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Environmental Monitoring
Å Air pollution monitoring
Å Detection of toxic gases
Å Eco-sustainability

Industrial process control
Å Chemical analysis
Å Monitoring combustion 

processes
Å Quantification of gas leaks 

Law Enforcement 
Å National Security 
Å Defense

Health Sciences
Å Breath analysis
Å Biomedicine

TRACE GAS SENSING 
APPLICATIONS

Wide Range of Applications



Trace gas 

in atmosphere



7.3Ketosis, diabetes mellitusC3H6O Acetone

10.6Oxidative stress, cancerC2H4Ethylene

4.7
Smoking response, lipid peroxidation, CO 

poisoning, vascular smooth muscle response
COCarbon Monoxide

7.9Airway inflammation, oxidative stress (1-5 ppbv)H2O2Hydrogen Peroxide

5.3

Nitric oxide synthase activity, inflammatory and 

immune responses (e.g. asthma) and vascular 

smooth muscle response (6-100 ppb)

NONitric Oxide

5.7Cancerous tumors (400-1500 ppbv)CH2O Formaldehyde

10.3Liver and renal diseases, exercise physiologyNH3Ammonia

6.5Disulfiram treatment for alcoholismCS2Carbon Disulfide

4.8
Liver disease, acute rejection in lung transplant 

recipients (10-500 ppbv)
COSCarbonyl Sulfide

4.4
Helicobacter pylori infection (peptic ulcers, 

gastric cancer)
13CO2/

12CO2

Carbon Dioxide 

isotope ratio

6.8
Lipid peroxidation and oxidation stress, lung 

cancer (low ppbv range)
C2H6Ethane

6.8Inflammatory diseases, transplant rejectionC5H12Pentane
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Sensitivity Enhancement Techniques for Gas detection 

Å Optimum Molecular Absorbing Transition
Á Overtone or Combination Bands (NIR)

Á Fundamental Absorption Bands (MID-IR)

Å Long Optical Pathlength
Á Multipass Absorption Cell (White, Herriot, Chernin)

Á Cavity Ringdown and Cavity Enhanced Spectroscopy

Á Open Path Monitoring (with & without retro-reflector): 

Standoff and Remote Detection 

Á Fiberoptic Evanescent Wave Spectroscopy

Å Efficient Spectroscopic Detection Schemes
Á Frequency or Wavelength Modulation

Á Balanced Detection

Á Zero-air Subtraction

Á Photoacoustic Spectroscopy

Á Laser Induced Breakdown Spectroscopy  (LIBS)



NO: 5.26 mm

CO: 4.66 mm CH2O: 3.6 mm

NH3: 10.6 mm O3: 10 mm

N20, CH4: 7.66 mm

CO2: 4.2 mm

CH4: 3.3 mm

COS: 4.86 mm

12.5 ɛm 7.6 ɛm

3.1 ɛm5.5  ɛm

Molecular Absorption Spectra within the two Mid-IR 

Atmospheric Windows

Source: HITRAN 2000 database



Laser Sources and Wavelength Coverage



CW IR Source Requirements for Gas Sensing

REQUIREMENTS

Sensitivity (% to ppt)

Selectivity (Spectral Resolution)

Multi -gas Components, Multiple 

Absorption Lines and Broadband 

Absorbers

Directionality or Cavity Mode 

Matching

Rapid Data Acquisition

Room Temperature Operation

Field deployable in harsh 

environments

IR  LASER SOURCE

Optimum Wavelength, Power

Stable Single Mode Operation and 

Narrow Linewidth

Mode Hop-free Wavelength

Tunability

Beam Quality

Fast Time Response

High wall plug efficiency, no 

cryogenics or cooling water

Compact & Robust



Key Characteristics of mid-IR QCL Sources - Sept 2014 

Å Band ïstructure engineered devices
(Emission wavelength is determined by layer thickness ïMBE or 
MOCVD);  mid-infrared QCLs operate from 3 to 24 mm 
(AlInAs/GaInAs)

Á Compact, reliable, stable, long lifetime, and commercial availability 
Á Fabry-Perot (FP),  single mode (DFB) and multi-wavelength devices

Å Wide spectral tuning ranges in the mid-IR
(4-24 mm for QCLs Type I) and 3-5 mm for ICLs (Type II) and GaSb based 
ICLs 

Á 1.5 cm-1 using injection current control for DFB devices

Á 10-20 cm-1 using temperature control for DFB devices 
Á > 500 cm-1 using an external grating element and FP chips with 

heterogeneous cascade active region design; also QCL DFB Array 

Å Narrow spectral linewidths                                                               

Á CW: 0.1 - 3 MHz & <10KHz with frequency stabilization (0.0004 cm-1) 
Á Pulsed: ~ 300 MHz 

Å High pulsed and cw powers of QCLs  at TEC/RT 
temperatures

Á Room temperature pulsed and CW powers of  > 190 W and 5 W 

respectively

Á > 2W, TEC CW DFB @ 5  mm 

Á wall plug efficiency of ~23 % at 4.6 µm;

4 mm



Quartz Enhanced 

Photoacoustic Spectroscopy



The physics of opto-acoustic/thermal trace 

gas detection 

The detection of trace gases is based on the interaction between 



Quartz enhanced Photoacoustic Spectroscopy 

(QEPAS)



Merits of QEPAS based Trace Gas Detection

ÅVery small sensing module and sample volume (a few mm3)

ÅExtremely low dissipative losses

ÅOptical detector is not required
ÅWide dynamic range

Å Immune to environmental acoustic noise, 

sensitivity is limited by the fundamental 

thermal TF noise: kBT energy in the TF symmetric 

mode

QEPAS: some technical challenges 

ÅSensitivity scales with laser power

ÅCross sensitivity issues

ÅAlignmentcost

Å Responsivitydependson themolecularenergy

transferprocesses

The gas system has to relax all the excess 

energy before the next laser pulse arrive

http://www.google.it/url?sa=i&rct=j&q=quartz+tuning+fork+images&source=images&cd=&cad=rja&docid=vHf6NgOgZ44jbM&tbnid=sR58JYjfKPhsHM:&ved=0CAUQjRw&url=http://www.physik.uni-regensburg.de/forschung/giessibl/neu/research/qplus-sensor_e.phtml&ei=wnCPUe-TK4G1PfC-gegM&bvm=bv.46340616,d.ZGU&psig=AFQjCNG_IfRgaIG3AFba1GIazrntnQpuYA&ust=1368441288127772
http://www.google.it/url?sa=i&rct=j&q=quartz+tuning+fork+images&source=images&cd=&cad=rja&docid=vHf6NgOgZ44jbM&tbnid=sR58JYjfKPhsHM:&ved=0CAUQjRw&url=http://www.physik.uni-regensburg.de/forschung/giessibl/neu/research/qplus-sensor_e.phtml&ei=wnCPUe-TK4G1PfC-gegM&bvm=bv.46340616,d.ZGU&psig=AFQjCNG_IfRgaIG3AFba1GIazrntnQpuYA&ust=1368441288127772


Molecule  

(Target analyte) 

Frequency   

cm-1 

Pressure 

Torr  

NNEA 

cm-1W/Hz-1/2 

Power    

mW 

NEC   

ppm 

QEPAS system IT  

(s) 

Ref.  

NH3 (exhaled air) 

Ammonia 

6528.76 90 8·10-9 7 5 On-beam 1 26 

CO2 (exhaled air) 

Carbon dioxide 

6514.25 90 10·10-9 5.2 890 On-beam 1 26 

H2CO (air) 

Formaldehyde 

2832.48 200 2.2·10-8 3.4 0.55 On-beam 1 28 

N2O (air+5%SF6) 

Nitrous oxide 

2195.63 50 1.5·10-8 19 0.007 On-beam 1 29 

CO2 (air+1. 2%H2O) 

Carbon dioxide 

4991.26 50 1.4·10-8 4.4 18 On-beam 1 31 

HCN (air+50% RH) 

Hydrogen cyanide 

6539.11 60 4.6·10-9 50 0.155 On-beam 1 32 

CO2 (N2+1.5%H2O) 

Carbon dioxide 

4991.26 50 1.4·10-8 4.4 18 On-beam 1 33 

H2O (N2) 

Water 

7306.75 60 1.9·10-9 9.5 0.09 On-beam 1 34 

H2CO (N2:75% RH) 

Formaldehyde 

2804.90 75 8.7·10-9 7.2 0.12 On-beam 1 34 

C2H5OH (N2) 

Ethanol 

1934.2 770 2.2·10-7 10 90 On-beam 1 34 

C2HF5 (Freon125) 

Pentafluoroethane 

1208.62 770 7.9·10-9 6.6 0.009 On-beam 1 25 

C2H4 (N2) 

Ethylene 

6177.07 770 5.4·10-9 15 1.7 On-beam 0.7 94 

NO (N2 humidified) 

Nitric oxide 

1900.08 250 7.5·10-9 100 0.005 On-beam 1 60 

H2S (N2) 

Hydrogen sulfide 

6357.63 780 5.6·10-9 45 5 On-beam 1 39 

C2H2 (N2) 

Acetylene 

6529.17 770 3.3·10-9 37 0.085 On-beam 1 40 

NH3 (air humidified) 

Ammonia 

967.35 130 / 24 0.006 On-beam 1 41 

CO (N2+2.6%H2O) 

Carbon monoxide 

2169.2 760 1.61·10-8 400 0.0015 On-beam 1 45 

N2O (N2+2.6%H2O) 

Nitrous oxide 

2169.6 100 2.91·10-9 400 0.023 On-beam 1 45 

CH4 (N2) 

Methane 

2958.23 770 4.06·10-9 1 0.1 On-beam 12 47 

C2H2 (N2) 

Acetylene 

6523.88 720 4.1·10-9 57 0.03 On-beam 1 48 

HCl (N2) 

Hydrochloric acid 

5739.26 760 5.2· 10-8 15 0.7 On-beam 1 49 

SO2 (N2+2.4%H2O) 

Sulfur dioxide 

1380.94 100 2.0· 10-8 40 0.1 On-beam 1 50 

C2H6 (N2) 

Ethane 

2990.08 150 7.0· 10-7 217 0.025 On-beam 3 95 

O2 (N2) 

Oxygen 

13099.3 158 4.74·10-7 1228 13 On-beam 1 96 

O3 (air) 

Ozone 

35087.7 700 3.0 · 10-8 0.8 1.27 off-beam 1 58 

SF6 

Sulfur hexafluoride  

948.62 75 2.7 · 10-10 18 5·10-5 fiber-coupled 1 66 

QEPAS Performance for Trace Gas Species (1) 
P. Patimisco, G. Scamarcio, F.K. Tittel and V. Spagnolo, ñQuartz-enhanced photoacoustic spectroscopy: a

reviewò,Sensors, 14, 6165-6206 (2014)
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Molecule  

(Target analyte) 

Frequency   

cm-1 

Pressure 

Torr  

NNEA 

cm-1W/Hz-1/2 

Power    

mW 

NEC   

ppm 

QEPAS system IT  

(s) 

Ref.  

H2S (N2) 

Hydrogen sulfide 

6357.63 780 5.6·10-9 45 5 On-beam 1 39 

C2H2 (N2) 

Acetylene 

6529.17 770 3.3·10-9 37 0.085 On-beam 1 40 

NH3 (air humidified) 

Ammonia 

967.35 130 / 24 0.006 On-beam 1 41 

CO (N2+2.6%H2O) 

Carbon monoxide 

2169.2 760 1.61·10-8 400 0.0015 On-beam 1 45 

N2O (N2+2.6%H2O) 

Nitrous oxide 

2169.6 100 2.91·10-9 400 0.023 On-beam 1 45 

CH4 (N2) 

Methane 

2958.23 770 4.06·10-9 1 0.1 On-beam 12 47 

C2H2 (N2) 

Acetylene 

6523.88 720 4.1·10-9 57 0.03 On-beam 1 48 

HCl (N2) 

Hydrochloric acid 

5739.26 760 5.2· 10-8 15 0.7 On-beam 1 49 

SO2 (N2+2.4%H2O) 

Sulfur dioxide 

1380.94 100 2.0· 10-8 40 0.1 On-beam 1 50 

C2H6 (N2) 

Ethane 

2990.08 150 7.0· 10-7 217 0.025 On-beam 3 95 

O2 (N2) 

Oxygen 

13099.3 158 4.74·10-7 1228 13 On-beam 1 96 

O3 (air) 

Ozone 

35087.7 700 3.0 · 10-8 0.8 1.27 off-beam 1 58 

SF6 

Sulfur hexafluoride  

948.62 75 2.7 · 10-10 18 5·10-5 fiber-coupled 1 66 

N2H4 (N2) 

Hydrazine 

6570.00 700 / 62 1 MOCAM 1 67 

 

NIRVIS

QEPAS Performance for Trace Gas Species (2) 

Mid-IR

P. Patimisco, G. Scamarcio, F.K. Tittel and V. Spagnolo, ñQuartz-enhanced photoacoustic spectroscopy: a

reviewò,Sensors, 14, 6165-6206 (2014)



Gas sensing techniques performances (Mid-IR)

Figure 19. NNEA for categories of gas detection techniques as a function of optical path-length. Key: BB-

CEASð broadband cavity-enhanced spectroscopy, CRDSðcavity ring-down spectroscopy, OA-ICOSðoff-

axis integrated cavity output spectroscopy, OF-CEASðoptical feedback cavity-enhanced absorption

spectroscopy, NICE-OHMSðnoise-immune cavity-enhanced optical heterodyne spectroscopy, PAS

photoacoustic spectroscopy, QEPASðQuartz-enhanced photoacoustic spectroscopy.




