collision and Doppler broad-

ening terms influence the absorption line-shape, the Voigt

function is area-normalized in such a way thatR
m U m� mið Þdm � 1.

The absorption line-shape, Si(T), has a temperature

dependence:

SiðTÞ ¼ SiðT0Þ
QðT0Þ
QðTÞ exp

�hcE
00

i

kB

1

T
� 1

T0

� � 1� exp �hcmi

kBT

� �

1� exp �hcmi

kBT0

� �
2
4

3
5: ð2Þ

In the above expression, Si(T0) is reference line-strength

at reference temperature T0 ¼ 296 K, Q(T) is the partition

function, Ei
00 is the lower-state energy of transition i, and h,

c, kB are Plank’s constant, speed of light, and Boltzmann

constant, respectively.

This mid-IR laser absorption sensor for temperature

measurement is based on scanned-wavelength direct

absorption (DA) and two-line ratio technique with a single

room-temperature QCL. Temperature can be inferred from

the integrated absorbance ratio of two different transitions

of the same species [26]. The ratio R of two integrated

absorbance (A1 and A2) is given by the following equation:

R ¼ A1

A2

¼ S1ðTÞ
S2ðTÞ

¼ S1ðT0Þ
S2ðT0Þ

exp � hc

kB

� �
ðE001 � E002Þ

1

T
� 1

T0

� �� �
: ð3Þ

Therefore, temperature T can be obtained and described

as

T ¼
hc
kB
ðE002 � E001Þ

ln A1

A2
þ ln

S2ðT0Þ
S1ðT0Þ þ

hc
kB

ðE00
2
�E00

1
Þ

T0

: ð4Þ

With the calculated temperature known, the CO2 con-

centration could then be inferred from either line of these

two candidate transitions using the equation

X ¼ A

PSðTÞL ; ð5Þ

where, A is the integrated absorbance, and P is the

pressure.

2.2 Line selection

It is important to select the optimal spectral line pair for

the mid-IR absorption sensor, which is based on the two-

line ratio technique. Systematic line-selection criteria

rules for tunable diode laser (TDL) temperature sensor

have been introduced by Liu et al. [26]. Those selection

rules will be adopted and developed for our design of

mid-IR absorption sensor in this section. Not limited to

the spectral region of 1.3–1.5 lm, where fiber-coupled

telecommunication lasers are commercially available,

CO2 fundamental band (0001–0000) is selected as can-

didate transitions, which has been briefly discussed in the

Introduction section. In the spectral region of 4–5 lm,

absorption lines near 4.2 lm are relatively free of

interference from high-temperature H2O transitions, as

shown in Fig. 1.

The influence of water interference and atmospheric

absorption is further illustrated in Fig. 2. As can be

seen from Fig. 2b and c, the interference of H2O

transitions is negligible, considering that the absor-

bance of H2O is 200 times lower than that of CO2,

over the wavenumber range of 2,384–2,396 cm-1. And

those 22 transitions in the far wings of the R-branch

(R58–R100) keep free of interference absorption from

H2O, unless the concentration ratio of H2O to CO2

reaches 50:1. However, it should be noticed that the

interference of room air CO2 could not be neglected

for its relatively strong absorption in the

2,384–2,388 cm-1 range, which can be seen from

Fig. 2a. Therefore, 14 transitions of CO2 R(74)–R(100)

that appear in the 2,388–2,396 cm-1 range are identi-

fied as the main group of candidate lines for optimum

detection of CO2 in hot, humid media.

In order to avoid the interference caused by the overlap

of adjacent absorption features at atmospheric pressure, the

spectral separation range of the two nearby transitions must

be[0.3 cm-1 [27]. Some basic information about these 14

candidate transitions mentioned above is compiled in

Table 1 [25]. Two promising absorption lines R(98) and

R(100) are rejected, due to their potential interference from

neighboring transitions.

In addition, the temperature dependence of absorption

lines must also be taken into consideration before design-

ing the combustion sensor. Generally, the line-strength

fluctuation of transitions with lower rotational states is

larger than those with higher rotational states. Therefore,

many absorption lines have a similar magnitude line-

strength for temperatures typical of combustion gases, as

illustrated in Fig. 3.

The temperature sensitivity of two-line ratio technique,

defined as the unit change in line-strength ratio for a unit

change in temperature, can be obtained by the following

differentiating equation [27]:

oR=R

oT=T

����
���� ¼ hc

k

ðE002 � E
00
1Þ

�� ��
T

ð6Þ

It can be seen from this equation that a large difference

in lower-state energy of a line pair is desired to have high-
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temperature sensitivity. As displayed by Table 1, lower-

state energy of the transitions increases with rotational

quantum number, which means that the difference of

lower-state energy also increases with the difference of

rotational quantum number. However, the detection of

optimal line pair is also limited by the line-strength ratio of

the two absorption lines [28], because equal SNR is desired

for both measurements. To characterize the performance of

this two-line temperature sensor, the line-strength ratio and

temperature sensitivity of the two transitions R(74) and

R(96) are plotted in Fig. 4 as a function of temperature.

Typically, the line-strength ratio should not be too far from

unity, and the sensitivity should at least be one for sensitive

temperature measurements. These two curves indicate that

this line pair can be used for accurate temperature sensing

at elevated temperatures between 700 and 2,000 K.

3 Experiments

3.1 Spectroscopic measurements

The commercial continuous wave external-cavity QCL

from Daylight Solutions used for this work can be tuned

over the range of 2,275–2,420 cm-1 (4.1322–4.3956 lm)

at a thermoelectrically cooled chip temperature of 18 �C
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Fig. 2 Simulated transmission

spectra of CO2 at room-

temperature and absorption

spectra of H2O and CO2 at high-

temperature at conditions of:

a P = 1 atm, T = 300 K,

L = 5 m, XCO2 = 400 ppm;

b P = 1 atm, T = 1,500 K,

L = 0.1 m, XH2O = 5 %;

c P = 1 atm, T = 1,500 K,

L = 0.1 m, XCO2 = 5 %

Table 1 The parameters of candidate CO2 transitions [25]

Frequency

(cm-1)

Line intensity

(cm-2 atm-1)

Lower-state

energy (cm-1)

Transition

2,389.92 0.4483 2,161.61 R(74)

2,390.52 0.4111 2,279.00 R(76)

2,391.10 0.3757 2,399.47 R(78)

2,391.65 0.3420 2,523.02 R(80)

2,392.18 0.3104 2,649.66 R(82)

2,392.68 0.2806 2,779.37 R(84)

2,393.15 0.2528 2,912.16 R(86)

2,393.60 0.2270 3,048.02 R(88)

2,394.02 0.2030 3,186.95 R(90)

2,394.42 0.1810 3,328.96 R(92)

2,394.79 0.1608 3,474.03 R(94)

2,395.14 0.1423 3,622.16 R(96)

2,395.46 0.1255 3,773.36 R(98)

2,395.75 0.1106 3,927.62 R(100)
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Fig. 3 Line-strength for the 12 transitions of CO2 R(74)–R(96) as a

function of temperature
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and working current of 600 mA, and within this tuning

range, a MHF region of over 70 cm-1 is available. The

laser can be scanned over the entire wavenumber range

using the laser controller with 6 different preset tuning

rates for the grating inside the laser head. This laser is

single-mode, with a line-width \0.001 cm-1 and output

power more than 150 mW, which makes it an ideal

monochromatic light source for high-sensitivity and high-

resolution spectroscopy on IR-active fundamental rovi-

brational transitions of molecules like CO2.

The schematic of the experimental arrangement used for

measuring CO2 DA spectroscopy in a heated static cell is

shown in Fig. 5. The laser beam was split into a sample

channel and a reference one. The sample beam transmitted

through the three-section cell with sample gas and was

detected by a thermoelectrically cooled mercury cadmium

telluride (MCT) detector (VIGO PVI-3-TE-6). The refer-

ence beam transmitted through the free space and was

detected by a same detector. Both detectors’ built-in pre-

amplifiers (VIGO MIPDC-F-20) had a bandwidth of

20 MHz. The output of each detector preamplifier was sent

to a 1 G sample/s, 100 MHz bandwidth digital oscilloscope

(Tektronix DPO 2014) with a sampling rate of 12.5 kHz. A

band-pass optical filter (Spectrogon BP-4240-200 nm) was

placed in front of the detector to reduce the emission noise

from the high-temperature furnace and heated cell. The

three-section cell was placed inside the heated furnace. The

center section cell with a path length of 20.0 cm was filled

with test gas and located in the uniform-temperature region

of the furnace, while these two outer section cells were full

of N2 to minimize temperature gradients and avoid inter-

ference by ambient CO2. The temperature and the pressure

of the cell were measured by a type-K thermocouple and a

pressure gauge. The wavelength and intensity of this QCL

were controlled by a temperature and current controller

from Daylight Solutions.

The wavelength scanning range of the external-cavity

laser accessed the far wings of the R-branch (R58–R100) in

the fundamental vibrational band of CO2 near 4.2 lm and

scanned at a rate of 10 cm-1/s. The absorption features of

CO2 between the range 2,384–2,396 cm-1 are measured at

different temperatures from 700 to 1,200 K. Figure 6

shows the reflected laser intensity of the reference beam, as

well as the transmitted laser intensity of the sample beam,

through a 20.0-cm-long cell filled with 0.95 atm of 1.19 %

CO2 at 1,100 K in the upper trace and the processed

absorption spectrum in the lower trace.

3.2 Temperature and concentration measurement

Figure 7 compares the measured absorption spectrum and

best-fit Voigt profile of the candidate line pair R(74) and

R(96), at the experimental conditions of T = 1,200 K,

P = 0.8 atm, L = 20.0 cm and CO2 concentration of

1.2 %. Also shown in Fig. 7 are the residuals of the
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Fig. 4 Line-strength ratio and temperature sensitivity for the line pair

R(74) and R(96) of CO2
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Fig. 5 The schematic illustration of the experimental arrangement

used for measuring CO2 DA spectroscopy in a heated static cell
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Fig. 6 Upper trace, the reflected laser intensity of the reference

beam, as well as the transmitted laser intensity of the sample beam;

Lower trace, the analyzed absorption spectrum, between the range

2,384–2,396 cm-1 at the experimental conditions of T = 1,100 K,

P = 0.95 atm, L = 20.0 cm and XCO2 = 1.19 %
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experimental data and Voigt fit. Good agreement between

the measured absorption spectrum and best-fit Voigt profile

indicates that the Voigt profile adequately models the

absorption line-shape under the experimental condition.

Wavelet-based de-noising technique was applied to our

QCL absorption sensor in post-signal processing to remove

stochastic noise from the QCL and detectors and improve

the SNR of the raw spectra. The SNR of line R(74) is about

40 dB, while that for line R(96) is about 28 dB. The peak-

normalized residual values for these two candidate transi-

tions are about 1.1 % and 3.1 %, respectively.

With the absorption spectroscopy measured and the ratio

of integrated areas calculated, the temperature in the heated

static cell could be obtained by using the Eq. 4, and the

CO2 concentration could then be inferred from either line

of these two candidate transitions using Eq. 5, with test

temperature being known. However, it is necessary to

select a more suitable absorption line from candidate

transitions R(74) and R(96), considering the detection

sensitivity and accuracy of CO2 concentration.

Figure 8 shows the concentration detectability and

uncertainty sensitivity of absorption lines R(74) and R(96).

The variations of the integrated absorbance with CO2

concentration at 1,200 K and 0.5 atm for line R(74) and

R(96) are illustrated in Fig 8a. According to the theoretical

analysis of Zhou et al. [28] and the experimental result

reported by Chao et al. [23], sufficient signal for quanti-

tative detection will be obtained, if the SNR is[10, which

requires that the absorbance detection limit exceeds 10-3.

Therefore, the absorption line R(74) is more likely to

provide a relatively better concentration detectability.

Figure 8b plots the simulated concentration uncertainty

caused by the temperature measurement error with a typi-

cal value of 1 %, which indicates that line R(96) is

relatively insensitive to the temperature measurement error

from 1,100 to 2,000 K. Taking those three factors into

consideration, including SNR, concentration detectability,

and uncertainty sensitivity, absorption line R(74) is selec-

ted to compromise these opposing demands.

Experiments are performed under different experimental

conditions to measure gas temperature and CO2 concen-

tration, and the results with comparison to the known

values are plotted in Fig. 9. The upper panel compares the

thermocouple measurements with the temperatures mea-

sured by the QCL absorption spectroscopy sensor, and the

lower panel shows the ratio of the CO2 concentration

measured by the QCL absorption spectroscopy sensor and

the known mixture concentration. Both the temperature and

the CO2 concentration measured by the QCL absorption

spectroscopy sensor agree well with the known values over

the entire temperature range 700–1,200 K with a deviation

of ±6 K and ±5 %, respectively. These quantitative vali-

dation measurements confirm the potential application of

QCL-based mid-IR absorption strategy for CO2 concen-

tration and temperature measurement in combustion

environments.

4 Summary

QCL-based mid-IR absorption sensor for CO2 concentra-

tion and temperature at combustion-like temperature were

reported using the fundamental band of CO2 near 4.2 lm.

High-temperature absorption spectra of CO2 and H2O and

room-temperature atmospheric transmittance were simu-

lated to obtain suitable CO2 transitions for combustion

monitoring. Two absorption lines, R (74) and R (96),

belonging to the (0001–0000) rovibrational band were
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selected as optimum line pair for their equal SNR, high-

temperature sensitivity, and freedom from interference of

neighboring CO2 and H2O transitions. The absorption

features of CO2 between the range 2,384–2,396 cm-1 were

measured, and good agreement between the measured

spectrum and the Voigt profile was obtained. The absorp-

tion line R(74) was selected to calculate CO2 concentration

to improve detection sensitivity and accuracy for its rela-

tively higher SNR and better concentration detectability.

This scanned-wavelength DA CO2 temperature sensor was

validated in a mixture of CO2 and N2 in a static cell for

temperature range of 700–1,200 K, achieving an accuracy

of ±6 K for temperature and ±5 % for CO2 concentration

measurements. In the future, we are planning to extend this

scanned-wavelength DA sensor to fixed-wavelength one

for capture the rapid change of gas properties in chemical

reactions, and apply the developed sensor to measurements

in practical combustion devices.
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