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ABSTRACT 

Zhou, Yuzhe M.S.M.E., Purdue University, August 2018. Development of a Single-
Ended Laser-Absorption Spectroscopy Sensor for High-Temperature Gases. Major 
Professor: Christopher S. Goldenstein, School of Mechanical Engineering. 

Tunable diode-laser-absorption spectroscopy (TDLAS) sensors have been one 

widely-used laser-diagnostic technique that offers great potential for non-intrusive, 

time-resolved and multi-parameter sensing in combustion systems. These sensors 

have been used for performance testing, model validation and feedback control of 

combustors [1–9]. During operation, monochromatic laser light with a specific wave-

length is transmitted through the test gas and collected on a photodetector. Gas 

conditions such as temperature and composition are then inferred by comparing the 

measured amount of light that is absorbed with that predicted by spectroscopic mod-

els. 

In this thesis, the design and demonstration of a compact single-ended laser-

absorption spectroscopy (SE-LAS) sensor for measuring temperature and H2O in 

high-temperature combustion gases is presented. The primary novelty of this work 

lies in the design, demonstration, and evaluation of a sensor architecture which uses a 

single lens to provide single-ended, alignment-free measurements of gas properties in 

a combustor without windows. The sensor is demonstrated to be capable of sustained 

operation at temperatures up to at least 625 K and is capable of withstanding direct 

exposure to high-temperature (≈1000 K) flame gases for long durations (at least 30 

min) without compromising measurement quality. The sensor employs a fiber bundle 

and a 6-mm diameter AR-coated lens mounted in a 1/8” NPT-threaded stainless-steel 

body to collect laser light that is backscattered off native surfaces (e.g., a combustor 

wall). Distributed-feedback (DFB) tunable diode lasers (TDLs) with a wavelength 
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near 1392 nm and 1343 nm were used to interrogate well characterized H2O absorption 

transitions using wavelength-modulation spectroscopy (WMS) techniques. The sensor 

is demonstrated with measurements of gas temperature and H2O mole fraction in 

a propane-air burner with a measurement bandwidth up to 25 kHz. In addition, 

this work presents an improved wavelength-modulation-spectroscopy spectral-fitting 

technique which reduces computational time by a factor of 100 compared to previously 

developed techniques. 
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1. INTRODUCTION 

1.1 Background and Motivation 

Sustainable energy sources such as solar and wind power have become increasingly 

popular in the past decades [10]. Combustion processes, however, are responsible for 

providing the majority of energy needs and remain vitally important in wide ranging 

applications such as electric generation, automotive power and spacecraft propulsion. 

Optimal utilization of limited fuel resources with reduced emissions requires a detailed 

understanding of combustion physics and chemistry, which is governed by complex 

and coupled multi-scale phenomenon including chemical kinetics, heat transfer and 

fluid dynamics. Non-invasive laser diagnostics play an important role in understand-

ing combustion processes and thus reducing its impact on the environment [1,11–21]. 

Tunable diode-laser-absorption spectroscopy (TDLAS) sensors are one widely-

used laser-diagnostic technique that offers great potential for non-intrusive, time-

resolved and multi-parameter sensing in combustion systems [1]. These sensors have 

been used for performance testing, model validation and feedback control of com-

bustors [1–9]. During operation, laser light is transmitted through the test gas and 

collected on a photodetector. Gas conditions such as temperature and composition 

are then inferred by comparing the amount of light absorbed at specific wavelengths 

with that predicted by spectroscopic models. Direct absorption spectroscopy (DAS) 

and wavelength-modulation spectroscopy (WMS) are two of the most widely used 

and robust TDLAS techniques in both academic and industrial fields [16]. 

Direct absorption is the simplest laser absorption spectroscopy technique. In DAS, 

laser light with a given intensity and wavelength is directed through the test gas. A 

portion of the laser light can be absorbed by specific molecules if the photon energy is 
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equal to the energy spacing between the molecule’s internal quantized energy levels. In 

the infrared, absorption leads to molecules increasing from a lower rovibrational state 

(defined by a molecule existing in a specific rotational state and a specific vibrational 

state) to an upper rovibrational state. The amount of light transmitted through the 

gas is measured by photodetectors. The main drawback of DAS is that it is sensitive 

to non-absorbing transmission losses (e.g., from beamsteering, vibration, etc.). By 

contrast, wavelength-modulation spectroscopy (WMS) exhibits several noise-rejection 

benefits that can improve signal-to-noise (SNR) levels by a factor of 10-100 over 

DAS [8]. Details of these two fundamental spectroscopy techniques are provided in 

the following chapters. 

Historically, two main TDLAS sensor architectures have been used for gas-property 

measurements. The first type relies on optical access along a line-of-sight (LOS), 

where laser light is transmitted from one side and collected by a photodetector on 

the opposite side. The principle of this approach is simple, but not suitable in some 

practical environments with extremely limited optical access or in situations where 

stand-off detection is required. Recently, single-ended LAS (SE-LAS) sensors have 

been developed to address this problem and have emerged as a promising technology 

for characterizing combustion environments with limited optical access [1]. In this ap-

proach, laser light is backscattered off native surfaces [22–27] or mirrors inside optical 

probes [28–32]. SE-LAS sensors have been used to make measurements of tempera-

ture in flames [25, 26], rotating-detonation engines [27, 33], and internal combustion 

engines [34]. The majority of this work has employed near-infrared wavelengths to in-

terrogate the combination and overtone absorption bands of H2O using semiconductor 

lasers and telecommunication-grade fiber optics, however some work has been done 

using mid-infrared diode, interband-cascade and quantum-cascade lasers [27, 31, 32]. 

Most recently, Peng et al. [26] developed a SE-LAS sensor operating in the mid-

infrared to provide improved measurement sensitivity of CO, CO2, and H2O via 

their stronger fundamental absorption bands. Peng et al. [27] later used this sensor 
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and WMS-2f/1f to provide measurements of temperature and H2O at 20 kHz in the 

annulus of a rotating-detonation engine. 

SE-LAS sensors have been increasingly popular to characterize different combus-

tion environments with limited optical access. However, all prior backscattering-based 

SE-LAS sensing in combustion environments relied on the uses of windows to isolate 

the sensor lens from high-temperature combustion gases. This increases sensor cost 

to some extent and can complicate sensor installation because care must be taken 

during alignment to avoid collecting strong reflections off the window surface which 

can significantly compromise the accuracy of single-ended LAS sensors. Similarly for 

SE-LAS sensors with protruding mirrors, heat transfer between gas and the probe 

body introduces significant temperature bias to the measurements [29]. 

In this dissertation, the design of a compact SE-LAS sensor for measuring tem-

perature and H2O concentration in high-temperature combustion environment is pre-

sented. This design builds on the fiber-coupled SE-LAS sensor developed previously 

by Goldenstein et al. [25] to provide several design improvements which increase 

the practicality and applicability of laser-absorption sensors without compromising 

measurement quality. The novelty of this sensor includes: (1) development of a win-

dowless sensor architecture that can withstand direct exposure to high-temperature 

combustion gases for long durations (e.g., 30 min); (2) a compact & rugged sensor 

housing that employs a single 6 mm diameter lens. The validation and application of 

this sensor is presented in temperature and H2O sensing in a propane-air burner (see 

Fig. 1.1). 
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Fig. 1.1. Single-ended LAS sensor for temperature and H2O measurements in a 
propane burner. 

1.2 Review of the Literature 

1.2.1 Traditional Line-of-Sight Laser-Absorption Sensor 

The use of line-of-sight LAS in combustion is traced back to the late 1970s. In 

1977, tunable diode lasers (TDLs) were applied to provide two-color thermometry in 

flame gases for the first time by Hanson [35]. Since then, line-of-sight LAS sensors 

have been widely used to acquire path-averaged measurements of gas temperature, 

pressure, composition and velocity in countless combustion environments [1,11,13–21]. 

To mention a few examples, Jatana et al. [36,37] made use of TDLs to achieve line-

of-sight measurements of temperature, pressure and water concentration in the intake 

manifold and exhaust of a diesel engine. Mattison et al. [38] developed a wavelength-

multiplexed line-of-sight LAS sensor to make crank-angle-resolved measurements of 

temperature and water concentration in a homogeneous-charge-compression-ignition 

(HCCI) engine (see Fig. 1.2). Fused-silica rings and windows were utilized in the top 

of the cylinder liner to provide line-of-sight optical access in cylinder. In high-speed 

combustion flows, Goldenstein et al. [39,40] and Spearrin et al. [41,42] employed mid-

infrared LAS sensing of temperature, H2O, CO2 and CO in scramjets and detonation 

engines [43]. Jackson et al. [44] presented a in-flight water-based measurements at the 

exit of the HIFiRE 2 scramjet combustor (see Fig. 1.3). Eight near-infrared (NIR) 
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sensors were used to provide measurements across 5 vertical and 3 horizontal lines of 

sight. While very useful, these sensors are limited to applications that can provide 

line-of-sight optical access. 

Fig. 1.2. Left: an optical HCCI engine at Sandia National Laboratories; Right: a 
schematic of the fiber-optic-based LOS sensor for the temperature and H2O measure-
ments in HCCI engine. Figure adapted from Mattison et al. [38]. 

Fig. 1.3. Schematic of in-flight TDLAS sensor with 8 lines-of-sight in the HIFiRE 2 
scramjet. Figure adapted from Jackson et al. [44]. 
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1.2.2 Single-Ended LAS Probes 

Several researchers have developed single-ended probe-based LAS sensors to study 

combustion within internal combustion (IC) engines [5,28,34,45,46]. Rieker et al. [28] 

acquired measurements of temperature and H2O concentration with a spark-plug-

embedded probe in IC engines. Measurements were able to be made a temperatures 

from 500 to 1050 K and pressures from 1 to 50 atm with a bandwidth of 7.5 kHz. 

Rein et al. [29] developed a Fourier Transform Spectroscopy (FTS) technique to get 

absorption spectra and measure temperature and water concentration using a optical 

spark plug probe (OSSP). Fig. 1.4 illustrates a schematic of a fiber-optic spark plug 

probe in detail. The incident laser beam passes through a sapphire window into the 

probe housing, which has channels to let combustion gases pass through. The laser 

light is transmitted through absorbing gases and reflected by a gold mirror on the 

probe. The transmitted beam is then collected by a mutlimode fiber which directs 

the light to a photodetector. This probe penetrates 5.3 mm into the cylinder and 

provides an optical path length 10.6 mm due to the double pass. Spark plugs with 

a single-ended probe-based sensor can be customized with the same specifications 

as industrial-type spark plugs and applied in production engines [45]. Single-ended 

probe-based sensors enable measurements of gas properties to be acquired in envi-

ronments with extremely limited optical access. However, the probe surface is known 

to perturb the local temperature and velocity field due to heat transfer losses and 

mechanical obstacles. As a result, this approach is somewhat invasive. 
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Fig. 1.4. Left: A spark-plug optical probe used to provide mid-infrared absorption 
measurements of temperature and H2O in cylinder; Right: detailed schematic of the 
fiber-optic probe. Figure adapted from Jeffries et al. [45]. 

1.2.3 Single-Ended, Backscattering-Based LAS Sensors 

Development of single-ended backscattering-based sensors have been a popular 

area of ongoing research due to their non-intrusive nature and applicability to en-

vironments with extremely limited optical access. This type of sensor is capable of 

standoff or remote measurements by collecting laser light that is backscattered off 

native surfaces. Recently, Goldenstein et al. [25] developed a single-ended near-IR 

TDL sensor for stand-off measurements of gas properties using WMS techniques. In 

this sensor, a lens and fiber bundle were packed in a lens tube with 25.4 mm di-

ameter. This sensor achieved collection efficiencies from 1 to 104 parts-per-million 

(ppm) at a stand-off distance between 10 m to 10 cm. Melin et al. [34] made use of a 

backscattering-based single-ended LAS sensor to acquire water vapor measurements 

at 10 kHz in a HCCI engine. Most recently, Peng et al. [26] demonstrated the first 

single-ended LAS sensor employing mid-IR wavelengths to provide measurements of 

H2O, CO and CO2 simultaneously (see Fig. 1.5). Later this sensor was used to 

characterize a rotating detonation engine [27]. 
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Fig. 1.5. (a) CAD rendering of the single-ended sensor optical architecture; (b) a 
schematic of the optical path in the single-ended sensor architecture; (c) average 
temperature and H2O, CO and CO2 mole fractions as a function of equivalence 
ratio. Figures adapted from Peng et al. [26]. 

1.3 TDLAS of H2O Transitions in the Near-IR 

The use of LAS sensors relies on spectroscopic knowledge of the selected transitions 

of the target species. In practical applications, the detection limit of an absorption 

sensor depends on the transition strength or linestrength of the targeted transitions 

as this is the primary property that governs the amount of light absorbed by the tar-

get species. Water has relatively strong transitions in the near-IR since its vibrations 

are highly anharmonic which makes it well suited for detection via near-IR TDLs. 

H2O is also an attractive combustion species to study since it is a primary com-

bustion product and an indicator of combustion efficiency (especially for H2-fueled 

combustors). Therefore, H2O has become one of the most widely used target species 

in LAS sensors. Fig. 1.6 illustrates the absorption spectrum of H2O in the near-IR 

and mid-IR. Experiments presented in this thesis (Chapter 4) focuses on demonstra-

tions of LAS sensors operated in the near-IR (near 1400 nm). This enabled use of 

robust telecommunication-grade tunable diode lasers and fiber optics which facili-

tated the design and fabrication of a new SE-LAS sensor. Further, the wavelength 

of these TDLs can be tuned by varying the laser current which facilitates the use of 
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scanned-wavelength direct-absorption techniques and wavelength-modulation spec-

troscopy techniques. 

Fig. 1.6. Strength of H2O absorption transitions in the NIR and mid-IR regions. 
Calculations were performed using the HITRAN 2012 database [47]. 

1.4 Outline of Thesis 

This dissertation is arranged to describe: 1) the fundamentals of absorption spec-

troscopy and WMS techniques and 2) the design and validation of a novel SE-LAS 

sensor architecture capable of providing measurements of temperature and H2O in 

combustors. 

• Chapter 2 presents the fundamental theory of laser-absorption spectroscopy 

and related techniques including direct absorption and WMS. 

• Chapter 3 describes the operating principles of the wavelength-modulation 

spectroscopy techniques used in the SE-LAS sensor. 

• Chapter 4 describes the design and application of a SE-LAS sensor for temper-

ature and H2O measurements. Two experiments were conducted to demonstrate 

the SE-LAS sensor: (1) fixed-WMS measurements during a transient ignition 
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blast, and (2) scanned-WMS measurements over 30-minute period with the 

burner operating at quasi-steady-state. Results are compared with those from 

a line-of-sight sensor to validate the accuracy of the SE-LAS sensor. 

• Chapter 5 discusses the conclusions resulting from this work and potential 

future applications of the SE-LAS sensor. 
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2. FUNDAMENTAL THEORY OF ABSORPTION 

SPECTROSCOPY 

The fundamentals of laser-absorption spectroscopy are described here to provide the 

reader with sufficient background to understand the operating principles of WMS and 

the SE-LAS sensor. 

2.1 Basic Principles of Laser-Absorption 

According to quantum mechanics, molecular energy is quantized and as a result, 

molecules exist in discrete energy levels for each energy mode (translation, rotation, 

vibration, electronic). Absorption spectroscopy is associated with the interaction be-

tween the electric dipole moment of molecules and external electromagnetic radiation 

(e.g., laser light). Photons can be absorbed when the laser light (electromagnetic 

field) is resonant with the oscillating dipole frequency that results from the motion of 

atoms or electrons. In modern LAS sensors, typically an instantaneously monochro-

matic laser beam is transmitted through and partially absorbed by a test gas. The 

frequency of the laser light is set to be resonant with certain absorption transitions of 

the target molecules and the absorption process pumps molecules from a lower-energy 

state to a higher-energy state (see Fig. 2.1). The Beer-Lambert relation given by Eq. 

(2.1) describes the absorption of laser light through a homogeneous gas. 

Iν
t = Iν 

0 exp(−kν L) = Iv 
0 exp[−α(ν, T, P, χi, L)] (2.1) 

Here, Iν 
0 and Iν

t are the incident and transmitted laser-light intensity, kν is the absorp-

tion coefficient [cm−1], and L is the path length through the absorbing gas [cm]. The 

absorbance, α, is defined as the product of kν and L. The absorbance is a function of 
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Fig. 2.1. Schematic illustrating operating principles of line-of-sight laser-absorption 
spectroscopy. 

optical frequency ν, temperature T , gas pressure P , absorbing species mole fraction 

χi and path length L. 

2.2 Fundamentals of Absorption Spectroscopy 

2.2.1 Absorption Coefficient 

The absorption coefficient is given by: 

X 
kv [cm −1] = SiPχiφj (ν) (2.2) 

j 

Here, Sj is the linestrength, φj (ν) is the lineshape function, and the sum over j 

refers to a sum over all absorption transitions that are significant at frequency ν. 

The linestrength quantifies the probability of absorption occuring, and the lineshape 

function is a probability distribution function that describes how the probability of 

absorption occuring varies with frequency. 

2.2.2 Linestrength 

In LAS, it is common to define the linestrength in pressure-normalized form 

[cm−2atm−1], however, a per-unit-number-density unit is used in the HITRAN and 

HITEMP database [cm−1/(molecule cm−2)] [47]. Linestrength scales with the number 
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density of molecules in the absorbing quantum state (n1), and the Einstein-B coef-

ficient for stimulated absorption. The number density in the absorbing state can be 

determined as a function of temperature from Boltzmann statistics and the Einstein-B 

coefficient can be measured experimentally (using LAS) or taken from spectroscopic 

databases (e.g. HITRAN). Typically, the linestrength is known at a reference tem-

perature (T0) and then the linestrength at temperature T can be determined from 

the scaling relation by Eq. (2.3). 

Q(T0) T0 hcE ” 1 1 
S(T ) [cm −2atm−1] = S(T0) ( )exp[− ( − )]

Q(T ) T k T T0 

−hcv0 −hcv0
[1 − exp( )][1 − exp( )]−1 (2.3)

kT kT0 

Here, S(T0) represents the linestrength at temperature T0 = 296 K, Q(T ) is the 

molecular partition function at temperature T , E ” is the lower-state energy, ν0 is the 

frequency at the transition line center. Throughout this thesis, the linestrength is cal-

culated using Eq. (2.3) and the absorbance spectrum of H2O transitions is calculated 

using Eq. (2.4). An example of simulated absorbance spectra of water transitions 

near 1.4 µm is shown in Fig. 2.2. 

X 
αν = Sj Pχiφj (ν)L (2.4) 

j 
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Fig. 2.2. Simulated absorbance spectra of H2O transitions near 1.4 µm and a zoom 
view over a range of 7230 cm−1 to 7250 cm−1 . Calculations were performed for a gas 
temperature of 300 K, pressure of 1 atm, H2O mole fraction of 10% and path length 
of 10 cm. 

2.2.3 Lineshape Function 

While the linestrength describes the “strength” or probability of the absorption 

according due to a given transition, the lineshape function describes how the prob-

ability of absorption for a given transition varies as a function of frequency ν. The 

lineshape function requires knowledge of several line-broadening mechanisms, most 

importantly, Doppler broadening and collisional broadening. 

Doppler Broadening results from a combination of the random thermal motion of 

the molecules and the Doppler effect. Molecules moving towards the photons see a 

higher frequency and molecules moving away from the photons see a lower frequency. 

The random thermal motion of molecules can be modeled using the Maxwellian ve-

locity distribution function and this leads to a Gaussian lineshape. The Doppler 

full-width at half-maximum (FWHM) is given by Eq. (2.5). 

8kT ln2 T 
ΔνD [cm −1] = v0( )1/2 = ν0 ∗ 7.1623 ∗ 10−7 ∗ ( )1/2 (2.5)

2mc MW 

Here, k is the Boltzmann constant, m is the particle mass, c is the speed of light, T 

is the temperature in K, and MW is the molecular weight of the target molecules in 



15 

g/mol. The above equation indicates that the Doppler width is a function of molecular 

weight, gas temperature and the frequency of the transition. The lineshape profile 

due to Doppler broadening alone has a Gaussian lineshape function given by Eq. 

(2.6): 

2 ln2 ν − ν0
φD(ν) [cm] = ( )1/2 exp{−4ln2( )2} (2.6)

ΔνD π ΔνD 

Collisional Broadening, also called pressure broadening, results from a collision-

induced uncertainty in the energy of the absorbing state. As molecules travel in the 

space, inelastic collisions can occur, which reduces the molecule’s lifetime in a given 

quantum state. According to the Heisenberg uncertainty principle, this increased un-

certainty in the lifetime of a molecule in a given state leads to a larger uncertainty in 

the energy of the quantum state. This also enables molecules to absorb photons over 

a range of energies/frequencies, and hence broadens the transition lineshape. If the 

collisional broadening is independent of the molecule’s speed, the collisional broad-

ening is homogeneous, and the lineshape can be modeled by a Lorentzian function 

given by Eq. (2.7). 
1 ΔνC

φL(ν) [cm] = (2.7)
2π (ν − ν0)2 + (ΔνC /2)2 

The collisional FWHM (ΔνC ) is given by Eq. (2.8). 

X 
ΔνC [cm −1] = PxA2γB−A (2.8) 

A 

Here, B is the absorbing molecule, A represents a set of collisional partners of B in 

the test gas, P is pressure in the unit of atm, xA is the mole fraction of species A, 

and 2γB−A is the collisional-broadening coefficient. The temperature scaling of γB−A 

can often be modeled using: 

γB−A(T ) = γB−A(T0) ∗ (T/T0)n (2.9) 
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where, n is the temperature scaling exponent which can be found in spectroscopic 

databases or measured experimentally. Hence the collisional width is a function of 

pressure, temperature and properties of collisional partners. 

Table 2.1. Examples of collisional-broadening coefficient 2γ [cm−1/atm] in air at 296 
K. Data taken from the HITRAN 2012 database [47]. 

Species Wavelength [cm−1] air-broadened coefficient [cm−1/atm] 
H2O 7183.9 0.039 
H2O 7446.1 0.067 
CO 2059.9 0.055 

Table 2.1 shows some broadening coefficients of H2O and CO transitions at 296 

K and 1 atm. These data are taken from the HITRAN 2012 database [47]. 

2.2.4 Voigt Profile 

At conditions relevant to most combustion gases, Doppler broadening and colli-

sional broadening are both significant. In this case, the Voigt function is typically 

used to model the lineshape function. The Voigt function is given by a convolution 

of the Lorentzian and Doppler profiles: 

Z ∞ 

φV (ν) = φD(u)φL(ν − u)du = φD(ν0)V (a, w) (2.10) 
−∞ 

where, 

√ 
ln 2ΔνC 

a = (2.11)
ΔνD 

√ 
2 

w = 
ln 2ν − ν0 

ΔνD 
(2.12) 

r 
2 ln 2 

φD(ν0) = 
ΔνD π 

(2.13) 
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V (a, w) is known as the Voigt function, where parameter a quantifies the relative 

effect on the line profile from collisional and Doppler broadening, and parameter w 

is a measure of the distance from linecenter. As shown from Eq. (2.10) to Eq. (2.13), 

the Voigt profile is a function of linecenter frequency, collisional width and Doppler 

width. Hence the line shape function can be expressed as: 

φ(ν0, ΔνD, ΔνC ) 

Therefore, the expression of absorbance has the following form: 

X 
α(ν) = Sj (T )Pχi,speciesφν,j (ν0,j , ΔνD,j , ΔνC,j ) (2.14) 

transitions,j 

Fig. 2.3 compares Lorentzian (collisional), Gaussian (Doppler) and Voigt line-

shapes. In this figure, Lorentzian and Gaussian profiles are simulated with the same 

FWHM, but the Gaussian profile has a larger peak amplitude and decreases more 

rapidly away from the linecenter while the Lorentzian profile has larger wings. This 

indicates that these broadening mechanisms affect the line shape differently and that 

the Voigt profile is required to account for both of these effects. 

Fig. 2.3. Comparison of simulated Lorentzian, Gaussian and Voigt lineshapes with 
ΔνC = ΔνD. 
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2.3 Direct Absorption Techniques 

Fixed-wavelength direct absorption (DA) is the simplest laser-absorption diagnos-

tic technique. In this method, the laser light is resonant (at a fixed frequency) with an 

absorption transition and directed through a test gas onto a detector. Any change in 

the transmitted light intensity (Iν
t ) is assumed to result from absorption by the target 

species. As a result, the absorption signal can be detected with a very high bandwidth 

(MHz), set by the detector bandwidth or sampling rate. For this reason, this tech-

nique is frequently used to resolve reaction kinetics in shock tubes [48]. While simple, 

this technique can suffer from major drawbacks that cannot be easily identified in an 

experiment. For example, many other factors can decrease or increase the amount of 

light collected by the photodetector (e.g., beamsteering, background emission), which 

can lead to large errors in the perceived measurement of absorbance. In addition, the 

laser frequency may become unstable and lead to errors in interpreting the measured 

absorbance. 

Scanned-wavelength DA is a more robust technique. By tuning the injection 

current of a diode laser, the laser frequency can be scanned across an absorbance 

transition to provide a measurement of the absorption spectrum. Laser light travels 

through the test gas onto a photo-detector. An etalon is used to determine how the 

wavelength varies in response to current modulation. By taking a ratio of incident and 

transmitted light intensity, absorbance as a function of wavelength can be obtained. 

If individual absorption transitions are resolved, the integrated absorbance, A, can 

be obtained which is directly related to linestrength, pressure and path length (Eq. 

(2.15)) and independent of the transition lineshape. That also indicates that if two 

laser are applied at the same time, the ratio of integrated absorbance for two lines 

can be determined which is only a function of temperature (Eq. (2.16)). Hence 

temperature can be determined from the two-color ratio of integrated absorbance, R, 

given by Eq. (2.17). Z ∞ 

Aint = S(T ) × P × χ × L × φ(ν) · dv = S(T ) × χ × P × L (2.15) 
−∞ 
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A1 S1(T )
R(T ) = = (2.16)

A2 S2(T ) 

hc (E ” − E ” )
k 2 1T = (2.17) 

ln (A1/A2) + ln (S2(T0) ) + hc (E ” − E ” )
S1(T0) kT0 2 1 

Once the gas temperature is obtained, the absorbing species mole fraction can be 

calculated from the measured integrated absorbance of either transition (Eq. (2.18)). 

Aint
χ = (2.18)

S(T )PL 

Fig. 2.4 illustrates the key steps associated with a scanned-DA experiment. The 

measured light intensity is curve-fitted with 3rd-order polynomial to non-absorbing 

regions in order to determine the incident light intensity in situ. Beer’s Law is then 

used to calculate the measured absorbance spectrum and Voigt profiles are fit to 

the measured spectrum to determine the integrated absorbance of each transition 

(see Fig. 2.4(b)). Temperature can then be inferred using Eq. (2.16) and Eq. (2.17). 

The above process can be repeated to acquire a time history of temperature in an 

experiment. 

Scanned-wavelength DA exhibits several significant advantages compared to fixed-

wavelength DA. First, the integral of line profile function is unit-normalized, determi-

nation of temperature and absorbing species mole fraction does not require knowledge 

of the lineshape broadening parameters. Second, by performing wavelength and in-

tensity scanning, the incident light intensity can be inferred in situ from baseline 

fitting, thereby accounting for non-absorbing transmission losses. However, scanned-

wavelength DA can suffer from low signal-to-noise ratio (SNR) in harsh environ-

ments that produce low optical throughputs and strong beamsteering-induced noise. 

When the transmitted light-intensity is small, electronic noise can cause the SNR for 

scanned-wavelength DA to be low and fluctuate significantly, and make it difficult 
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Fig. 2.4. Example of Scanned-wavelength DA measurement near 4.85 µm for CO and 
temperature measurements in a C2H4 -air diffusion flame. (a) transmitted signal and 
baseline-fitted incident intensity; (b) absorbance spectra for both transitions and the 
two-color ratio of integrated absorbance, R; (c) R as a function of temperature. 

to accurately measure small absorbance signals. To overcome these problems, wave-

length modulation spectroscopy (WMS) was used, and will be discussed in the next 

chapter. 
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3. WAVELENGTH-MODULATION SPECTROSCOPY 

TECHNIQUES 

Wavelength modulation spectroscopy (WMS) is a well-known and widely used LAS 

technique that offers several noise-rejection benefits, making it well-suited for hostile 

environments and applications with small absorbance. In WMS, the laser intensity 

and wavelength are modulated sinusoidally at frequency fm, using TDLs and other 

semiconductor lasers (e.g., quantum-cascade lasers). This is achieved via injection-

current modulation. The wavelength modulation shifts absorption information to 

harmonics of the modulation frequency. Because the modulation frequency is usually 

very high (near MHz), absorption information can be isolated from low-frequency 

noise (e.g., from electronics or environmental factors). Moreover, all harmonics sig-

nals are linearly proportional to the DC laser intensity. As a result, the second-

harmonic signal (2fm), which is dominated by absorption, can be normalized by the 

first-harmonic signal (1fm), which is dominated by laser-intensity modulation, to 

provide WMS-2f/1f signals that are independent of the DC light intensity. This 

technique has significant advantages in harsh environment, since the WMS-2f/1f 

signal is insensitive to noise from beam steering, window fouling, etc. In this chapter, 

two WMS techniques known as “fixed-WMS” and “scanned-WMS” are discussed. 

3.1 Fixed-WMS 

In fixed-WMS, the laser wavelength is sinusoidally modulated while it is centered 

on an absorption transition linecenter. This leads to a WMS-2f/1f signal that is 

constant in time (for constant gas conditions), much like a fixed-wavelength direct-

absorption measurement. To convert measured WMS-2f/1f signals to measurements 

of gas properties, a calibration-free WMS model is required to predict how WMS 
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signals vary with gas conditions (T ,P ,χ). In this work, fixed-WMS signals were 

simulated using the calibration-free WMS model developed by Rieker et al. [49]. 

In this model, the laser wavelength modulation is modeled according to: 

−1]ν(t) = ν + a cos(wt) [cm (3.1) 

w = 2πfm (3.2) 

ν is the center frequency, and a is the modulation depth (i.e., amplitude). The laser’s 

incident laser intensity is modeled to 2nd order, according to: 

I0(t) = I0(1 + i0 cos(wt + ψ1)+ i2 cos(wt + ψ2)) (3.3)| {z } | {z } 
1f term 2f term 

Here, I0 is the average incident intensity, i0 and i2 are linear and nonlinear amplitudes 

(normalized by I0). ψ1 and ψ2 are the phase shifts between intensity modulation 

and frequency modulation for both intensity modulation terms. The laser intensity 

modulation is modeled to 2nd-order to account for the laser’s non-linear response to 

current modulation, which leads to a small but non-zero WMS-2f background signal. 

Using this approach, the laser background signal is accounted for in the WMS model. 

All of the aforementioned laser modulation parameters are measured in laboratory 

experiments and input into the model as discussed by Rieker et al. [49]. 

A transmission coefficient τ is defined to quantify the fraction of laser light that 

is absorbed when traveling through the test gas. τ depends on gas properties and 

instantaneous laser frequency with the following expression: 

X 
τ (ν(t)) = exp{−α[ν(t)]} = exp[− Sj (T )P χLφj (ν(t))] (3.4) 

j 

The transmission coefficient τ can also be expressed as a Fourier series: 

X XIt(ν(t)) 
∞ ∞ 

τ(ν(t)) = = Hk(ν, a)cos(kwt) = H0 + Hk(ν, a)cos(kwt) (3.5)
I0(ν(t)) 

k=0 k=1 
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Here Fourier coefficients H0 and Hk are given by: 

Z π X1 
H0(T, P, ν, a) = exp{− Sj (T ) · φj (T, P, χ, ν + a cosθ) · P · χ · L} dθ (3.6)

2π −π j Z π X1 
Hk(T, P, ν, a) = exp{− Sj (T )·φj (T, P, χ, ν+a cosθ)·P ·χ·L}coskθdθ (3.7)

π −π j 

Hence the transmitted laser intensity can be modeled using Eq. (3.8). It is noted 

that H0 term is equivalent to transmission coefficient at center frequency ν. Hk terms 

are related to the kth derivative of transmission coefficient function. 

∞X 
It(t) = I0(t)τ [ν(t)] = I0(1+i0 cos(wt+ψ1)+i1 cos(wt+ψ2))(H0+ Hk(ν, a)cos(kwt)) 

k=1 

(3.8) 

In experiments, a lock-in filter or amplifier is used to extract the X and Y com-

ponents of the WMS-1f and -2f signals from the measured detector signal. This is 

illustrated by Fig. 3.1. In the calibration-free WMS model, the X and Y components 

of the 1f and 2f signal can be calculated from the Fourier coefficients using Eq. (3.9) 

through Eq. (3.12). 

GI0 H2 i2
X1f = [H1 + i0(H0 + )cosψ1 + (H1 + H3)cosψ2] (3.9)

2 2 2 

GI0 H2 i2
Y1f = − [i0(H0 − )sinψ1 + (H1 − H3)sinψ2] (3.10)

2 2 2 

GI0 i0 H4
X2f = [H2 + (H1 + H3)cosψ1 + i2(H0 + )cosψ2] (3.11)

2 2 2 

GI0 i0 H4
Y2f = − [ (H1 − H3)sinψ1 + i2(H0 − )sinψ2] (3.12)

2 2 2 

Here, G denotes the electro-optical gain of the detection system. This term will 

be canceled out by performing 1-f normalization. The magnitude of the WMS nth 

harmonic signal (Snf ) is given by Eq. (3.13): 

q 
X2 + Y 2Snf = nf nf (3.13) 
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Fig. 3.1. Schematic illustrating how WMS harmonic signals are extracted from the 
detector signal during post-processing. 

As mentioned previously, the WMS-2f/1f signal is immune to variations in DC 

light intensity (e.g., from beam steering, window fouling, scattering, etc). The ab-

solute value of the WMS-2f/1f signal can be calculated using the calibration-free 

model according to: q 
X2 + Y 2 

2f 2fS2f
S2f/1f = =q (3.14)

S1f X2 + Y 2 
1f 1f 

It should be noted that 1f and 2f signals are not zero when the absorption is zero due 

to the background signals resulting from linear and nonlinear intensity modulation. 

1However, i2 is typically small (≈ 
100 i0) leading to a near-zero WMS-2f background. 

When the absorption is zero, the H0 term is equal to 1 and 0 for Hk (k =6 0), which 

produces the following X and Y components: 
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X0 
1f = 

I0 
i0cosψ1
2 

(3.15) 

Y 0 
1f 

I0 
= − i0sinψ1

2 
(3.16) 

X0 
2f = 

I0 
i2cosψ2
2 

(3.17) 

Y 0 
2f 

I0 
= − i2cosψ2

2 
(3.18) 

Thus, the background signals are nonzero under absorption-free conditions. In prac-

tical applications, these background signals need to be subtracted using the following 

expression: v u"� � � � #2 "� � � � #2ut X2f X2f Y2f Y2f
S2f/1f = − + − (3.19)

S1f S1f S1f S1f raw bg raw bg 

where the subscripts “raw” and “bg” refer to signals with absorption and laser back-

ground and only laser background, respectively. 

3.2 Scanned-WMS-2f/1f 

In scanned-WMS, the laser wavelength is simultaneously modulated and scanned 

sinusoidally over the absorption feature to obtain WMS spectra, which can improve 

measurement accuracy. This is directly analogous to direct-absorption techniques. 

Scanned-WMS has been applied extensively to provide gas property (e.g. T , P , χ) 

measurements in harsh environments [1–9]. Among scanned-WMS, “peak-picking 

scanned-WMS” and “full-spectrum scanned-WMS” have been used to characterize 

several combustion applications [1, 11, 13, 17, 21]. In peak-picking scanned-WMS, the 

laser wavelength is scanned with a small amplitude to obtain only the peak value 

of the WMS-2f/1f signal near the transition linecenter. This technique provides a 

known wavelength reference and therefore improves measurement accuracy compared 
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to fixed-WMS [50]. More recently, Goldenstein et al. [51] developed a calibration-free 

scanned-WMS-2f/1f spectral-fitting technique which can be applied to full-spectrum 

scanned-WMS. This spectral-fitting technique does not need a priori knowledge of 

line-broadening information, thus providing advantages in many practical applications 

where gas conditions and, thus, collisional broadening, are unknown. This technique 

was used by the single-ended LAS sensor presented in Chapter 4. 

Compared to fixed-WMS, in scanned-WMS the incident laser intensity is simu-

lated with an additional sinusoidal signal due to the scan waveform applied to the 

laser’s injection current. In general the scan frequency is ≈ 100x smaller than the 

modulation frequency. The incident laser intensity is modeled as: 

I0(t) = I0,S (t) + I0,M (t) (3.20) 

Here I0,S and I0,M denote the laser intensity’s response to current scanning and mod-

ulation, respectively. Fig. 3.2 shows an example of the detector signal in a scanned-

Fig. 3.2. An example of measured detector signal in a scanned-WMS experiment. 
The laser current is scanned at a frequency of 1 kHz and modulated at a frequency 
of 160 kHz. Subpanels show scan and modulation envelopes in detail. 



27 

WMS experiment. The figure shows how the scan and modulation superimpose on 

each other and how the laser intensity decreases as the laser wavelength is scanned 

across an absorption transition. The time varying laser frequency can be modeled in 

a similar manner according to: 

ν(t) = ν + νS(t) + νM (t) (3.21) 

νS (t) = a1,S sin(wS t + ψ1,S ) + a2,S sin(2wS t + ψ2,S ) (3.22) 

νM (t) = a1,M sin(wM t + ψ1,M ) + a2,M sin(2wM t + ψ2,M ) (3.23) 

where ν is the line center frequency of the laser. Similar to Eq. (3.3), a1 and a2 

represent modulation depths for 1st and 2nd order terms, however, it should be noted 

that a2,S is typically 100x smaller than a1,S and can be ignored in most cases. ψ1 and 

ψ2 are the phase shift between wavelength and intensity modulation for 1st and 2nd 

order terms respectively. After simulating I0(t) and ν(t), the time-varying transmitted 

intensity It(t) can be determined using the Beer Lambert relation. 

It(t) = I0(t)exp[−φ(ν(t), T, P, χ)A] (3.24) 

After calculating It, the simulated scanned-WMS-2f/1f signal can be extracted 

from It using a digital lock-in filter. Fig. 3.3 shows the frequency spectrum of a 

measured detector signal. The X and Y components of the first two harmonic signals 

can be isolated and extracted with digital lock-in filters. The magnitude of the WMS-

2f/1f signal can then be calculated using Eq. (3.25) 

q 
X2 + Y 2 

2f 2f 
S2f/1f =q = f(laser parameters, A, ΔνC , ΔνD, ν0) (3.25) 

X2 + Y 2 
1f 1f 

which shows that S2f/1f is a function of laser parameters and spectroscopic quantities. 
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Fig. 3.3. FFT of a measured detector signal for a scanned-WMS-2f/1f experiment. 
The laser is sinusoidally modulated at the frequency of 160 kHz and scanned at the 
frequency of 1 kHz. The first three harmonic signals are marked in the picture where 
1f = 160 kHz, 2f = 320 kHz and 3f = 480 kHz. The scan waveform introduces 
sidebands centered around each harmonic. 

Fig. 3.4 illustrates an example of a measured scanned-WMS-2f/1f signal time 

history. A single spectrum (for an up-scan or down-scan) can then be extracted 

from the time history and fed to a WMS-2f/1f spectral fitting routine. Here, the 

spectral-fitting technique developed by Goldenstein et al. [1] was used in a non-linear 

least-squares fitting routine to determine the best-fit spectrum and spectroscopic 

quantities. In this technique, the aforementioned scanned-WMS simulation technique 

is incorporated into a non-linear least-squares fitting routine. The laser modulation 

parameters (determined from controlled laboratory experiments), and the Doppler 

width (ΔνD) are fixed, and ν0, A, and ΔνC are free-parameters that manipulate the 

simulated WMS-2f/1f spectrum. 
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Fig. 3.4. Left: WMS-2f/1f signal time history for a scanned-WMS experiment. 
The laser is modulated at 160 kHz and scanned at 1 kHz. It is noted that WMS-
2f/1f signals are slightly different for up-scan and down-scan due to the phase-shift 
between the laser intensity and wavelength scanning. Right: Clipped single spectrum. 
Spectral fitting is applied to each single spectrum to infer gas properties. 

Fig. 3.5. An example of a single scanned-WMS-2f/1f spectrum and its best fit. The 
fitting has a peak-normalized residual less than 4%. 

Fig. 3.5 shows an example of a measured WMS-2f/1f spectrum and its best fit 

for an H2O absorption transition near 7185.6 cm−1 . The value of A corresponding to 
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the best-fit spectrum is used to determine the absorbing species mole fraction and/or 

gas temperature analogous to scanned-wavelength direct absorption. 
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4. DESIGN AND VALIDATION OF SINGLE-ENDED 

TEMPERATURE AND H2O SENSOR 

The majority of content presented in this chapter has been accepted for publication in 

Applied Optics as Yuzhe Zhou, Garrett C. Mathews and Christopher S. Goldenstein, 

“A compact, fiber-coupled, single-ended laser-absorption-spectroscopy sensor for high-

temperature environments,” Applied Optics (2018). 

4.1 Introduction 

TDLAS sensors have been extensively used to acquire non-intrusive, in situ mea-

surements of gas temperature, pressure and composition in many practical combus-

tion environments and energy systems [1–5, 7, 9, 46, 49]. Typically, traditional laser-

absorption sensors, known as LOS-LAS sensors, rely on transmitting laser light across 

an unobstructed line-of-sight (LOS), however this approach is not suitable for some 

environments with extremely limited optical access or in situations where stand-

off detection is needed. To overcome this challenge single-ended laser-absorption-

spectroscopy (SE-LAS) sensors have been developed, which rely on backscattering 

laser light off native surfaces [22–27, 33] or surfaces within optical probes [28–32]. 

Recently, SE-LAS sensors have emerged as a promising approach to characterizing 

combustion environments with limited optical access [1]. While promising, all prior 

single-ended LAS sensing in combustors relied on the use of windows to isolate the 

SE-LAS sensor from the high-temperature combustion gases. This increases sensor 

cost and complicates sensor installation since care must be taken during alignment 

to avoid collecting strong reflections off the window surface which can significantly 

compromise the accuracy of single-ended LAS sensors. 
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The design and validation of a compact single-ended laser-absorption-spectroscopy 

(SE-LAS) sensor for measuring temperature and H2O in high-temperature combus-

tion gases (≈ 1000 K) is presented in this thesis. The design presented here builds 

on the fiber-coupled SE-LAS sensor developed previously by Goldenstein et al. [25] 

to provide several design improvements which increase the practicality and applica-

bility of laser-absorption sensors without compromising measurement quality. 1) The 

sensor presented in this thesis is a windowless (albeit with a lens) single-ended LAS 

sensor which can withstand direct exposure to high-temperature combustion gases. 

2) The SE-LAS sensor presented in this thesis uses a 18x smaller lens to provide a 

9x smaller footprint (compared to [25]) which enables this sensor to be integrated 

into environments with tighter spatial constraints. 3) A simple approach for reduc-

ing the computational time required to perform scanned-WMS spectral-fitting by a 

factor of 100 is presented. This enables large datasets to be processed in a reason-

able amount of time using personal computers and could facilitate the integration of 

scanned-WMS-2f/1f techniques into stand-alone sensors. 

In this chapter, the architecture of this sensor is demonstrated including exper-

imental setup and sensor housing design first. Then the diagnostics techniques are 

described with an accelerated scanned-WMS-2f/1f spectral-fitting routine first ap-

plied. This section is followed by the demonstration and evaluation of SE-LAS sensor’s 

performance in a propane-air burner including: i) collection efficiency of SE-LAS sen-

sor, ii) comparison of the SE-LAS sensor measurement with that of a traditional LOS 

sensor and iii) uncertainty analysis of the measurements. 

4.2 Diagnostic Techniques 

The sensor presented here is demonstrated using first-harmonic-normalized WMS 

with second-harmonic detection (WMS-2f/1f) techniques. WMS-2f/1f techniques 

where the nominal wavelength is fixed (fixed-WMS-2f/1f) or scanned (scanned-

WMS-2f/1f) in time were both used. The former was used to provide measurements 
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with greater bandwidth to resolve an ignition event, while the latter was used to 

provide greater measurement accuracy via spectral-fitting techniques that avoid the 

need for knowledge of collisional-broadening coefficients [51]. These methods and 

their relative attributes have been described in the previous chapters. 

4.2.1 Line Selection 

The accuracy of TDLAS sensors relies on appropriate line selection, the rules 

of which have been developed for measuring uniform gas in low-pressure applica-

tions [52]. Generally, the criteria for the line selection includes the linestrength, 

temperature sensitivity and isolation from neighboring transitions. Strong transi-

tions yield larger absorbance signals and thus better precision. The temperature 

sensitivity depends on the difference of lower-state energy between two selected tran-

sitions, which is given by Eq. (4.1). This work employs near-infrared wavelengths 

near 1343 nm and 1392 nm to interrogate the combination and overtone absorption 

bands of H2O utilizing robust TDLs [53]. These wavelengths were used to inter-

rogate two strong and well-characterized H2O doublet transitions due to their large 

strength, isolation from interfering transitions, and disparate lower-state energies (see 

Table.4.1), the latter of which enables sensitive thermometry at the temperatures of 

interest here. These wavelengths have been used extensively to characterize combus-

tion environments via TDLAS and some prior works [25,49,51,54] are recommended 

for greater detail regarding the suitability and performance of LAS sensors employing 

these wavelengths in combustion systems. 

dR/R hc |E ” − E ” || | = ( ) 1 2 (4.1)
dT/T k T 
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Table 4.1. Wavelength, linestrength and lower-state energy of the two absorption 
transitions used in this work [25]. 

Species ν0 [cm
−1] S(296K) [cm−2/atm−1] E ” [cm−1] 

H2O 7185.59 0.0196 1045 
H2O 7446.35/.37 0.0011 1774/1806 

4.2.2 WMS-2f/1f Model and Simulation Techniques 

A model capable of predicting WMS-2f/1f signals as a function of gas temper-

ature, pressure, and composition is required to convert measured WMS signals to 

measurements of gas conditions. These models consist of sub-models for: 1) the ab-

sorbance spectrum of the target species and 2) each laser’s wavelength and intensity 

modulation. Absorbance spectra of the selected transitions were calculated using the 

algorithms presented in [55]. Simulations were performed using the HITRAN2012 

database [47] in combination with the experimentally validated linestrength and 

collisional-broadening parameters. Fig. 4.1 shows simulated absorbance spectra for 

the relevant wavelength region at conditions representative of the propane-air burner 

operating at quasi-steady state (1000 K, 1 atm, 10% H2O by mole). 

For simplicity, fixed-WMS-2f/1f signals were simulated using the calibration-

free WMS model developed by Rieker et al. [49]. This model requires knowledge 

of the wavelength-modulation depth (am), 1st and 2nd-order intensity modulation 

amplitudes (i0, i2), and the phase shift between wavelength and intensity modulation 

(ψ1, ψ2). The laser-modulation parameters were determined according to the methods 

described in [49]. 

In scanned-WMS experiments, the simulation technique developed by Goldenstein 

has been directly integrated in a least-squares fitting routine with the integrated ab-

sorbance (A), collisional width (ΔνC ), and transition linecenter frequency (ν0) as free 

parameters [25,51,56,57]. The parameters corresponding to the best-fit spectrum are 

then used to calculate gas properties. While accurate, this approach is computation-

ally expensive, typically requiring 10s of seconds (using MATLAB’s function nlinfit 

https://7446.35/.37
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Fig. 4.1. Simulated absorbance spectra of the H2O transitions targeted by the SE-
LAS sensor. Simulations performed for a gas at 1000 K and 1 atm with 10% H2O by 
mole and a path length of a 7.52 cm. 

on a modern personal computer) to find the best-fit scanned-WMS-2f/1f spectrum 

for a single measurement. The following subsection presents a simple solution to re-

ducing computational time by using a pre-calculated library of scanned WMS-2f/1f 

spectra. 

4.2.3 Accelerated Scanned-WMS-2f/1f Spectral-Fitting Technique 

To reduce the time required for data processing, a library of scanned-WMS-2f/1f 

spectra was generated for a given spectroscopic model and set of laser-modulation pa-

rameters. It is worth noting that the use of look-up tables to accelerate spectral-fitting 

routines is a common approach in broadband techniques (e.g., hyperspectral absorp-

tion and coherent anti-Stokers Raman scattering), however this has not been used 

previously in scanned-WMS-2f/1f . As a result, the primary value of this work is: 1) 

describing what level of resolution (within the look-up table) in each spectroscopic 

parameter is recommended for a given measurement accuracy and 2) quantifying the 

reduction in computational time associated with this approach. The scanned-WMS-

2f/1f simulation technique developed by Goldenstein et al. [51] was used to simulate 

scanned-WMS-2f/1f spectra corresponding to each laser and each absorption tran-
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sition of interest for a fixed Doppler width, ΔνD (set by the temperature of interest), 

and numerous values of A, ΔνC , and ν0. Each simulated scanned-WMS-2f/1f spec-

trum corresponding to a unique combination of A, ΔνC , and ν0 is then stored in a 

4-dimensional array, illustrated as a data block in Fig. 4.2, with each cell containing 

a scanned-WMS-2f/1f spectrum spanning a pre-determined frequency/wavelength 

range (set by the laser scan amplitude, aS ). Spectra corresponding to the up-scan 

and down-scan of the lasers wavelength are stored separately, since they differ for 

the same thermodynamic conditions due to the phase shift between the laser’s in-

tensity and wavelength response [51]. The resolution of each dimension of the data 

block (i.e., of each spectroscopic parameter) should be chosen to provide the level 

of accuracy and precision desired by the user and the size of the library should be 

large enough to span the range of expected gas conditions. Further, for cases where 

the Lorentzian-to-Doppler width ratio is near unity, a unique library for every 200 K 

change in temperature is recommended to account for changes in the Doppler width, 

although the user should confirm that this provides the desired level of accuracy. For 

the experiments presented here, the dimensions and resolution of the library were 

chosen to yield an accuracy of ≈ 1.5%. The specific dimensions of each library used 

here are shown in Table.4.2. 

Table 4.2. Resolution of spectroscopic parameters used to generate scanned-WMS-
2f/1f spectra in the look-up table used by the accelerated scanned-WMS-2f/1f 
spectral-fitting routine. 

Parameter Laser: 1392 nm Laser: 1343 nm 

−1ν0,cm
−1A,cm

−1Δνc,cm · atm−1 

Min:step:Max 
7185.58:0.001:7185.60 
0.022:0.0005:0.035 
0.06:0.00075:0.1 

Min:step:Max 
7444.34:0.001:7444.36 
0.015:0.0005:0.0275 
0.045:0.00075:0.075 

During data processing, a time history of measured scanned-WMS-2f/1f spectra 

is broken into individual spectra which spans the same frequency/wavelength range as 

the simulated spectra contained within the scanned-WMS-2f/1f library. The sum-

of-squared-error (SSE) between the measured spectrum and all spectra contained in 
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the library is calculated. The spectrum corresponding to the smallest SSE is deemed 

the best-fit and the coordinates of this spectrum within the library (i.e., data cube) 

yield the best-fit value of A, ΔνC and ν0. For the library used here, this operation 

was completed in 0.1 seconds per spectrum using MATLAB R2014b on a MacBook 

Pro with a 2.3 GHz Intel Core i5 processor. 

This method is 100x faster than the WMS-2f/1f spectral-fitting routines devel-

oped previously [51]. For large datasets, the approach described here is critical to 

performing data processing on a personal computer. For example, in the experiments 

conducted here, approximately 240,000 scanned-WMS-2f/1f spectra were processed 

to characterize the burner operation over a 30-minute period. Using conventional 

fitting methods this would have required nearly 28 days of computational time. In 

comparison, using the scanned-WMS-2f/1f library the dataset was processed in 6.6 

hours of computational time. 

Fig. 4.2. Concept schematic of look-up table used by accelerated scanned-WMS-
2f/1f spectral-fitting routine. 
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4.3 Sensor Architecture 

4.3.1 Experimental Setup 

Fig. 4.3 illustrates a schematic of the experimental setup used to provide mea-

surements of temperature and H2O concentration in a propane-air burner using the 

SE-LAS sensor. Two distributed-feedback (DFB) tunable diode lasers in a fiber pig-

tail configuration were multiplexed using a 2-by-2 fiber multiplexer. One arm of the 

fiber multiplexer was used to direct laser light to a conventional line-of-sight sensor 

(not shown here, see Fig. 4.7) and the other arm was connected to the fiber bundle 

utilized by the SE-LAS sensor. The fiber bundle was connected to the SE-LAS sensor 

housing (details provided in the following subsection) which was threaded directly 

into the wall of a stainless-steel propane-air burner. The burner has a 3” inner diam-

eter and the inner surface of the burner has a matte finished (i.e., it is not polished). 

For the line-of-sight sensor, two NPT pipe plugs containing 0.5” diameter, sapphire 

windows were threaded into the burner wall. A type-K thermocouple was used to 

monitor the burners exterior wall temperature adjacent to the SE-LAS sensor. The 

fiber bundle (Neptec OS) contains a single SMF-28 fiber (for transmitting laser light) 

which is surrounded by 6 multimode fibers (105 µm core diameter, NA = 0.22) 

for collecting the backscattered laser light and directing it to a photodetector. A 

lens doublet containing two aspheric lenses (Thorlabs C330TMD-C, f = 3.10 mm, 

d = 6.33 mm, NA = 0.68) mounted in a cage system was used to collimate the light 

exiting the fiber bundle and focus it onto the detector (Thorlabs PDA10CS). The 

detector was operated with a gain of 30 dB, yielding a bandwidth of 775 kHz. The 

detector signal was recorded at 10 MS/s on a 12 bit data acquisition card (GaGe 

CSE123G2). 

The nominal temperature and current of the lasers were controlled by a commer-

cially available laser controller (ILX Lightwave LDC3916372) and current modula-

tion was achieved by applying a voltage modulation (generated by a 14-bit arbitrary 

waveform generator, Tektronix AFG 3252) to the modulation port on each laser’s 
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Fig. 4.3. Schematic of experimental setup used to measure temperature and H2O 
with the single-ended laser-absorption sensor. 

controller card. During scanned-WMS experiments, the current of both lasers was 

scanned using a 1 kHz sinewave while the laser near 1392 nm was modulated at 160 

kHz and the laser near 1343 nm was modulated at 200 kHz. The scan amplitude 

(∼ 0.2 cm−1) was chosen to enable each laser to be scanned across their respective 

absorption transitions, and the modulation amplitudes (0.09 cm−1 for 1392 nm laser 

and 0.08 cm−1 for 1343 nm laser) were chosen to maximize the WMS-2f signal of 

each laser at the nominal test conditions. The same modulation parameters were 

used in fixed-WMS experiments. 

4.3.2 Design of SE-LAS Sensor Housing 

A CAD rendering illustrating the SE-LAS sensor housing is shown in Fig. 4.4. 

The sensor housing consists of: 1) a retaining ring with M6.5 × 0.5 threads (Thorlabs 

SM6RR), 2) an anti-reflection (AR) coated, BK7, plano-convex lens with a diameter 

of 6 mm and focal length of 15 mm (Thorlabs: LA1222-C), 3) a custom stainless-

steel body, 4) a lock-nut, and 5) a standard FC/PC to SMA mating sleeve (Thorlabs 

ADAFCSMA1). All parts, excluding the sensor body, are commercially available. 

The sensor body was custom made from a 316 stainless-steel rod and is 0.55” long 

with an outer diameter of 0.45”. This sensor housing provides a 9x smaller sensor 

footprint compared to that used in [25]. The sensor body has 1/8” NPT external 

threads to enable convenient and sealed installation into the burner. The retaining 
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Fig. 4.4. CAD rendering of SE-LAS sensor housing and exploded view illustrating 
key components. 

ring (M6.5×0.5 threads) was used to secure the lens to a shoulder tilted at 7◦ relative 

to the optical axis in order to prevent collection of light reflected off the lens surface. 

The position of the fiber tip was adjusted to focus the laser light onto the target (i.e., 

the burner wall) which leads to maximum light collection efficiency [25]. Once the 

optimum location of the fiber tip was determined, the fiber position was locked in 

place using the lock-nut fastened to the FC/PC to SMA mating sleeve. Once locked 

in place, the SE-LAS sensor housing could be repeatedly removed and installed in 

the burner without compromising the light collection efficiency. 

4.3.3 SE-LAS Sensor Design Challenges 

Several design challenges were overcome to achieve a compact SE-LAS sensor that 

is suitable for direct exposure to high-temperature gases. 

1. Miniaturize sensor housing: Reducing the size of the SE-LAS sensor housing 

introduced several design challenges which were addressed by careful selection of the 

lens parameters and housing dimensions. First, the distance between the fiber tip 

and lens was chosen such that the beam exiting the fiber does not diverge beyond the 

clear aperture of the system. This is required to ensure maximum optical throughput 

and prevent reflections within the sensor housing which could be collected by the fiber 

bundle and lead to unwanted background signals. This matter is further complicated 

by the fact that the distance between the lens and fiber tip must be chosen such that 
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the lens focuses the transmitted light onto the scattering target to ensure maximum 

collection efficiency. As such, the focal length, clear aperture, and distance between 

fiber and lens must all be chosen together. Second, miniaturizing the sensor housing 

corresponds to reducing the distance between the fiber tip and lens. This increases 

the amount of reflected light (off the lens surface) that is collected by the fiber bundle 

leading to unwanted background signals. This challenge was avoided here by mounting 

the lens on a shoulder that is tilted at 7◦ relative to the optical axis, thereby directing 

the reflected beam outside the fiber bundles collection angle. It should be noted 

that this design element is necessary despite using an AR-coated lens with ≈ 0.3% 

reflectance at the laser operating wavelengths. Using this arrangement, the amount 

of light that was reflected off the lens and collected by the fiber bundle was less than 

0.5% of that which was backscattered off the burner surface and collected. Last, 

miniaturizing the sensor housing requires using a smaller lens which could reduce 

the amount of backscattered light that is collected by fiber bundle. However, despite 

using an 18x smaller lens, our design provided a collection efficiency equal to 0.5 times 

that reported in [25] for a 15 cm standoff distance. Given the similar optical design 

between these two SE-LAS sensors, this small difference in collection efficiency can 

be explained by recognizing that the fiber bundle accepts only a relatively small cone 

of backscattered light. As a result, using a larger lens does not provide much added 

benefit at the standoff distances studied here. 

2. Extend sensor housing to high-temperature combustion environments: Several 

factors were considered to ensure that the SE-LAS could withstand direct exposure to 

high-temperature combustion gases for long durations. First, the lens must be able to 

withstand its peak operating temperature without melting or eroding in the presence 

of hot water vapor. This prohibits use of CaF2 and other fluoride crystals which are 

hygroscopic and, thus, cannot withstand exposure to high-temperature water vapor 

as encountered here. Here, AR-coated BK7 was used due to its low cost (≈ $30 USD), 

sufficiently high melting temperature (≈ 830 K), and ability to withstand exposure 

to hot water vapor. For higher-temperature and -pressure environments and/or mid-
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infrared applications, AR-coated sapphire lenses offer a better alternative due to 

its extremely high melting temperature (≈ 2300 K), larger strength, resistance to 

thermal shock, and ability to tolerate hot combustion gases. However AR-coated 

sapphire lenses suitable for this SE-LAS sensor are not commercially available. Last, 

the body of the sensor housing should be constructed from a machinable material 

that has a relatively low thermal conductivity. This is required to insulate the fiber 

bundle from high temperatures since it is constructed using epoxy and plastics which 

cannot withstand temperatures greater than 150 C. Here, 316 stainless steel was 

used for the sensor body instead of aluminum due to its ≈ 15x smaller thermal 

conductivity. This was sufficient to prevent the FC/PC to SMA mating sleeve (i.e., 

the fiber bundles mating surface) from exceeding a temperature of 80 C. For higher-

temperature environments, machinable ceramics may be a more suitable material. 

3. Mitigate Cavity Noise: The SE-LAS sensor generates optical cavity noise 

since the incident and backscattered laser light overlap on each other and the optical 

coherence is sufficiently preserved after the reflection. As a result, during scanned-

wavelength experiments, interference fringes can appear in the collected laser light 

as shown in [25]. To mitigate this noise source, WMS-2f/1f is performed using 

modulation frequencies above 100 kHz as recommended in [25]. Despite this added 

noise source and 100x lower optical throughput, the use of WMS-2f/1f enables the 

SE-LAS sensor to provide measurements of temperature and H2O concentration with 

a comparable or better precision compared to a traditional line-of-sight-based LAS 

sensor (see Section 4.4.2). 

4.4 Experimental Results 

4.4.1 Collection Efficiency 

The collection efficiency of the SE-LAS sensor was measured as a function of 

standoff distance (i.e., working distance) for different reflectors/scattering targets 

to evaluate its optical design and operating limits. The distance between the SE-
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LAS sensor and aluminum (unpolished/mill finish with and without soot) and paper 

targets was varied by placing the SE-LAS sensor housing on a translation stage. A 

fiber-coupled power meter was used to measure both the optical power exiting the 

fiber bundle and the amount of backscattered optical power that was collected by the 

6 MMF within the fiber bundle. 

Fig. 4.5 shows the fraction of light collected as a function of standoff distance. 

For the experiment and modulation setpoints used here, the quality of WMS-2f/1f 

spectra degraded significantly when the fraction of light collected fell below 10−3 . 

This coupled with the results shown in Fig. 4.5 indicates that the SE-LAS sensor 

(as presented here) should be capable of successful operation at standoff distances 

up to 50 cm. The fraction of light collected follows a power law decay (exponent 

near -1.7) with increasing standoff distance. The addition of soot (deposited using a 

rich propane flame) to the aluminum target (Fig. 4.6) reduced the fraction collected 

by only a factor of 5. This indicates that the SE-LAS sensor presented here should 

be robust against some degree of soot deposition on combustor walls. Interestingly, 

Fig. 4.5. Fraction of light collected by SE-LAS sensor as a function of standoff distance 
for aluminum and paper backscattering targets. 
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for the clean aluminum target, the SE-LAS sensor presented here yields a collection 

efficiency that is 50% (at L = 15 cm) and 30% (at L = 100 cm) of that shown in [25] 

where a 18x larger lens (1” diameter) was used. However, for the paper target, the 

larger lens used in [25] yields a collection efficiency that is typically 10 times larger 

than that presented here. These results suggest that using a larger lens becomes 

increasingly more important as the standoff distance is increased or for backscattering 

targets that yield more diffuse reflections. 

Fig. 4.6. Photo of aluminum backscattering target. Green and red rings illustrate the 
laser beam location for comparing the fraction of light collected from backscattering 
off clean and soot-coated aluminum, respectively. 

4.4.2 Combustion Experiments 

Experiments were conducted with the burner and LAS sensors operating in two 

modes: 1) fixed-WMS experiments were conducted to resolve a transient ignition 

blast and 2) scanned-WMS experiments were conducted over a period of 30 minutes 

to monitor the quasi-steady behavior of the burner and proof-test the SE-LAS sensor 

in a high-temperature environment for a long duration. Fig. 4.7 illustrates the burner 
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Fig. 4.7. Photos of propane-air burner during operation with LAS sensors and ther-
mocouple installed. The photos illustrate the burner during an ignition blast (a), 
with a small throttled flame (b), and during quasi-steady state at full throttle (c). 

operating with both the line-of-sight LAS sensor and the single-ended LAS sensor 

installed on the burner body. Fig. 4.7(a) and Fig. 4.7(c) illustrate the burner during 

an ignition blast and the quasi-steady operation that follows, respectively. 

Fig. 4.8 illustrates measured temperature time histories for both sensors during 

an ignition blast. The measurements were acquired using fixed-WMS-2f/1f with 

25 kHz lock-in filters (applied during post-processing) to provide a measurement 

bandwidth of 25 kHz (analogous to a 50 kHz measurement rate). The results indicate 

excellent agreement between both sensors and suggest that the temperature field is 

axisymmetric during the test. The measured temperature time histories agree within 

10 K of each other and exhibit a 1σ precision of 22 K (line-of-sight sensor) and 26 

K (single-ended sensor). These results suggest that our single-ended sensor offers 

comparable accuracy and precision to conventional line-of-sight sensors despite 100x 

lower optical throughput (i.e., collection efficiency). 
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Fig. 4.8. Temperature time histories measured during a burner ignition event using 
single-ended and line-of-sight LAS sensors and fixed-WMS-2f/1f with a measurement 
bandwidth of 25 kHz. 

Scanned-WMS-2f/1f measurements of gas temperature and H2O mole fraction 

were acquired using the LOS- and SE-LAS sensors over a 30 minute period with 

the burner operating at quasi-steady state. This experiment was conducted to: 1) 

evaluate the performance of the SE-LAS sensor over an extended period of time in a 

high-temperature environment and 2) evaluate the accuracy and precision of the SE-

LAS sensor while utilizing scanned-WMS-2f/1f spectral fitting. To prevent excessive 

data collection, approximately 1 second of data was recorded once per minute for 30 

minutes for each LAS sensor. The burner wall temperature was also recorded each 

minute to provide a conservative estimate for the temperature of the SE-LAS sensors 

lens and to establish when the burner walls reached a steady-state temperature. 

Fig. 4.9 illustrates a single scanned-WMS-2f/1f spectrum and its best fit for 

each laser acquired using both the SE-LAS and LOS-LAS sensor with the burner 

operating at quasi-steady state (nominal gas conditions of approximately 1000 K 

and 13% H2O by mole). The best-fit scanned-WMS-2f/1f spectra were determined 
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Fig. 4.9. Example of measured and best-fit scanned-WMS-2f/1f spectra for each 
laser and both LAS sensors (line-of-sight (LOS) and single-ended (SE)) with the 
burner operating at quasi-steady state. 
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using the accelerated fitting routine described in Section 4.2.3. For both LAS sen-

sors, the best-fit spectra provide peak-normalized residuals typically within 2%, al-

though residuals as large as 4% occur at isolated frequencies for the SE-LAS sensor. 

The performance of both sensors is consistent with that provided by previously de-

veloped line-of-sight-based sensors using scanned-WMS-2f/1f spectral fitting tech-

niques [7,51,56,57]. These results indicate that our SE-LAS and accelerated scanned-

WMS-2f/1f spectral-fitting routine provide scanned-WMS-2f/1f measurements of 

gas temperature and H2O mole fraction with an accuracy that is comparable to that 

of previously developed LAS sensors requiring optical access with an unobstructed 

line-of-sight. For each one-second experiment, the accelerated scanned-WMS spectral-

fitting routine was individually applied to all 2000 scanned-WMS-2f/1f spectra (for 

each laser). The integrated absorbance corresponding to each best-fit spectrum was 

used to determine the gas temperature and H2O mole fraction at each moment in 

time as described in [51]. 

Fig. 4.10 shows a portion of a temperature and H2O mole fraction time history for 

both sensors. The temperature and H2O mole fraction time histories agree well be-

tween both sensors with a mean difference of 28.3 K and 0.0005, respectively. Further, 

the SE-LAS sensor exhibited a superior 1σ measurement precision for temperature 

(26 K compared to 32 K for the LOS-LAS sensor) and H2O mole fraction (0.0037 

compared to 0.0046 for LOS-LAS sensor). The improved precision of the SE-LAS 

sensor may result from its 2x larger path length which leads to WMS-2f/1f signals 

that are 2x larger than those of the LOS-LAS sensor (see Fig. 4.10). The measured 

time histories illustrate that the gas temperature and H2O mole fraction are quasi-

steady, however moderate fluctuations (compared to the precision observed during 

the ignition blast) between individual measurements exist. This likely results from 

swirl- and turbulence-induced fluctuations in combustion progress and heat transfer 

losses that have taken place leading up to the measurement plane. Visible imaging 

of the burner interior revealed pronounced swirling structures within the combustor 
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which can also be observed by monitoring the flame at the burner exit plane (see Fig. 

4.7(c)). 
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Fig. 4.10. Measurements of temperature and H2O mole fraction acquired at 2 kHz 
using both LAS sensors and the scanned-WMS-2f/1f spectral fitting with the burner 
operating at quasi-steady state. Both sensors agree well and the SE-LAS sensor 
exhibits superior precision. 
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Fig. 4.11. Time-averaged (over 1 second) measurements of temperature (left) and 
H2O mole fraction (right) acquired using both LAS sensors over a 30 minute period 
with the burner operating at quasi-steady state. Error bars represent 1σ variation 
over each 1-second measurement period. The two LAS sensors agree well over the 30 
minute test period and the SE-LAS sensor exhibits superior measurement precision. 



51 

Fig. 4.11 shows time-average (over one second) temperature and H2O mole fraction 

measurements acquired by both sensors over the complete 30-minute test period, as 

well as the burner wall temperature. The bars represent the 1σ variation of each 

quantity within each one-second test. The first two experiments were conducted with 

the burner throttled to produce a small pilot flame (see Fig. 4.7(b)), and all of the 

following tests were conducted with the burner operating at full throttle to produce 

a large swirling flame that filled the burner and measurement path. The results 

indicate that the burner wall temperature reaches steady-state after 20 minutes and 

that the gas temperature and H2O mole fraction also increase slightly for the first 

20 minutes of the test. These results can be explained by recognizing that heat 

transfer losses from the combustion gas will decrease as the burner wall temperature 

increases which will promote higher gas temperatures and reduce wall quenching. 

In general, the time-averaged gas temperature and H2O mole fraction measured by 

both LAS sensors agree within measurement precision, however the SE-LAS sensor 

typically recorded a slightly lower (≈ 10-20 K) temperature. Given that the H2O 

mole fractions measured by both LAS sensors remained in agreement throughout the 

test, the difference in gas temperature is assumed to result from a non-axisymmetric 

temperature distribution across the measurement plane. This could result from non-

axisymmetric heat transfer losses induced by the burner mounting hardware and 

windows employed by the LOS-LAS sensor. 

Over the 30 minute test period the burner wall temperature rose to a temperature 

of 625 K, which provides a conservative estimate for the temperature reached by 

the SE-LAS sensors lens. In addition, the FC/PC to SMA mating sleeve reached a 

temperature of 80 C. The performance of the SE-LAS sensor did not degrade in any 

observable metric despite its components reaching such high temperatures and its lens 

being continually exposed to combustion gas at temperatures near 1000 K. Optical 

transmission did not degrade and nor did the signal-to-noise ratio of the WMS-2f/1f 

signals. Since acquiring the experimental results presented here, similar long-duration 
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experiments have been conducted repeatedly and the SE-LAS sensor has not shown 

any signs of degradation. 
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5. SUMMARY AND FUTURE WORK 

5.1 Summary 

This thesis presented the design, demonstration, and evaluation of a miniatur-

ized and ruggedized single-ended laser-absorption-spectroscopy (SE-LAS) sensor for 

measuring gas temperature and H2O mole fraction in high-temperature combustion 

environments. The SE-LAS sensor presented here employs a single 6 mm diame-

ter lens, fiber-bundle, and custom body to provide high-fidelity measurements of gas 

properties while avoiding the use of windows and enabling convenient, alignment-

free (after initial assembly) installation in compact locations. Most significantly, it 

was demonstrated that the SE-LAS sensor can repeatedly withstand direct expo-

sure to high-temperature (≈ 1000 K) combustion gases for extended periods of time 

(at least 30 min) without compromising optical throughput or measurement quality. 

Using wavelength-modulation-spectroscopy techniques, the SE-LAS sensor demon-

strated the ability to provide measurements of temperature and H2O mole fraction 

at a measurement bandwidth up to 25 kHz and with a precision and accuracy that is 

comparable to or better than those of a conventional line-of-sight-based LAS sensor. 

Further, it was shown that the SE-LAS sensor presented here achieved an optical col-

lection efficiency that is comparable (within 0.5x) to that of a previously developed 

SE-LAS sensor which employed an 18x larger-area lens. In addition, a simple strat-

egy for reducing the computational time required to perform scanned-WMS-2f/1f 

spectral-fitting was presented. By storing previously calculated scanned-WMS-2f/1f 

spectra in a look-up library, the best-fit spectra can be determined 100x faster and 

with an accuracy that is comparable to conventional non-linear least-squares fitting 

routines that have been used extensively [25]. This technique enabled the large dataset 

(240,000 spectra) acquired here to be processed in less than 7 hours instead of 28 days. 
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5.2 Future Work 

5.2.1 Field Test in an Exhaust Aftertreatment System 

In Chapter 4, the compact SE-LAS sensor was demonstrated in a laboratory-scale 

burner with great precision, accuracy and collection efficiency. In future work, this 

sensor will be applied to measure temperature and H2O in a Cummins exhaust af-

tertreatment system located in the Herrrick Laboratories. The modern diesel exhaust 

aftertreatment system includes Diesel Oxidation Catalyst (DOC), Diesel Particulate 

Filters (DPF) and Selective Catalytic Reduction (SCR) catalysts. The DOC and 

DPF are the first two devices in the aftertreatment system, where DOC oxidizes hy-

drocarbons, carbon monoxide and unburned fuel, and the DPF filters the remaining 

soot. SCR system is capable of converting NOx into water and nitrogen with the aid 

of urea injection and catalysts. The SCR has been extensively developed and ana-

lyzed by many researchers due to its great NOx reduction efficiency [58–68]. During 

the operation, the urea decomposes constantly into ammonia (NH3) as the reactant. 

The reaction temperature will be a critical factor in the performance evaluation of 

the SCR system due to the high thermal sensitivity of the urea decomposition rate 

and chemical kinetics. SE-LAS sensors have advantages of taking a non-intrusive and 

rapid measurement of gas temperature and H2O. 

Fig. 5.1. Schematic of proposed field test of the single-ended temperature and H2O 
sensor in the Cummins exhaust aftertreatment system. 
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Fig. 5.1 illustrates a schematic of the planned field test with the single-ended 

sensor in a Cummins exhaust aftertreatment system. The sensor is located upstream 

of SCR to measure the temperature and H2O mole fraction with sub-millisecond 

response time. Furthermore, this sensor can be deployed in more locations (such as 

downstream of SCR) with/without the urea injection. Several challenges may need 

to be overcome including: 1) the corrosion on the lens by direct exposure to high-

temperature exhaust gas; 2) condensation of H2O on the lens which could decrease 

the collection efficiency. 
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