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Abstract 

Quantum cascade laser based spectroscopic sensor systems for trace gas 

detection 

by 

Wenzhe Jiang 

Quantum cascade laser (QCL) based spectroscopic techniques are useful for the 

quantitative detection and monitoring of molecular trace gas species in the mid-infrared 

spectral region. Sensitive and selective trace gas detection can be realized by targeting 

distinct and strong absorption lines in the mid-infrared region with QCLs in this spectral 

region. Basic concepts of QCL based spectroscopic techniques are described. QCL based 

sensor systems are of interest for biomedical, environmental, and industrial applications 

utilizing various spectroscopic methods. This thesis describes the design, development and 

performance of three sensor systems. A tunable laser absorption spectroscopy (TLAS) 

based sensor system for nitric oxide detection was designed, which achieved a minimum 

detection limit of 505 pptv with a 1 second data acquisition time. A quartz enhanced 

photoacoustic spectroscopy (QEPAS) based H2O2 sensor system was implemented with a 

minimum detection limit of 12 ppbv with a 100 sec averaging time corresponding to a 

normalized noise equivalent absorption (NNEA) coefficient of 4.6×10-9 cm-1W/Hz-1/2. In 

addition, a QEPAS sensor system with capability of detecting both methane (CH4) and 

nitrous oxide (N2O) was developed and investigated. The measured minimum detection 

limits with a 1 second acquisition time of CH4 and N2O are 13 ppbv and 6 ppbv, respectively. 

The developed CH4/N2O QEPAS sensor was installed in a mobile laboratory operated by 
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Aerodyne, Inc during a 2013 NASA DISCOVER_AQ field campaign to perform atmospheric 

CH4 and N2O measurements adjacent to two urban waste disposal sites in the Greater 

Houston urban area. 
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CHAPTER 1 

INTRODUCTION 

1.1 Molecular Absorption Spectra 

1.1.1 Quantum Mechanical Theory of Spectral Lines 

If radiation with a continuous spectrum passes through a gaseous molecular sample, 

molecules in the lower state will absorb radiant power at the eigen frequencies, and then 

transition into a higher energy level. The difference in the spectral distributions of incident 

and the transmitted power is the absorption spectrum of the gaseous sample [1].  

From quantum mechanics, absorption is the process in which a molecule changes 

quantum states from a lower energy level to a higher energy level by absorbing a photon. 

The absorbed photon energy, which equals the energy difference between the two energy 

levels associated with the molecular transition, can be described by the Planck’s Law: 

 
upper lowerE E E hv      (1.1) 



2 
 

where v  is the corresponding eigen frequency. The quantized energy in a molecule can be 

thought of being stored in three distinct modes: rotational, vibrational, and electronic 

modes. Therefore the total internal energy change during the molecular transition is the 

sum of the changes in rotational, vibrational, and electronic energy, which can be described 

as: 

 rot vib elecE E E E         (1.2) 

The intervals among quantum states of different modes are distinct in terms of internal 

molecular energy. Electronic modes are more widely spaced than vibrational modes while 

vibrational states are more widely than rotational states. Therefore, molecular transitions 

in different modes, which correspond to different photon energies, lead to absorption of 

radiation at different wavelengths. Typically, transitions in rotational modes correspond to 

the microwave spectral region, transitions in the rotational and vibrational modes 

correspond to the infrared spectral region, and transitions in rotational, vibrational, and 

electronic modes correspond to the ultraviolet spectral region. Transitions in vibrational 

modes are often accompanied with transitions in rotational modes, and transitions in 

electronic modes are often accompanied by transitions in vibrational and rotational modes. 

The infrared spectral region will be discussed in this thesis because of the very 

distinct shape of absorbing spectra. This is due to unique molecular properties, such as the 

mass distribution and atomic-bond strength. Therefore, it is feasible to identify molecules 

and to quantify the concentration of target molecules in a gas mixture.  
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Rotational and vibrational (ro-vibrational) transitions occur in the infrared spectral 

region. The energy of rotational modes is determined by the moment of inertia of a 

molecule which is related with the mass of atoms and their distance from the center of 

mass. The number of rotational modes is determined by the complexity of a molecule. Each 

rotational mode is indicated by a quantized angular momentum J. The selection rule for 

fundamental vibrational transition is 0, 1J    which denotes the so called R-branch 

( 1J   ), P-branch ( 1J   ), and Q-branch ( 0J  ), as shown in Fig 1.1. The typical 

energy interval between rotational modes is much smaller than the thermal energy at room 

temperature, and hence molecules are always found in excited rotational states [2].   

A molecule also vibrates in addition to rotation. The vibration of a molecule can be 

described as a harmonic oscillator with quantized oscillation frequency which is 

determined by the bond energy of the molecule. The number of vibrational modes depends 

on the molecular structure and the number of atoms.  A linear polyatomic molecule with m 

atoms has 3m-5 vibrational modes, and a nonlinear polyatomic molecule with m atoms has 

3m-6 vibrational modes [2]. Figure 1.2 depicts the three fundamental vibrational modes of 

a water molecule. The total vibrational energy of a molecule is the sum of individual 

fundamental vibrational modes. As a consequence, transitions do not only occur between 

fundamental vibrational modes, but also between combinations of fundamental vibrational 

modes. The energy interval between vibrational modes is generally much larger than the 

thermal energy at room temperature, so that basically molecules are in their vibrational 

ground state. 
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Figure 1.1 Ro-vibrational energy level diagram of a linear molecule 

 

Figure 1.2 Fundamental vibrational modes of a water molecule 
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1.1.2 Widths and Profiles of Spectral Lines 

Spectral lines in discrete absorption spectra are never strictly monochromatic. The 

spectral distribution ( )I v  of the absorbed intensity in the vicinity of the central frequency 

is called the line profile. The frequency interval 
2 1v v v    between the two frequencies 

1v  and 2v  for which 1 2 0( ) ( ) ( ) / 2I v I v I v   is the full width at half-maximum (FWHM), often 

simplified as linewidth or halfwidth of the spectral line. Figure 1.3 depicts the main 

parameters of a spectral line.  

 

Figure 1.3 Line profile, halfwidth, kernel, and wings of a spectral line 

The natural line profile can be described by a Lorentzian function. However, the 

Lorentzian line profile generally cannot be observed because it is completely obscured by 

other broadening effects. Doppler broadening and collisional broadening are two 

important broadening mechanisms [2, 3] that must be taken into account for gas-phase 

measurements. 
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Doppler broadening 

Doppler broadening is due to the thermal motion of the absorbing molecules. 

Consider an excited molecule with a velocity v  relative to the rest frame of an observer. 

The absorption frequency of a molecular with an eigen frequency 0  is Doppler shifted to

0a k v    . At thermal equilibrium, the molecules of a gas follow a Maxwellian velocity 

distribution: 

 
2( / )

( ) z pv vi
i z z z

p

N
n v dv e dv

v 


                                                         (1.3) 

where ( )i z zn v dv  is the number of molecules in the level Ei per unit volume with velocity 

component between vz and vz+dvz, ( )i i z zN n v dv   is the density of all molecules in level Ei, 

1/2
(2 / )pv kT m  is the most probable velocity, m is the mass of a molecule, and k is the 

Boltzmann’s constant. Combining the Maxewellian velocity distribution and the Doppler 

shift of the absorption frequency, we can conclude that [1]: 

 

2

0

00

( )
( ) exp[ ]i i

pp

cc
n d N d

vv

 
  

 

 
   

 

                                (1.4) 

Since the absorbed radiant power ( )P d   is proportional to the density ( )in d   of 

molecules absorbing in the interval d , the intensity profile of a Doppler-broadened 

spectral line becomes:  

 

2

0
0

0

( )
( ) exp[ ]

p

c
I I

v

 




 
   

 

                                                  (1.5) 
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This is a Gaussian profile with a FWHM 
0

2 ln 2 /
D p

v c  . 

Collisional broadening 

When a molecule A approaches another molecule B, the energy levels of A are 

shifted because of the interaction between A and B. Inelastic collisions among molecules 

generate collision-induced transitions. The collisional-induced transition probability is 

proportional to the total pressure. This pressure-dependent transition probability causes a 

corresponding pressure-dependent linewidth  [4]. The collisional-induced line 

broadening is called pressure broadening. This effect is more significant at elevated 

pressures. In addition, elastic collisions will cause a line shift. The line profile takes the  

 

 

Figure 1.4 Shift and collisional broadening of a Lorentzian line profile 
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form of a Lorentzian function with a shifted center frequency, as shown in Fig. 1.4, taking 

into account both elastic and inelastic collisions [1]:  

 0

2 2

0

1
( ) ( )

2 ( ) ( / 2)
B b

I
I N v  

    
 

  
                             (1.6) 

where the line shift 
B sN v   and line broadening 

n B bN v     ( n  is the natural 

linewidth) 

1.1.3 Beer-Lambert Law and Spectral Absorbance 

Bear-Lambert law describes the exponential decay of electromagnetic intensity I 

transmitted along a certain path length L through an absorbing medium: 

0

( ) ln t
v

I
v k L

I


 
   

 
                                                               (1.7) 

where    is the incident radiation intensity,    is the transmitted radiation intensity, vk  is 

the spectral absorption coefficient, and      is the spectral absorbance. The spectral 

absorbance is determined by the integrated line strength Si(T) [cm/mol] of the transition at 

a temperature T, the concentration of absorbing molecules N [cm3], the line shape function 

v [cm], and the optical path L [cm]: 

 ( ) ( ) ( , )i vv S T T P N L                                                               (1.8) 

The line strength at an arbitrary temperature S(T) can be calculated from the line strength 

at some reference temperature S(T0) and the lower state energy of the transition E [cm−1] 

using the following scaling relation [5]:  
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(
  

 
)    [ 

   

 
(

 

 
 

 

  
)] [     ( 

    

  
)]        ( 

    

   
)         (1.9) 

where h (J s) is the Planck’s constant, c (cm/s) is the speed of light, k (J/K) is the 

Boltzmann’s constant, Q(T) is the partition function of the absorbing molecule and 0v   [cm-1] 

is the line-center frequency of the spectral transition. 

The line shape function are mainly determined by Doppler and collisional 

broadening effects for gas-phase measurements. The Doppler line shape function has a 

Gaussian form, and the collisional broadened line shape has a Lorentzian profile with 

shifted center frequency, as already discussed and illustrated in section 1.1.2. The line 

shape function will be a Voigt profile, a convolution of the Doppler broadened Gaussian 

profile and the collisional broadend Lorentzian profile. At elevated pressures, the spectral 

absorbance at a particular frequency v consists of all the neighboring transitions, so Eq. 

(1.8) should be modified to: 

 ( ) ( ) ( , )i vv N L S T T P      (1.10) 

The parameters of an absorption line for many molecules can be found in the HITRAN 

database [6] or by experimental measurements. 

1.2 Tunable Infrared Semiconductor Lasers    

The infrared spectral region is commonly termed as the fingerprint spectral region 

because it contains strong fundamental molecular transitions of most known gas species. 

The strongest vibrational transitions in molecules are located in the infrared region 

between 2.5 and 12 μm [7] as shown in Table 1.1. Therefore, infrared semiconductor laser 
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sources operating in this spectral region are useful in high sensitivity spectroscopic 

techniques.  QCLs can operate in the entire mid-infrared and even in the far-infrared region 

with superior performance and functionality. 

 Visible/near -infrared Shortwave mid-infrared Long-wave mid-infrared 

Wavelength 0.7-2.0 µm 2.5-5.0 µm 5.5-12 µm 

Wave numbers 5,000-14,500 cm-1 2,000-4,000 cm-1 800-1,800 cm-1 

CO2 0.3 3000 0.03 

CO 0.02 300 0 

CH4 1 100 50 

C2H2 10 200 100 

H2O 20 200 200 

NH3 5 10 200 

NO 0.04 0.3 20 

Table 1.1  Room-temperature absorption line strength in 10-21 cm2/(molecule cm) 

for simple and common molecules in different spectral regions  

1.2.1 Semiconductor-diode Laser 

The basic principle of a diode laser is based on the recombination of electron and 

hole pairs in a forward biased p-n junction and the emission of the recombination energy in 

the form of photons, as shown in Fig 1.5. The linewidth of this emission is determined by 

the finesse of the optical oscillation cavity which is typical several wavenumbers. The 

wavelength of the emitted photons is determined by the energy difference between the 

electron and hole pairs which is limited by the bandgap of the semiconductor material. 
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Figure 1.5 Band diagram of a semiconductor diode: (a) unbiased p-n junction; (b) 

recombination induced photon emission under a forward bias 

Single-mode emission of a desired wavelength can be realized with a well-designed optical 

oscillation cavity and wavelength-selecting elements. All the parameters that influence 

both the gain profile and the resonant mode can be used to tune the emitted wavelength. A 

temperature change produced by a thermoelectric cooling (TEC) system, or by external 

current variation is employed for wavelength tuning. Temperature modifies the bandgap, 

the refractive index of the semiconductor material, and the length of the diode laser cavity. 

A change of refractive index and length of the cavity will result in a shift of the resonant 

modes while a change of the bandgap shifts the maximum of the gain profile. Therefore, the 

wavelength can be tuned continuously by tuning of the operating temperature. However, 

this continuous tuning cannot occur over the entire gain profile because of the 

asynchronous change of the resonant modal frequency and the maximum of the gain 

profile. Mode hopping occurs when the maximum of gain profile reaches an adjacent 

resonant mode, as shown Fig 1.6 [8]. 
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Figure 1.6 Wavelength tuning and mode hopping: (a) Wavelength shift with different 

pump pulse energy; (b) The P2 peak position as a function of pump pulse energy. (c) 

The P2 peak intensity as a function of pump pulse energy. (d)–(h) The schematic 

diagram depicts the shift of optical gain profile(solid curves) and resonator modes 

(vertical lines). 

1.2.2 Quantum Cascade Laser   

 The operating principle of QCLs differs from traditional semiconductor-diode lasers. 

QCLs utilize only electrons that transition between quantum states, which are artificially 

created by structuring of the active region in ultra-thin layers known as quantum wells of 

nanometric thickness, to generate photons [9]. Therefore, the emission photon frequency is 

no longer limited by the bandgap of semiconductor material. In a QCL, a forward-biased 

active region is adjacent to a doped electron injector to form an active-region-injector stage. 

High operating power of a QCL can be achieved by cascading this stage to realize a cascade 
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emission of photons, as shown in Fig. 1.7[10]. The number of stages typically ranges from 

20 to 35 for QCLs designed to emit in the 4 - 8 μm range, but working lasers can have as few 

 

Figure 1.7 Energy diagram of a quantum cascade laser emitting at λ = 7.5 μm. Each 

stage (injector plus active region) is 55 nm thick. 

as one or as many as 100 stages. The active region of a QCL contains three quantum states 

which forms a typical three level system.  The energy difference between levels “2” and “1” 

is fixed to be ~ one photon energy. Thus, electrons in level “2” will rapidly depopulate to 

level “1”. Meanwhile, the energy difference between level “3” and level “2” is much larger 

than one photon energy which ensures a relatively long lifetime in level “3”. Therefore, 

population inversion between levels “3” and “2” can be realized. QCLs can easily realize 

wide gain profile by stacking active regions corresponding to different optical transitions 

that cover a wide range of photon energies. An external cavity configuration is adopted in 

order to utilize the gain width more efficiently [11-13]. The application of an external 

cavity configuration allows selection of the QCL wavelength within the whole available QCL 

spectral gain and without changing the QCL temperature. 



14 
 

REFERENCES FOR CHAPTER 1 

[1] W. Demtroder, “Laser Spectroscopy: Basic Concepts and Instrumentation”, Springer 

(2008). 

[2] I.I. Sobelman, L.A. Vainstein, E.A. Yukov, “Excitation of Atoms and Broadening of 

Spectral Lines”, Springer (2012). 

[3] K. Burnett, “Lineshapes Laser Spectroscopy”, Cambridge University Press (2002). 

[4] M. Sanzharov, J. Vander Auwera, “Self and N2 collisional broadening of far-infrared 

methane lines measured at the SOLEIL synchrotron”, Journal of Quantitative Spectroscopy 

and Radiative Transfer, 113, 1874-1886 (2012). 

[5] Xiang Liu, Jay B Jeffries and Ronald K Hanson, “Measurements of spectral parameters of 

water-vapor transitions near 1388 and 1345 nm for accurate simulation of high-pressure 

absorption spectra”, Meas. Sci. Technol., 18, 1185–1194 (2007). 

[6] L. S. Rothman, I. E. Gordon, and et al, “The HITRAN 2012 molecular spectroscopic 

database”, J. Quant. Spectrosc. Radiat. Transfer, 130, 4–50 (2012). 

[7] F. Adler, M. J. Thorpe, K. C. Cossel, and J. Ye, “Cavity-Enhanced Direct Frequency Comb 

Spectroscopy: Technology and Applications”, Annu. Rev. Anal. Chem., 3, 175–205 (2010). 

[8] Rui Chen, Van Duong Ta, and Han Dong Sun, “Single Mode Lasing from Hybrid 

Hemispherical Microresonators”, Scientific Reports, 2, 244 (2012). 

http://www.sciencedirect.com/science/article/pii/S002240731200283X
http://www.sciencedirect.com/science/article/pii/S002240731200283X
http://www.sciencedirect.com/science/journal/00224073
http://www.sciencedirect.com/science/journal/00224073


15 
 

[9] John B. McManus, Mark Zahniser, David Nelson, Ryan McGovern, and Mike Agnese, 

“Recent progress in high precision atmospheric trace gas instruments using mid-infrared 

quantum cascade lasers”, CLEO: Science and Innovations, San Jose, California, June 9-14 

(2013). 

[10] R. F. Curl, F. Capasso, C. Gmachl, A. Kosterev, B. McManus, R. Lewicki, M. Pusharsky, G. 

Wysocki, F. K. Tittel, “Quantum cascade lasers in chemical physics”, Chemical Physics 

Letters, 487, 1–18 (2010). 

[11] J. H. van Helden, N. Lang, U. Macherius, H. Zimmermann and J. Röpcke, “Sensitive trace 

gas detection with cavity enhanced absorption spectroscopy using a continuous wave 

external-cavity quantum cascade laser”, Appl. Phys. Lett., 103, 131114 (2013) 

[12] Mark C. Phillips and Ian M. Craig , “Long-term Operation of an External Cavity 

Quantum Cascade Laser-based Trace-gas Sensor for Building Air Monitoring”, Optical 

Instrumentation for Energy and Environmental Applications, Tucson, Arizona , November 

3-7 (2013). 

[13] A. Kachanov, S. Koulikov, F. K. Tittel, “Cavity-enhanced optical feedback-assisted 

photo-acoustic spectroscopy with a 10.4 μm external cavity quantum cascade laser”, 

Applied Physics B,  110, 47-56 (2013). 

 

 

 

javascript:searchAuthor('McManus,%20J')
javascript:searchAuthor('Zahniser,%20M')
javascript:searchAuthor('Nelson,%20D')
javascript:searchAuthor('McGovern,%20R')
javascript:searchAuthor('Agnese,%20M')
http://scitation.aip.org/content/contributor/AU0405225;jsessionid=1n1li83tkjg3m.x-aip-live-06
http://scitation.aip.org/content/contributor/AU1033685;jsessionid=1n1li83tkjg3m.x-aip-live-06
http://scitation.aip.org/content/contributor/AU1033686;jsessionid=1n1li83tkjg3m.x-aip-live-06
http://scitation.aip.org/content/contributor/AU1033687;jsessionid=1n1li83tkjg3m.x-aip-live-06
http://scitation.aip.org/content/contributor/AU0036125;jsessionid=1n1li83tkjg3m.x-aip-live-06
javascript:searchAuthor('Phillips,%20M')
javascript:searchAuthor('Craig,%20I')
http://link.springer.com/search?facet-author=%22A.+Kachanov%22
http://link.springer.com/search?facet-author=%22S.+Koulikov%22
http://link.springer.com/search?facet-author=%22F.+K.+Tittel%22
http://link.springer.com/journal/340


16 
 

 CHAPTER 2  

Nitric Oxide Detection using TLAS 

technique  

2.1 Motivation 

Nitric oxide (NO) is an important gas in industrial emission and process monitoring, 

environmental studies, and biomedical diagnostics. Air pollution control programs in the 

United States increasingly require industry to continuously monitor and report emissions 

of nitrogen oxides (NOx), and measurements showed that nitric oxide constitutes majority 

of the total measured NOx [1]. NO is one of the major air pollutants. It causes smogs and 

acid rain as well as exacerbates ozone layer depletion. In addition, NO plays a role in 

various biological processes as a critical biological messenger. The endothelium of blood 

vessels uses NO to signal the surrounding smooth muscle to relax which results 

in vasodilation and increasing blood flow. Therefore, NO and O2 blends are used in critical 

care to promote capillary and pulmonary dilation to treat primary pulmonary 

hypertension in neonatal patients [2, 3]. NO is also related with human immune response 

[4 - 9]. It is secreted by phagocytes in an immune response and is toxic to bacteria and 

http://en.wikipedia.org/wiki/Blood_vessel
http://en.wikipedia.org/wiki/Blood_vessel
http://en.wikipedia.org/wiki/Smooth_muscle
http://en.wikipedia.org/wiki/Vasodilation
http://en.wikipedia.org/wiki/Pulmonary_hypertension
http://en.wikipedia.org/wiki/Pulmonary_hypertension
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intracellular parasites. Exhaled NO can be used as a breath test in diseases with airway 

inflammation, such as asthma. Investigations showed that increased levels of exhaled NO 

are associated with exposure to air pollution [10].  

The sensitive detection of NO is thus of great interest because of its significance in a 

several diverse areas.  Several techniques have been utilized for NO detection. Faraday 

modulation spectroscopy has been demonstrated to reach a detection sensitivity of a few 

ppb [11]. Chemiluminescence has been used for exhaled NO measurements in humans and 

animals [12]. However, the detection results are easy to be intefered with by endogenous 

and exgenous water vapor, carbon dioxide, and ammonia. Fourier-transform IR 

spectroscopy and gas chromagraphy can realize selective and sensitive NO measurements, 

but with long response time.  Sub-ppb level detection of NO can be obtained wih Cavity 

Ring-down Spectrocopy (CRDS). 

In this work, a TLAS based sensor system was developed for sensitive, selective, and rapid 

NO detection utilizing a continuous wave (CW), thermoelectrically cooled (TEC), 

distributed-feedback quantum cascade laser (DFB-QCL). The CW TEC DFB-QCL emmits at 

~5.26 µm (~1900 cm-1) which enables this QCL to target strong H2O and CO2 interference  

free absorption doublets R(6.5) located at 1900.075 cm-1. Wavelength modulation 

spectroscopy (WMS)  technique as well as a 100 m multi-pass cell (MPC) were used to 

improve the SNR and thus the detection sensitivity of the developed NO sensor. A minimum 

detection limit of 505 part per trillion in volume (pptv) with a 1-second data acquisition 

time was achieved for the developed NO sensor. 
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2.2 High Sensitivity TLAS Methods  

2.2.1 Wavelength Modulation Spectroscopy 

WMS technique is a common method to improve the signal-to-noise ratio (SNR) of 

sensor system. By modulating the wavelength of the radiation source, the response of the 

sensor system is restricted to a narrow region centered at the modulation frequency. In 

this way, frequency-independent noise induced by background absorption and reflection as 

well as low-frequency vibrating noise can be essentially eliminated. The noise level 

typically decreases with increased modulation frequency. Therefore, a higher modulation 

frequency is more advantageous. However, other factors, such as the frequency 

characteristics of laser and the bandwidth of lock-in detector, limit the highest modulation 

frequency that we can achieve. In addition to the modulation frequency, the modulation 

depth is also an important parameter. On the one hand, a larger signal amplitude can be 

acquired with a larger modulation depth. On the other hand, a larger modulation depth will 

increase the noise level. Typically, the optimum detection sensitivity can be achieved when 

we adjust the modulation depth to be equal to the width of the target absorption line 

feature. 

Wavelength modulation of a CW TEC DFB-QCL can be easily realized by directly 

modulating the QCL drive current. The QCL laser wavelength is sinusoidally modulated at a 

modulation frequency of Ω by applying a sinusoidal drive current of the same frequency:  

 0( ) sinL t a t     (2.1) 
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where a  is the modulation depth and 0  is the center wavelength. When the modulation 

depth is small, we can expand the transmitted intensity ( )T LI  with a Taylor series: 
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According to Beer Lambert’s law, we have 

 0( ) exp[ ( )]T LI I     (2.3) 

where ( )   is the absorbance of the medium. When ( ) 1   , we obtain an 

approximation of Eq. (2.3): 
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For a small modulation depth a , only the first term in each square bracket dominates, so 

that we obtain the approximate results of nth-harmonic signal ( )S n as follows:  
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 (2.6) 

Specifically, the first three derivatives of absorbance, which corresponds to the first three 

harmonics of the signal, are depicted in Fig 2.1 [13]. The third derivative has a zero point at 

the center wavelength while the second derivative has a peak value, as can be seen from  

 

Figure 2.1 Absorption line profile ( )   of halfwidth   (FWHM) (a), with first (b), 

second (c), and third (d) derivatives 
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Fig 2.1. Therefore, a third harmonic signal is utilized to implement a feedback line lock-in 

technique while the second harmonic signal is used for sensitive detection. 

2.2.2 Multipass-gas cell 

The signal intensity is related to laser power 0I , modulation depth a , and 

absorbance of the medium   according to equation (2.6). However, the SNR and detection 

limit is not dependent on laser power because the noise level is also proportional to laser 

power. Hence, we can only work on modulation depth and absorbance of the medium in 

order to improve minimum detection limit of the sensor system in terms of signal intensity. 

The modulation depth has an optimum value which is determined by the line width of the 

targeted absorption line as discussed earlier. Absorbance is of more interest because of its 

large potential in improving the signal intensity and thus the minimum detection limit. 

According to equation (1.8), the absorbance of a target gas species with a certain 

concentration level is determined by line strength, optical path, and the line shape function. 

Optical path is the only variable factor once the detection condition, such as pressure and 

temperature, is selected. Therefore, increasing the optical path is a very effective method to 

increase the detection sensitivity. A MPC is one of the most frequently utilized techniques 

to increase the optical path in a TLAS sensor [14, 15]. 

Typically, a simple MPC consists of two stable high reflectivity mirrors and one (or 

two) slit to inject and exit the laser beam, as shown in Fig 2.2. The incident beam can 

bounce between two mirrors many times resulting in a long effective optical pathlength, 

and then exit through the exit slit. Several factors are important to acquire long optical path. 

The laser beam should be close to an ideal beam, namely spatially perfect and non-
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diverging. One or more additional mode-matching lenses are necessary to obtain a 

collimated laser beam before entering the MPC. The reflectivity of the two mirrors must be 

high to reduce power loss during reflection. Low loss dielectric mirror coatings need to be 

specifically designed and implemented for a desired operating wavelength in order to 

obtain a high reflectivity. External factors, such as vibrations, temperature variations or 

refractive index changes, can cause misalignment in a long path-length MPC.          

 

Figure 2.2 Schematic of a simple MPC with one slit to inject and exit laser beam 

2.3 Experimental Setup of a TLAS based NO Sensor System  

A TLAS based NO sensor system, as depicted in Fig 2.3, was developed using a CW 

TEC DFB-QCL (Alpes Lasers) emitting at ~5.26 µm. The drive current and operating 

temperature of the QCL were controlled by a commercial current driver (ILX Light wave 

LDX-3220) and a temperature controller (Wavelength Electronics MPT-5000), respectively. 

The QCL emitting wavelength and power at different drive currents and operating 

temperatures were measured by a Fourier-transform infrared (FTIR) spectrometer 

(Thermo Scientific, NICOLET 8700), as shown in Fig 2.4. A  MPC (NEW FOCUS, Inc) capable 
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of 182 passes was utilized to increase the optical path length to be 100 m. The optical 

alignment of the MPC was facilitated by integrating a red visible laser into the sensor 

system. A dichroic beam splitter and an adjustable mirror were used to merge the visible 

beam with the mid-infrared QCL beam. A lens pair and pinhole (d = 400 µm) were used for 

spatial filtering to improve the QCL beam shape. After the second lens, two concave mirrors 

are used to collimate and direct the QCL beam into the MPC. An additional concave mirror  

 

Figure 2.3 Schematic of a TLAS based NO sensor system. CM: concave mirror; PH: 

pinhole; PD: photodetector; MFC: mass-flow controller 

was utilized to reflect the output QCL beam to a TEC infrared photodetector (VIGO System 

S.A. type PVI-4 TE-6). A commercial gas dilution system (Environics, Inc., Series 4000) was 

used to dilute a certified gas mixture of 1.2 ppm NO: N2 with purified nitrogen in order to 

provide different NO concentration levels for accurate calibration of the NO sensor. The 
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same equipment was used to deliver a constant flow of pure N2 to the sensor as a carrier 

gas for measurements of biological samples.  

 

Figure 2.4 (a) DFB-QCL emission wavelengths at different drive currents and 

operating temperatures; (b) Light intensity voltage (LIV) curves of a 5.26 µm CW TEC 

DFB-QCL (Alpes Lasers). 

Measurements showed that an ultra-stable pressure was required because even slight 

change of the total pressure inside the MPC resulted in a sensor baseline shift. Therefore, a 

2-stage oil free diaphragm vacuum pump (KNF type UN813.4 ANI), a pressure controller 

(MKS type 649), and a mass flow controller (MKS 200 sccm Air 1179A22CS1BV-S) were 

employed to control and maintain the pressure inside the MPC to be an optimum NO 

pressure of 300 Torr. The MPC containing the sampled gas was positioned between the 

pressure controller and the mass flow controller. Ultra-stable pressures can be acquired 

and maintained by carefully adjusting the upstream flow rate through the dilution 

equipment as well as the pressure controller, and the downstream flow rate through the 

mass-flow controller, as shown in Fig 2.3. A water heating system (PolyScience. Div. of 
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Preston Industries, Inc, VWR 1140) was added to the base of the cell chamber to maintain 

the sample temperature at T = 37°C during the measurements to create a stable 

environment for biological samples. A dehumidifier was used to avoid the formation of 

water droplets inside the MPC. 

Wavelength modulation spectroscopy technique was implemented using a function 

generator (Tektronix AFG 3022 B) and a lock-in amplifier (Signal Recovery 7265 DSP). A 

fast (f = 10 kHz) sinusoidal signal and a comparably slow (f = 1 Hz) saw tooth signal, 

provided by the function generator, were superimposed on the QCL drive current to 

modulate the laser and to scan across the targeted NO  absorption feature. The output 

signal from the mid-infrared detector was then processed by the lock-in amplifier to 

extract the second harmonic of the absorption signal. A DAQ card (NI-DAQ-AI-16XE-50) 

and a shielded connector block (NI BNC-2110) were used to collect the data and to 

communicate between the lock-in amplifier and a laptop with National Instruments 

LABVIEW software developed for the TLAS based  NO sensor system for further data 

processing. 

2.4 Experimental NO Results  

2.4.1 Sensor Calibration 

The operating temperature and DC drive current of the QCL were set as 30°C and 

250 mA to access the target absorption doublets R(6.5) located at 1900.075 cm-1, based on 

the QCL characteristics shown in Fig. 2.4. An additional water chiller (Solid States Cooling 

System Oasis 160) was utilized to improve the QCL temperature stability.. Four different 
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NO concentration levels were generated utilizing a commercial gas dilution equipment to 

mix a calibrated 1.2 ppm NO gas mixture with a purified N2. The diluted NO concentration 

is determined by the flow rate ratio between the 1.2 ppm NO gas mixture and the purified 

N2. Four dilution conditions are illustrated in Table 2.1. Background subtraction is 

necessary for low concentration measurement to eliminate the 2f background signals. 

Typically, 2f background signals are induced by three categories of noise sources: (1) 

etalon effects along the optical path, (2) non-linear intensity modulation effects of the QCL 

and (3) background absorption by gases external to the MPC. Figure 2.5 presents the 2f 

spectral scans at four different NO concentration levels after background subtraction. The 

baseline is obtained by subtracting two subsequent background scans which represents the 

noise level of the system. The linear response of the NO sensor is depicted in Fig 2.6. The  

 

Figure 2.5 2f spectral scans at four different NO concentration levels 



27 
 

 

Figure 2.6 Measured 2f signal amplitude as a linear function of NO concentration; 

Inset: Deviation of measured signal from linear fit at each experimental point. 

Test # 
1.2 ppm NO flow rate 

[sccm] 

N2 flow rate 

[sccm] 

Measured NO concentration 

[ppb] 

1 19.8 787.9 29.86 

2 7.93 787.9 11.95 

3 3.95 791.6 5.96 

4 1.95 793.9 2.94 

Table 2.1 Flow rates of a 1.2 ppm NO mixture and purified N2 for 4 dilution 

conditions 
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deviation from the linear fit increases at lower concentration levels, as shown in the inset 

of Fig 2.6. A minimum detection limit of 505 pptv can be achieved with a 1 second data 

acquisition time. 

2.4.2 Positive Control Measurements with NO Donor Samples 

NO donors are capable of producing a sustained release with a wide range of half-

lives, and with a predictable estimated dose. The specific advantages of NO donors include 

[16]: (1) varied half-life dependent on the composition, (2) controllable NO release rate, (3) 

spontaneous release of NO, and (4) safety for clinical applications. Therefore, NO donors 

have become useful tools to study biological properties of NO in cells. In this work, we use 

one of NO donors,  the DETA NONOate (C4H13N5O2) molecule with a half lifetime of 20 

hours, to make positive control measurements of the developed NO sensor. The NO 

emission of the donor molecule increases at elevated temperatures and follows an 

exponential decay. One mole of DETA NONOate delivers 2 moles of NO under the 

measurement temperature condition of T = 37°C. The DETA NONOate were dissolved in the 

growth medium (RPMI) for ovarian cancer cells to ensure the same biological environment 

as that of cancer cells. All samples were prepared as a liquid solution in polymer flasks with 

a base area of 175 cm2 with a thickness of ~2 mm, as shown in Fig 2.7. The polymer flasks 

were connected to the sensor gas flow system which enables the purified N2 to convey the 

sample emitted NO into the MPC.  The total flow rate was a parameter which required 

careful design.  For example, it is more advantageous to use a lower flow rate of N2 in terms 

of 2f signal amplitude. Because the emission rate of NO from donor samples does not 

depend on the N2 flow rate through the sample chamber, the NO concentration in the total 
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gas mixture leaving the sample chamber increases with a decreased N2 flow rate which 

leads to a stronger 2f signal. Experimental tests with different N2 flow rates were 

performed to verify this assumption. All other parameters, such as temperature and 

pressure, are maintained uniform to ensure single variable. The 2f spectral scans at 

different flow rates are depicted in Fig 2.8(a).  Longer stabilization times were required for 

lower flow rates to fill the 100m MPC with a volume of 3.2 L. The 2f donor signal and 

stabilization time as a function of flow rate are shown in Fig 2.8(b). Figure 2.8(b) shows 

that it is possible to achieve a stronger 2f signal at lower flow rates, but requiring a longer 

stabilization time. A flow rate of 30 sccm was selected for sample measurements based on a 

compromise between signal amplitude and stabilization time.  It required ~ 2 hours for the 

system to be stable at this flow rate. 

 

Figure 2.7 Polymer flask containing liquid solution of donor sample 
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Figure 2.8 (a) 2f spectral scans of donor sample at different gas flow rates; (b) 2f 

donor signal and stabilization time as a function of total gas flow rate. 

2.4.3 Problems in Ovarian Cancer Cell Measurements and Further Required Work 

Measurements of ovarian cancer cell samples were performed after careful 

calibration and positive control measurements of the NO sensor described in Section 2.4.1 

and 2.4.2. All the cancer cell samples were grow in the optimum biological  environment at 

37 °C, ambient pressure, and a 5% carbon dioxide mixture in air. However, no obvious NO 

absorption 2f signal appeared during all the measurements. Several reasons could be 

responsible for this failure in detecting the NO emission from cancer cells: (1) the NO 

emission level from cancer cells is lower than the detection limit of our developed NO 

sensor, which is 505 pptv, (2) emitted NO reacts with other metabolites in cancer cells, (3) 

cancer cells die under measurement conditions prior the NO sensor system reaches its 

measument stability. Any of the above reasons or their combinations could cause failure in 

detecting NO emission from ovarian cancer cells. Further work on this project will focus on 
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these problems. The minimum sensor detection limit will be improved by increasing the 

effective optical path by using cavity ring-down spectroscopy (CRDS) instead of TLAS, 

CRDS will increase the optical path to kilometers which will translate to significantly 

improved NO minimum detection limit. Our research collaborators in the Department of 

Chemical and Biomolecular Engineering at Rice University will perform further 

investigations of the NO emission mechanism in ovarian cancer cells.  
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Chapter 3  

QCL Based QEPAS Sensor Systems  

3.1 Theoretical Analysis of QEPAS technique 

3.1.1 Precursor of QEPAS - Photoacoustic Spectrosocpy (PAS) 

PAS is an established method of experimental physics. A common approach to 

detecting an acoustic signal generated by the modulated radiation from a laser in an 

absorbing gas utilizes an acoustic resonator filled with gas. The photoacoustic effect in 

gases can be divided into three main steps:  

(1) localized heat release in the sample gas due to relaxation of absorbed light energy 

through molecular collisions;  

(2) acoustic and thermal wave generation due to localized transient heating and expansion;  

(3) detection of the acoustic signal in the photoacoustic cell with a microphone.  

The detailed process is illustrated in Fig. 3.1 [1]. A linear wave equation can be 

derived for the sound pressure: 

 2 2 2
( , ) ( , ) ( 1) ( , )

t t
p r t c p r t H r t        (3.1)             
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where p, c, σ, and H are the pressure, sound velocity, the adiabatic coefficient of the gas, 

and the heat density deposited in the gas by light absorption, respectively. There are two 

independent solutions for the Eq. (3.1): a weakly damped propagating acoustic wave, and a 

heavily damped thermal wave. Normally, thermal and acoustic waves are separated in 

space due to different scales of wavelengths. Therefore, they can be investigated 

independently. 

 

Figure 3.1 Schematic of the physical processes occurring after optical excitation of 

molecules: Modulated or pulsed laser radiation leads to the population of rotational, 

vibrational, and electronic states. Collisional deactivation by R– T, V–R, T, and E–V, R, 

T processes leads to localized transient heating. The resulting expansion launches 

standing or pulsed acoustic waves, which are detected with a microphone. 
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PAS is based on the detection of the acoustic signal. From equation (1), we can see 

that the acoustic signal depends on the deposited heat power density. Nearly all 

photoacoustic trace gas measurements are carried out in an enclosure, called a “PA cell”. 

The absorbed laser power is accumulated in the acoustic mode of the resonator for Q 

oscillation periods, where Q is the quality factor of the acoustic resonator. According to 

oscillator theory, the effective integration time τ can be expressed as: 

 / ( )Q f    (3.2) 

The acoustic signal is proportional to the effective integration time and can be described as: 

 
PQ

S c
f


   (3.3) 

where c is constant, α is the absorption coefficient of the target species, P is the optical 

power, Q is the quality factor of the acoustic mode in the resonator, and f is the resonance 

frequency of the resonator. The Q factor is typically between 40 and 200, and f is in the 

range of 1000-4000 Hz. Achieving longer value of τ in a gas-filled resonator is limited by 

intrinsic loss related to gas viscosity and other relaxation process. 

3.1.2 Quartz Enhanced Photoacoustic Spectroscopy 

QEPAS is a novel approach of photoacoustic detection of trace gases, utilizing a 

quartz tuning fork (QTF) as a sharply resonant acoustic transducer. In the QEPAS technique, 

the common PAS approach is inverted and the absorbed energy is not accumulated in the 

gas but in a sensitive, selective QTF. A nearly optimum commercially available QTF is 



37 
 

shown in Fig 3.2 [3]. Commercial QTF typically resonate at 32,768 Hz (212). A typical QTF 

has a Q factor of ~100,000 or higher when it is encapsulated in vacuum and ~10,000 at 

normal atmospheric pressure. Due to the high Q factor, and the acoustic quadruple 

characteristics of the QTF, QEPAS has high immunity to background acoustic noise: 

1)  The ambient acoustic noise density follows a1/f dependence and is low when f > 10 kHz.  

2)  The acoustic wavelength in air is ~1 cm at 32 kHz and is longer at lower frequencies. 

Therefore, the sound waves emanating from a distant source will apply a force in the same 

direction upon the two QTF prongs positioned at a ~1mm distance, which will not cause 

differential signal to the QTF( only anti-symmetric QTF mode is piezo-electric active) 

3) The high Q factor ensures the high sensitivity and selectivity of QEPAS signals with the 

desired frequency. The width of the QTF resonance at normal pressure is ~4 Hz which 

effectively exclude noise sources out of this extremely narrow range. 

 

Figure 3.2 Photograph of a quartz tuning fork (QTF). QTFs of this geometry are used 

in most QEPAS studies carried out at Rice University. 

The QEPAS signal can be expressed as [4]: 
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0 ( ) ( ) ( )QEPAS ADMS C PCQ p p p    (3.4) 

where      is the Acoustic Detection Module (ADM) constant,    is the incident optical 

power, C is the detected gas concentration, Q is the quality factor of QTF,   is the peak 

intensity of the 2f absorption spectrum, and   is the conversion efficiency of the absorbed 

optical radiation power into acoustic energy. Q,  , and   are pressure dependent. In 

addition, the peak intensity   depends on the laser wavelength modulation (WM) depth. 

Assuming only collision de-excitation, the conversion efficiency is related to the 

relaxation time   of the target gas [5, 6]: 
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 tan 2 ( )f p     (3.6) 

 0 0( )
P
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    (3.7) 

where   is the QEPAS signal phase, f is the modulation frequency, and      is the relaxation 

time constant.  

There are three main noise sources: thermal noise associated with mechanical 

dissipation in the QTF, thermal noise of the feedback resistor, and optical noise. The QTF 

related thermal noise can be estimated with:  

 
2 4 B

N R g

k T
V R f

R
     (3.8) 
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1 L

R
Q C

   (3.9) 

and the thermal noise of the feedback resistor can be estimated from Eq (9): 

 
2

4N Rg B gV k TR f     (3.10) 

where    is the detection bandwidth,    is the Boltzmann constant, T is the QTF 

temperature,    is the value of the feedback resistor in a transimpedance amplifier 

connected to the QTF electrodes, and R, L, and C are the electrical parameters of the QTF 

when it is represented by the equivalent serial resonant circuit. The largest noise 

component usually comes from the optical noise. When the laser beam is not properly 

aligned, the beam will hit the QTF directly, which will induce interference of the QEPAS 

signal in the frequency response range of QTF. 

3.2 Design and Optimization of an ADM 

A typical ADM for a QEPAS sensor incorporates a QTF, two micro resonator (mR) 

tubes, and an enclosure that allows operation at an optimized  pressure determined for a 

given target trace gas mixture. The design and structure of an ADM is depicted in Fig 3.3 [7]. 

The enclosure consists of an inlet and outlet connection for gas tubes and two AR coated 

ZnSe windows (4-12 µm transmission range) attached to the front and back of the 

enclosure with a total volume of <5 cm3. The two optical windows of the enclosure are 

tilted so the laser beam will not reflect back and forth between the optical windows and the 

collimating lens. The QTF was located between the two mR tubes to detect the acoustic 
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waves excited in the gas contained inside the mR. A charge deformation of the QTF prongs 

due to the piezoelectric effect produces a small current or voltage on electrodes deposited 

on the QTF prong surfaces. Subsequently, this QTF electric signal is detected using an ultra-

low noise transimpedance preamplifier with a 10 MΩ feedback resistor Rg located close to 

the ADM. Both the QTF and the mR areattached to a metallic mount using a low vapor 

pressure epoxy.  

 

Figure 3.3 (a) Picture of QTF and mR (unit of the scale is millimeter); (b) Sketch of 

QEPAS cell. QTF: Quartz Tuning Fork; MR: micro-resonator 

The mR is important because it significantly enhances the QEPAS signal. The mR 

consists of two metallic tubes, and the QTF is positioned between the tubes. It is necessary 

to collimate the QCL beam along the two tubes and pass the gap between two prongs of 

QTF. The optimum condition is that the beam waist is located between the two QTF prongs, 

as shown in Fig 3.4. Therefore, we can obtain the highest power density between the two 

prongs of QTF as well as avoid the QCL beam hitting the QTF potentially leading to 

undesirable photothermal effects. 
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Any contact between the beam and the mR tubes will result in optical noise. Shorter 

mR tube with larger inner diameter is advantageous in facilitating optical alignment of the 

laser beam with the mR and QTF. However, the enhancement factor for QEPAS decreases 

when the inner diameter is too large. In addition, the length of mR is also important. 

 

Figure 3.4 QTF based spectrophones: (a) simplest configuration, (b) improved 

configuration with an acoustic resonator formed by two pieces of rigid tubing. The 

beam waist should be exactly between the two prongs of QTF. 

Analysis of the optimum mR tube size was performed based on standing wave theory: if we 

assume that the two parts of the mR (left and right tubes) can be considered as a single 

tube, neglecting the gap and QTF between them, then each tube should be cut to the 

       ⁄ length, where     is the sound wavelength; if we consider the two parts of mR to 

be independent tubes, then each tube should be      length. Detailed studies [8] show that 

the optimum length is actually between      and      because of the interaction of two 

resonator tubes and acoustic coupling to the QTF. The gap size between the QTF and the 

mR tubes is another critical parameter which has a significant effect on the sensor 

performance. Calibrated 10 ppmv acetylene (C2H2) mixtures with N2 were employed to 

investigate the significance of mR parameters on systematic SNR. Figure 3.5 displays the 
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SNR comparison for several mR tube configurations and different gaps [9]. The mR tubes 

with l = 4.4 mm, ID = 0.6 mm, and gap = 30 μm achieves the optimum SNR.  

 

Figure 3.5 Signal-to-noise ratio as a function of the pressures for different QEPAS 

micro-resonator (mR) configurations. l: length of each mR tube; ID, OD: inner and 

outer diameter of the tube in mm: (a) 3.9 mm long tubes with 50μm gap, (b) 4.4 mm 

long tubes with 50μm gap and bare QTF, (c) 5.1 mm long tubes with 50μm gap;  (d) 

Signal-to-noise ratio as a function of gas pressure for 25 μm, 30 μm and 50 μm gaps 

between the tube facets and the QTF surface. 

3.3 QCL based QEPAS Sensor for H2O2 Detection  

3.3.1 Motivation 

Hydrogen peroxide (H2O2) is an important trace gas species in the atmosphere, and 

sensitive detection of sub-ppb or ppb levels of H2O2 is of interest in atmospheric chemistry 
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applications [10]. H2O2 has been identified as an important atmospheric species, playing a 

major role in the oxidative capacity of the atmosphere and in the balance of HOx radicals 

(OH and HO2).1–3 H2O2 also constitutes a critical oxidant species in the in-cloud oxidation of 

S(IV) to S(VI), which is associated with phenomena such as acid rain formation.1 In addition 

to its environmental relevance, hydrogen peroxide vapor can also be used for the 

sterilization of industrial enclosures in which products such as food, medical equipment 

and drugs can be handled or packaged [11]. Sterilization with hydrogen peroxide vapor is 

widely used in common aseptic packaging plants [12], due to the effective antimicrobial 

activity by H2O2. Detection of elevated levels of H2O2 can be used for early diagnosis of 

diseases such as asthma [13], chronic obstructive pulmonary disease [14], or acute 

respiratory distress syndrome, a severe inflammatory condition with up to 50% mortality 

[15]. 

A sensitive and reliable H2O2 detection system is thus useful for atmospheric 

chemistry research, industrial process monitoring and control, and medical diagnostics. 

The determination of gas-phase H2O2 is typically performed using wet chemistry methods 

including colorimetry after formation of a Ti-H2O2 complex, luminol-based 

chemiluminescence and peroxidase-catalyzed reaction for subsequent quantification by 

fluorescence spectroscopy[16]. However, the transfer from the gas-phase H2O2 to the liquid 

phase for subsequent wet-chemistry based analysis can lead to sampling artifacts and 

interferences by other constituents in the atmosphere. Therefore, a direct measurement of 

gas-phase H2O2 offers inherent advantages. 
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Several optical sensing techniques have been employed for H2O2 detection in the 

gas-phase. Spectrophotometric or spectrofluorometric methods have been commonly 

utilized for the detection of H2O2 in human breath after the creation of a breath condensate, 

which achieve detection limits in the range of a few ppb to a few hundred ppb [17].  H2O2 

detection by kilometer optical path length Fourier transform infrared spectroscopy was 

reported, with estimated detection limits between 40 and 100 ppb [18]. Tunable diode 

laser absorption spectroscopy, combined with a multipass White cell and wavelength-

modulation approach, was applied to measure absorption lines in the v6 fundamental band 

near 1284 cm-1 for the determination of H2O2 in ambient air.  A ppb-level detection limit for 

measurement times of several minutes was achieved [19]. A compact H2O2 sensor platform 

consisting of an astigmatic multipass cell and a quantum cascade laser as the light source 

was demonstrated, showing a detection limit of 15 ppb, while employing several thousands 

of co-added spectra, leading to an acquisition time of longer than one hour [20]. Yi et al. [21] 

studied the photocatalytic decomposition of H2O2 on TiO2 surfaces using CW CRDS at 

6639.89 cm−1. The minimum detectable concentration of H2O2 was estimated to be 160 ppb 

at a pressure of ~ 5 torr after averaging CDRS signals for 1 second. Recently, Foltynowicz et 

al. reported H2O2 trace detection using cavity-enhanced optical frequency comb 

spectroscopy in the mid-infrared wavelength near 3.76 μm [22] to achieve a noise 

equivalent detection limit of 8 ppbv and a detection limit of 130 ppbv in the presence of 2.8% 

of water. 

One of the most robust and sensitive trace-gas optical detection techniques is the 

QEPAS technique. QEPAS has been widely used in the past decade for sensitive and fast 

trace gas detection [23, 24]. It employs a quartz tuning fork (QTF) as a sharply resonant 
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acoustic transducer, instead of a broadband electric microphone used in conventional PAS, 

enabling the detection of weak acoustic waves generated when the modulated optical 

radiation interacts with a trace gas. QEPAS allows performing sensitive measurements in a 

gas sample of a few mm3 in volume, which is suitable for applications requiring a compact, 

lightweight, and low cost sensor architecture. In this work, we developed a QEPAS-based 

sensor system for sensitive H2O2 detection using a CW TEC DFB-QCL operating near 7.73 

μm. This sensor provided unambiguous identification of the H2O2 absorption feature with 

no interference from other atmospheric gases. Calibration techniques also have been 

described and conducted to demonstrate the sampling procedures. The response of the 

QEPAS signals is linear with the H2O2 mixing ratio and a detection limit of 12 ppbv is 

estimated for a 100-sec averaging time. 

3.3.2 Sensor Architecture and Calibration 

A 7.73 μm CW, DFB-QCL mounted in a High Heat Load (HHL) package from Corning 

Inc. was employed in this study. The laser current and temperature were driven by a 

commercial current source (ILX Lightwave, LDX 3220) and a temperature controller 

(Wavelength Electronics, MPT10000), respectively. The DFB-QCL characteristics (emitting 

power and wavelength) at different QCL drive currents and operating temperatures were 

measured using an FTIR, as shown in Fig 3.6. The operating temperature and DC driving 

current of the QCL were set as 25°C and 260 mA to hit the target wavelength at ~1295.55 

cm-1, and the laser output power after ADM was measured to be ~80 mW. A compact 

external mechanical fan was used to remove the heat dissipation from the hot surface of a 

TEC mounted to the QCL housing. A schematic of the QEPAS sensor configuration is 
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depicted in Fig 3.7. A spatial filter consisted of one plano-convex Ge lense L1 (f = 45 mm) 

and one pinhole with a diameter of 200 μm is used to improve the QCL beam quality, as 

shown in Fig 3.8(a).   The pin hole is placed at the focal point of L1 and with a diameter to 

achieve optimum spatial filtering of QCL beam with minimum power loss and suppress   

optical fringes, as shown in Fig 3.8(b). The QCL beam is then directed through  two mR 

tubes and focused between the two prongs of the QTF located inside an ADM, utilizing a 

second plano-convex ZnSe lens L2 (f = 25 mm). An optical power meter (Ophir, model 3A-

SH) was used to monitor the transmitted ADM QCL power for alignment verification. 

 

Figure 3.6 (a) Measured LIV curves of the 7.73 μm HHL-package CW DFB-QCL 

operating at different temperatures; (b) Emission wavelength of the 7.73 μm HHL-

packaged CW DFB-QCL at different operating temperatures and drive currents 

Hydrogen peroxide vapor was prepared and controlled by flowing a carrier gas (N2) 

over a 30% weight-to-weight (w/w) aqueous hydrogen peroxide solution (EMD Millipore, 

USA). In order to obtain H2O2 mixtures with different concentrations, the generated N2, H2O 

and H2O2 vapor mixture was mixed with another stream of pure N2 with flow rates 

controlled by two mass flow controllers (MKS Instruments Inc.) as illustrated in Fig 3.7.  
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Figure 3.7 Schematic of a CW DFB-QCL based QEPAS sensor for hydrogen peroxide 

detection and associated wet chemistry calibration. MFC, mass flow controller; PG, 

pressure gauge; ADM, absorption detection module; CEU, control electronics unit. 

 

Figure 3.8 (a) Schematic of basic filter structure: consists of one focal lens and one 

pinhole; (b) scheme of the dual filter structure 

The combined flow then entered the ADM for QEPAS measurements after passing through 

a 2 meter long Teflon@ tube for thorough mixing. 

Gas sensors are typically calibrated with commercially available calibrated gas 

cylinders, however, hydrogen peroxide is not available as commercial gas cylinder since it 

is unstable and decomposes naturally to water and oxygen. Hence we used a method for 
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H2O2 calibration as that described in Ref [25]. The test gas containing H2O2 vapor was 

bubbled through a water bubbler that captured the H2O2 molecules, enabling the average 

concentration of the H2O2 vapor to be subsequently determined. In the current work, the 

gas flow from the ADM outlet was bubbled through a known volume of deionized water for 

1-2 hrs, with the final concentration determined by titration with potassium permanganate 

(KMnO4). The efficiency of collection is estimated to be > 99%, considering the high 

solubility of H2O2 in water. A 5 ml aliquot obtained from the collected 100 ml H2O2 solution 

was titrated against a known concentration of KMnO4 according to the following reaction: 

5H2O2 + 3H2SO4 + 2KMnO4 → 5O2 + K2SO4 + 8H2O + 2MnSO4,            (3.11) 

from which the total number of moles of H2O2 (nH2O2) in the solution is determined. Hence, 

the average H2O2 vapor concentration (cH2O2) during the entire process is obtained by the 

following equation: 

 H2O2
H2O2

total

n
c

n
   (3.12) 

where ntotal is the total moles of gas mixtures, calculated from the known sample collection 

time and gas flow rate. The connection between the ADM and water bubbler was kept to 

minimum length to reduce the possible breakdown of hydrogen peroxide (2H2O2 → 

2H2O+O2) so that the gas mixtures inside the ADM and into the water bubbler have the 

same H2O2 vapor concentration. Additionally, a needle valve combined with a vacuum 

pump at the outlet of the water bubbler was used to control and maintain the pressure 

inside the ADM. 
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Wavelength modulation spectroscopy (WMS) with second harmonic (2f) detection 

was utilized for sensitive H2O2 measurements. In WMS, a voltage ramp is applied to the 

current drive to scan across the absorption feature of the target gas while a sinusoidal 

dither is applied at half of the QTF resonance frequency (f = f0/2~16.3 kHz). The 

piezoelectric signal generated by the QTF is detected by a custom-designed 

transimpedance amplifier with a 10 MΩ feedback resistor. This amplified signal is 

subsequently demodulated at the QTF resonant frequency to obtain its second harmonic 

component (QEPAS 2f signal) using a custom-built control electronics unit (CEU). The CEU 

has also the function of measuring the QTF parameters (the quality factor Q, dynamic 

resistance R, and resonant frequency f0) and modulating the laser current at the frequency f 

= f0/2. The signals are recorded with a personal computer using a National Instrument data 

acquisition card and LabView software. 

3.3.3 Experimental Results 

The strong absorption lines in the v6 fundamental ro-vibrational band related to the 

O-H asymmetric bend mode of hydrogen peroxide were used in this study for sensitive 

H2O2 detection. The H2O2 absorption band has a strong overlap with that of H2O due to the 

molecular similarity. The HITRAN database [26] was used to identify specific QCL 

frequencies where H2O absorption will not interfere with H2O2. Figure 3.9 (bottom panel) 

presents the specific spectral region of interest near 1295 cm-1, which is simulated for 1 

ppm H2O2 at 296 K and 15 torr. The corresponding QEPAS 2f signal (Figure 3.9, top panel) 

was recorded under the same experimental conditions (296 K and 15 torr). A relatively low 

pressure was chosen in order to obtain resolved spectra. The QCL wavelength was 
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calibrated using a Fourier-transform interferometer in the rapid-scan mode with a 

resolution of 0.125 cm-1. In the same graph (Figure 3.9, top panel) the QEPAS 2f spectral 

scans are plotted that were acquired when pure N2 and standard air were introduced into 

the ADM, respectively. Such a comparison between three spectral scans indicates that this 

wavelength range is free from interference of common air constituents (i.e. H2O, CO2, CO, 

N2O and CH4). 

 

Figure 3.9 Comparison of the measured H2O2 QEPAS signal (top panel) and the 

simulated H2O2 spectra (bottom panel) at P = 15 torr. QEPAS signal was recorded at 

the specific flow rates of MFC1 = 20 sccm, MFC2 = 180 sccm; simulation was 

performed using the HITRAN database [26] for 1 ppm H2O2 in N2. 

Therefore, the H2O2 absorption near 1295.55 cm-1 was selected in this study for QEPAS 

sensor development based on its relative strong absorption strength. 

The total gas pressure, wavelength modulation depth, and the phase of the lock-in 

signal must also be chosen to maximize the QEPAS 2f signal [19]. A combined H2O2/H2O/N2 
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gas flow (MFC1 = 30 sccm, MFC2 = 170 sccm, resulting in a titrated H2O2 mixing ratio of 14 

ppm) was prepared and introduced into the ADM. Figure 3 depicts the pressure-dependent 

QEPAS 2f amplitude near 1295.55 cm-1 at four different modulation depths. It can be seen 

that the 2f amplitude varies significantly with pressure in the range of 80 torr to 190 torr, 

i.e., the 2f amplitude at 80 torr is ~30 times stronger than that at 190 torr when a  

 

Figure 3.10 Measured QEPAS 2f amplitude for a specific H2O2/H2O/N2 mixture (MFC1 

= 30 sccm, MFC2 = 170 sccm, resulting in a titrated H2O2 mixing ratio of 14 ppm) as a 

function of the total gas pressure at four different modulation depths. Inset: a 

representative QEPAS 2f profile using the modulation depth of 0.079 cm-1 and 

pressure of 80 torr. 

modulation depth of 0.079 cm-1 is used. Furthermore, higher 2f amplitude can be achieved 

with a larger modulation depth as shown in Fig 3.10. However, the 2f amplitude reaches a 

quasi-plateau level when the modulation depth is larger than 0.079 cm-1. Hence, a gas 

pressure of 80 torr inside the ADM and a modulation depth of 0.079 cm-1 were selected for 

optimum QEPAS based H2O2 sensing. A representative QEPAS 2f signal for 14 ppm H2O2 is 
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shown in the inset graph of Fig 3.10, along with the recorded background signal (pure N2 

passed through the ADM). 

The QEPAS sensor calibration was performed by passing the gas flow from the ADM 

into the water bubbler as illustrated in Fig 3.7. The H2O2 vapor flow was required to be 

stable during the bubbling process so that the titrated H2O2 concentration can be assigned 

to the measured QEPAS signal. The stability of H2O2 flow was confirmed (within a standard 

deviation of 5%) by scanning the laser wavelength across the selected H2O2 absorption 

feature and measuring the QEPAS 2f amplitude, as shown in Fig 3.11 for two H2O2 gas flow 

streams with different mixing ratios. The averaged QEPAS 2f amplitude as a function of the 

titrated H2O2 concentration (0-55 ppm) is also presented in Fig 3.11 (inset graph). The  

 

Figure 3.11 Measured QEPAS 2f amplitude as a function of time for two H2O2 flow 

streams with different mixing ratios. Inset: the linearity of the QEPAS 2f amplitude to 

the titrated H2O2 vapor concentration. (P = 80 torr, a = 0.079 cm-1) 
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linear fitting gives the R-square value of 0.998, indicating a good linear response of the 

sensor to monitor H2O2 vapor concentrations. For each measurement, the test gas mixture 

was bubbled into water for 1-2 hrs to reach a sufficiently high H2O2 concentration in the 

solution for titration. All experiments were performed at 80 torr inside the ADM and with a 

wavelength modulation depth of 0.079 cm-1. 

The QEPAS sensor was used to test its long-term precision and stability by 

measuring time-varying H2O2 mixtures, as shown in Fig 3.12. The mixing ratios were 

adjusted manually by changing the flow rates of the two mass flow controllers as illustrated 

in Fig 3.7. It took several minutes for the combined flow to reach equilibrium each time 

when the flow rates were changed, which was captured by our sensor (see the inset graph 

in Fig 3.12). The QEPAS sensor reproducibility was tested after 1 hr of continuous 

measurements by detecting H2O2 flows with the same mixing ratios as previous tests #1 

and #3. Excellent agreement was observed for these replicated measurements; see the 

results depicted in Fig 3.12. 

An Allan deviation analysis was performed in order to investigate the long-term 

stability and precision of the H2O2 QEPAS sensor. The results of the Allan deviation √〈  
 〉  

in terms of H2O2 concentration are presented in Fig 3.13. In this case, the center 

wavelength of the QCL was set to monitor the 2f amplitude while pure N2 was passed 

through the sensor system. The Allan deviation at the beginning closely follows a 

 √ ⁄  dependence, which indicates that the white Johnson noise of the QTF remains the 

dominant source of noise for time sequences of 1 to 50 s.  However, the Allan deviation 

experiences a sensitivity drift following the √  dependence when averaging time exceeds 
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Figure 3.12 Recorded QEPAS signal amplitude for seven H2O2 concentration levels 

for different flow mixing ratios. It took 10 minutes for the flow #6 to reach 

equilibrium (see inset graph). 

 

Figure 3.13 Allan deviation plot for time series measurements of pure N2 for the 

QEPAS based H2O2 sensor system. 
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200 s. Thus a stability period of 50–200 s is achieved, and the detection limit can be 

improved from 75 ppbv at 1 sec integration time to 12 ppbv corresponding to a NNEA 

coefficient of 4.6×10-9 cm-1W/Hz-1/2 for an e integration time of 100 sec.  

3.4 QCL based QEPAS Sensor for Atmospheric Methane (CH4) and 

Nitrous Oxide (N2O) Measurements  

3.4.1 Motivation 

CH4 and N2O next to CO2 are the most important greenhouse gases because of their 

global warming potential, with 100-year time horizon global warming potentials of 25 (CH4) 

and 298 (N2O) [27]. The detection of CH4 is also important for pinpointing leaks in gas 

transportation pipelines, and for safety in coalmines. Furthermore, exposure to N2O can 

lead to a short-term decrease in mental performance, audiovisual ability, and manual 

dexterity. N2O is also a processing gas in electronics and medicine [28] as well as in 

aerospace applications [29] and therefore any leaks of N2O during these processes must be 

controlled and monitored. Therefore, the detection of CH4 and N2O at low parts per billion 

(ppb) concentration levels is of great interest in biomedical, industrial, and especially 

environmental monitoring [30,31] 

Several optical sensing techniques have been employed to achieve quantitative and 

selective detection of atmospheric trace gases. QCL based CH4 and N2O detection was 

achieved by using a multi-pass set-up with a detection limit of 7 ppbv and 2 ppbv, 

respectively [32]. Ambient CH4 and N2O monitoring was also performed  using a mid-IR 

difference frequency generation (DFG) laser system combined with a 5 m long Herriot cell. 
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An averaging time of 10 sec is required to achieve ppb-level detection and such sensor 

system is complicated by the DFG laser configuration which requires two diode lasers and 

fiber amplifier [33]. Cavity enhanced absorption spectroscopy (CEAS) based N2O detection 

near 4.5 µm achieved a detection limit of 10 ppbv. [34]. In this technique, a pair of mirrors 

with high-reflectivity (>99.9%) and critical optical alignments were required to achieve 

optimal performance of the CDRS based sensor system. Photoacoustic detection of N2O was 

recently performed using an 8 µm QCL and reached a detection limit of 80-100 ppbv, which 

is not sufficient for environmental monitoring [35]. The QEPAS technique is wavelength 

independent and applicable in spectroscopic measurements ranging from the near infrared 

to the mid infrared. Therefore it is possible for the QEPAS sensor to realize multiple gas 

species detection with one radiation source. In this work, a compact QEPAS sensor was 

developed for CH4 and N2O detection with only one tunable QCL. Minimum 1σ detection 

limits of 13 ppbv and 6 ppbv with 1 second data acquisition time were achieved for CH4 

(1275.04 cm-1) and N2O (1275.49 cm-1), respectively. According to the Environmental 

Protection Agency, landfills constitute the third largest source of CH4 emission in the United 

States.  N2O emission measurements in landfill areas, which were seldom reported, are also 

needed as a function of the environmental conditions within a landfill site and of the 

nitrogen content of the waste being disposed [36]. Considering the importance of CH4 

emissions from landfills and the potential of N2O generation from these waste disposal 

sites, the developed QEPAS sensor was installed in the Aerodyne Research, Inc. mobile 

laboratory (AML) to perform CH4 and N2O atmospheric concentration measurements 

around two urban solid waste disposal sites (WM Atascocita and BFI McCarty) in the Greater 

Houston area during the recent 2013 Houston-based NASA field campaign DISCOVER-AQ 
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(Deriving Information on Surface Conditions from Column and Vertically Resolved 

Observations Relevant to Air Quality, www.discover-q.larc.nasa.gov/science.php). 

3.4.2 Sensor Architecture and Calibration 

The CH4 and N2O QEPAS based sensor architecture is depicted in Fig 3.15. A 7.83 µm 

HHL packaged CW DFB-QCL (AdTech Optics, Part no. HHL-12-25) was used as an excitation 

source. The QCL output power as well as the current and temperature tuning curves were 

measured as shown in Fig 3.14. The DFB-QCL current and temperature tuning coefficients  

 

Figure 3.14 (a) Light intensity (LI) curves of a 7.83 µm CW DFB-QCL (AdTech Optics); 

(b) DFB-QCL emitted wavelengths as a function of injected current at three operating 

temperatures 15°C, 25°C and 35°C. 

were determined to be -0.01 cm-1/mA and -0.11 cm-1/ºC  based on Fig 3.14(b), respectively. 

A spatial filter consisting of a germanium (f=40 mm) as well as a 200 µm pinhole was 

utilized for beam quality enhancement, and a zinc selenide (f=25 mm) plano-convex lens  

http://www.discover-q.larc.nasa.gov/science.php
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Figure 3.15 Schematic of CH4 and N2O QEPAS sensor: Ge Pc L and ZnSe Pc L – plano-

convex lenses, Ph – pinhole, M – mirror,  QTF – quartz tuning fork, mR – acoustic 

micro-resonator, RC – reference cell, PD - pyroelectric-detector. 

was used to focus the filtered beam into the ADM. A 5 cm long reference cell (Wavelength 

reference, Inc) filled with a calibrated 0.5% CH4 and 1% of N2O at 100 Torr as well as a 

pyroelectric-detector were employed for line locking measurement. The entire optical 

system was mounted on a platform with dimensions of 30 cm×15 cm. 

The high resolution transmission (HITRAN) program and database were used to 

simulate absorption spectra accessible in the emitted wavelength range of the 7.83 µm CW 

TEC DFB-QCL. Figure 3.16 shows the gas absorption spectrum within the laser tuning 

range for a mixture of 1.8 ppmv of CH4, 320 ppbv of N2O, 400 ppbv of CO2 and 2% of H2O at 

130 Torr and for an optical pathlength of 1 m. 
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Figure 3.16 HITRAN simulation of CH4 and N2O absorption spectra in the 7.83 µm 

wavelength range (P=130 Torr, L=1 m). Atmospheric H2O and CO2 have negligible 

absorption within this range. 

Interference free CH4 and N2O rotational-vibrational absorption lines located at 

1275.04 cm-1 and 1275.49 cm-1 were targeted for sensitive and accurate QEPAS 

measurements, respectively. The detection of CH4 and N2O absorption lines was realized by 

stabilizing the QCL’s operating temperature at 21.5°C and tuning the drive current from 

430 to 500 mA. The QEPAS signal amplitude for a slowly relaxing molecule such as CH4 or 

N2O is dependent on the vibrational-translational (V-T) relaxation rate. Hence the addition 

of water vapor to the analyzed gas mixture helps to efficiently improve the V-T process, 

thus enhancing the 2f signal. In this work, a commercial permeation tube (Perma Pure 

model MH-110-24F-4), which was immersed inside a water circulating bath (LAUDA-

Brinkmann, LP., RM6), was utilized to maintain the water concentration in the analyzed gas 

mixture and  enhances the QEPAS signal amplitude by ~3 times. Further discussion of this 
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technique can be found in Ref [37].  

Four different measurements were realized, starting by determining the QEPAS 

sensor baseline by acquiring a complete scan when the ADM was filled with pure N2, 

subsequently detecting the targeted molecules in ambient air, and finishing with using 

calibrated gas mixtures of 1 ppmv CH4 and 1.8 ppmv N2O, respectively. The pressure inside 

the ADM was set to 130 Torr. CH4 and N2O mixing ratios were detected with output power 

from the DFB-QCL that exceeds 120 mW inside the ADM and their 2f signals are presented 

in Fig 3.17. The ambient CH4 and N2O concentration in the laboratory were calculated to be 

1.8 ppmv and 331 ppbv respectively based on measurements shown in Fig 3.17, for the CH4 

and N2O absorption lines located at 1275.04 cm-1 and 1275.49 cm-1. The 1σ minimum 

detection limits of CH4 and N2O were determined to be 13 ppbv and 6 ppbv with a 1 second 

data acquisition time, respectively. 

The linear response of the QEPAS sensor, depicted in Fig 3.18, was investigated by 

measuring the 2f QEPAS signal at different CH4 concentration levels in the ADM (i.e. 1000, 

500, 250, 125 and 62.5 ppbv). Lower CH4 concentrations were obtained by diluting the 

calibrated 1 ppmv CH4 gas mixture with a commercial gas dilution system. These 

measurements were realized using a 3f reference channel and locking the DFB-QCL 

emitting wavelength to the peak of the CH4 absorption line located at 1275.04 cm-1 

(T=21.5°C; I=492 mA). A feedback loop is used to eliminate any laser frequency drift 

caused by DFB-QCL current or/and temperature variations. The linear response of the 

QEPAS signal amplitude for different CH4 concentration levels is depicted in Fig 3.18. The 

R-square value for linear fitting is >0.99 and the maximum standard error between the 

measured and the calculated CH4 concentration is 3.2% at 62.5 ppb based on the linear  
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Figure 3.17 2f QEPAS signals of CH4 and N2O: in ambient air (green curve), from a 

moisturized 1.8 ppmv mixture of N2O in N2 (red curve) and 1 ppmv of CH4 in N2 

(black curve). The QEPAS sensor baseline is represented by dotted blue curve. Total 

gas pressure for 4 scans was P=130 Torr. 

 

Figure 3.18 QEPAS signal amplitude and standard error (inset graph) as function of 

the CH4 concentration. 
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equation,  shown in the inset of Fig 3.18. The stability of the QEPAS sensor was studied by 

monitoring different CH4 concentration levels during 1h while operating the sensor in the 

3f line-locking mode. The measurements are presented in Fig 3.19. 

 

Figure 3.19 Continuous monitoring of calibrated CH4 concentration levels. 

The CH4 QEPAS signal amplitude remains stable for different CH4 mixing ratios. The QEPAS 

sensor reproducibility was tested after 45 minutes of continuous measurements by 

detecting 1 ppmv of CH4. These measurements indicate both the stability and robustness of 

the reported DFB-QCL based QEPAS sensor system. 

3.4.3 Atmospheric CH4 and N2O Measurements  

Atmospheric CH4 and N2O mixing ratios were measured during the September 2013 

Houston-based NASA field campaign DISCOVER-AQ. The developed QEPAS sensor was 

installed in the AML to perform CH4 and N2O atmospheric concentration measurements. A 
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water cooling system and a high capacity cup mount (dB Engineering, Inc.; slm 1A) were 

added to the QEPAS sensor, in order to maintain the QCL temperature at 21.5 °C 

(Temperature in the AML van ranged between 26°C and 34°C.) and to isolate the system 

from vibrations induced by road bumps, respectively. The specific characteristics of the 

AML and its previous monitoring activities are described elsewhere [38]. Two urban solid 

waste disposal sites, WM Atascocita and BFI McCarty landfills, were selected to perform 

atmospheric CH4 and N2O measurements on three dates: September 7, 10, and 26, 2013. 

During these measurements, the wind direction was predominantly East North-East (ENE) 

with an average wind speed of 3 mph. The starting point of the AML was Channelview, TX 

located in the eastern part of the Greater Houston area. First, all the sensor parameters, 

shown in Table 3.1, were set in order to determine and optimize the 2f QEPAS sensor signal.  

Atmospheric CH4 or N2O measurements started when the AML van approached a specific 

landfill site (i.e., WM Atascocita or BFI McCarty) and continued as the AML circled the 

landfill and stopped at several arbitrary locations along its perimeter. 

 

Table 3.1 CH4 and N2O QEPAS sensor parameters 

The targeted CH4 and N2O absorption lines are located at 1275.04 cm-1 and 1275.49 

cm-1, respectively. In this wavenumber range, the CH4 and N2O absorption line strengths 

are weak (SCH4= 3.729x10-20 cm-1/(molecule/cm-2), SN2O = 1.407x10-19 cm-1/(molecule/cm-

2)). However, employing an intense laser excitation source in the QEPAS sensor system, an 

Date 
Targeted gas 

molecule 
Landfill 

DFB-QCL 

Temperature 

DFB-QCL 

Current scanning 

range 

DFB-

QCL 

Power 

Amplitude 

of 

modulation 

Pressure 

inside the 

ADM 

09/07/2013 CH4 (1275.04 cm-1) Atascocita 21.5°C 485 mA—498 mA 158 mW 4 mA 130 Torr 

09/10/2013 CH4 (1275.04 cm-1) BFI McCarty 21.5°C 485 mA—498 mA 158 mW 4 mA 130 Torr 

09/26/2013 N2O (1275.49 cm-1) BFI McCarty 21.5°C 437 mA—448 mA 123 mW 4 mA 130 Torr 
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excellent detection limit can be achieved as described in Section 3.4.3. 2f QEPAS signals of 

atmospheric CH4 and N2O were measured and optimized prior to beginning continuous  

 

Figure 3.20 2f QEPAS signal of atmospheric CH4 and N2O at Channelview, TX 77530 

(starting point of AML field trip measurements) for CH4 on September 7th, 2013 and 

for N2O on September 26th, 2013. The pressure inside the ADM of the QEPAS based 

sensor was set to P=130 Torr. 

measurements at Channelview, in terms of the QTF calibration (f0 and Q), amplitude of 

modulation, and current scanning range by using the control electronics unit (CEU) and an 

internally developed LabView program. The optimized 2f QEPAS signals of atmospheric 

CH4 and N2O are depicted in Fig 3.20, which correspond to 1.8 ppmv and 323 ppbv 

concentrations, respectively. After the optimization step, we performed CH4 or N2O 

continuous measurements in a 3f line-locking mode. This mode is activated by integrating a 

5 cm-long reference cell (Wavelength Reference, Inc.) filled with a calibrated content of 0.5% 

CH4 and 1% N2O at 100 Torr and a pyroelectric-detector into the QEPAS sensor. 

On September 7 2013, atmospheric CH4 measurements at and around the WM 

Atascocita landfill were carried out. These measurements were performed from 12:00 pm 
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to 16:28 pm central daylight time (CDT) as shown in Fig 3.21. The CH4 mixing ratio 

remained stable at 1.8 ppmv, until the AML van approached the WM Atascocita, TX landfill  

 

Figure 3.21 CH4 mixing ratios at and around the WM Atascocita, TX 77396 landfill on 

September 7th, 2013. 

at ~ 14:10 pm, when a CH4 plume of 10 ppmv was detected. The highest CH4 plumes 

(mixing ratios of 53 ppmv, 14 ppmv, and 25 ppmv) were generated by waste trucks passing 

close to the AML.  

The second AML trip, as shown in Fig 3.22, started by first optimizing the QEPAS 

sensor system parameters and subsequently performing atmospheric CH4 measurements 

at and around the BFI McCarty landfill, TX 77078 on September 10, 2013. These 

measurements were performed between ~8 am and noon CDT. The average CH4 mixing 

ratio detected near the BFI McCarty landfill was ~ 5 ppmv based on averaging over 

measurements from 10:10 am until 11:40 am, while the highest mixing ratios observed, 16 

ppmv and 27 ppmv, were related to waste trucks passing near the AML.  
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The third AML trip, shown in Fig 3.23, was based on monitoring atmospheric N2O 

levels in the atmosphere around the BFI McCarty landfill on September 26, 2013. The 

measurements were performed between 10:15 am and 12:00 pm CDT. The N2O level 

remained stable at its natural abundance near 323 ppbv. However, when waste trucks 

passed close to the AML at two different times, 10:37 am and 10:52 am, two spikes of N2O 

were observed clearly, corresponding to 333 ppbv and 336 ppbv, respectively. 

Furthermore, mixing ratios of approximately 350 ppbv of N2O were detected while the 

AML was circling the landfill from 11:22 am to 11:32 am. 

The QEPAS measured concentrations were compared with values obtained by an 

ultra-sensitive QCL based multi-pass gas cell sensor system [39], which was also installed 

in the AML van during the in-situ monitoring of CH4 and N2O, to verify the precision and 

stability of our QEPAS sensor. The two types of sensors yield the same CH4 and N2O 

concentrations within < 5% difference, thus verifying the precision and stability of the 

reported QEPAS sensor. Enhancements of ~8 ppmv of CH4 and ~30 ppbv of N2O compared 

 

Figure 3.22 CH4 mixing ratios around the BFI McCarty landfill, TX 77078 on 

September 10th, 2013. 
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Figure 3.23 N2O mixing ratios at and around the BFI McCarty landfill on September 

26th, 2013. 

to their natural abundances were detected when the AML was next to the landfills or 

circling them at a distance of ~200 m. Due to dilution, mixing ratios decreased to 

background levels when the circling distance exceeded ~400 m. Furthermore, the sensor 

clearly detected enhanced CH4 and N2O as a result of waste trucks driving close to the AML. 

An ultra-compact QCL based QEPAS CH4 and N2O sensor system is planned and will be 

based on integrating novel surface mounted digital electronics in order to reduce the size 

of the sensor system. In addition, the data acquisition system and the QCL controllers will 

be designed so as to allow the simultaneous detection of atmospheric CH4 and N2O. 
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CHAPTER 4 

CONCLUSIONS 

 Laser-spectroscopy has become a widely utilized method for trace gas detection in 

various applications including environmental monitoring, biomedical diagnosis, and 

industrial control [1-3]. The performance of spectroscopic sensor systems is highly related 

with the characteristics of the laser source. The mid-infrared spectral region is commonly 

termed as the fingerprint region of molecules due to the distinct line shape and strong line 

strength. Therefore, the emergence of QCLs greatly improved the selectivity and sensitivity 

of spectroscopic sensors due to their superior performance in mid-infrared spectral region. 

In this work, QCL based spectroscopic sensor systems were developed utilizing TLAS and 

QEPAS techniques. A TLAS sensor was developed using a 5.26 μm CW TEC DFB-QCL for 

detecting NO emission from biological samples. A detection limit of 505 pptv with a 1 

second data acquisition time was acquired by using WMS technique and a 100 m MPC. 

QEPAS technique was one of the most compact, rapid, and sensitive spectroscopic 

technique [4-6]. It can realize photoacoustic detection with very small gas sample volume 

(a few mm3) by using a QTF as the high Q-factor and sharply resonant acoustic transducer. 

QEPAS sensor systems were developed for H2O2 detection and CH4/N2O measurements 

with two CW TEC DFB-QCLs emitting at 7.73 μm and 7.83 μm, respectively. Calibration of 
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the H2O2 sensor was performed by employing a titration method to determine the average 

vapour concentration after collecting all the molecules with a water bubbler. The achieved 

minimum detection limit of the developed H2O2 QEPAS sensor was 12 ppbv with an 

averaging time of 100sec, which corresponds to a NNEA coefficient of -9
4.6 10  cm-1W/Hz-

1/2.  The QEPAS sensor, which used a 7.83 μm CW TEC DFB-QCL as the excitation source, 

was capable to detect two gas species namely CH4 and N2O because of the two strong 

absorption lines of CH4 and N2O located at 1275.04 cm-1 and 1275.49 cm-1 in the QCL’s 

tuning spectral region. Line lock-in and self-calibration techniques were implemented to 

the CH4/N2O QEPAS sensor to accommodate for long term measurements. Detection limits 

of 13 ppbv and 6 ppbv can be achieved for CH4 and N2O with a 1 second data acquisition 

time, respectively.   
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