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Neon Ne 1.818%10 "% (18.18 ppm) v?
Helium He 5.24%107%% (5.24 ppm) 107 years v
{Methane CH 1.79% 10 %% (1.79 ppm) 10 years| v | v
| Krypton Kr 1.14x107"% (1.14 ppm) v
W Hydrogen Hs 5.3 1()-"“«3 (0.53 ppm) 2years| v | ¥ (2):
Nitrous oxide N.O 3.25%10% (0.325 ppm) 150 years| v | v
«|Carbon-monoxide |CO 5-25%10""% (0.05-0.25 ppm) 0.2-0.5year| v | v
Xenon Xe 8.7%10 "% (0.087 ppm)
Ozone (8F 1-5x107% (0.01-0.05 ppm) | weeks - months v
Nitrogen-dioxide NO; 0.1-5%10"% (0.001-0.05 ppm) 8-10days| v | v | ¥
Ammonia NH;3 0.01-1%10"% (0.0001-0.01 ppm) S5days| v | v
Sulphur-dioxide SO, 0.003-3x107% (0.03-30%x10" ppm) ~2 days v|v|v
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Trace gas
in breath

™ e Center
Molecule Formula Biological/Pathology Indication wavelength
[em]
Pentane CH,, Inflammatory diseases, transplant rejection 6.8
Ethane C,H, Lipid peroxidation and oxidation stress, lung 6.8
cancer (low ppbv range)
Carbon Dioxide i i i i
. . 15C0,/12CO, Hellcpbacter pylori infection (peptic ulcers, a.4
isotope ratio gastric cancer)
. Liver disease, acute rejection in lung transplant
Carbonyl Sulfide CcOos recipients (10-500 ppbv) 4.8
Carbon Disulfide Cs, Disulfiram treatment for alcoholism 6.5
L~
(immoniD NH, Liver and renal diseases, exercise physiology 10.3
Formaldehyde CH,O Cancerous tumors (400-1500 ppbv) 5.7
Nitric oxide synthase activity, inflammatory and
Nitric Oxide NO immune responses (e.g. asthma) and vascular 5.3
smooth muscle response (6-100 ppb)
Hydrogen Peroxide H,O, Airway inflammation, oxidative stress (1-5 ppbv) 7.9
Carbon Monoxide co Srr_loklr?g response, lipid peroxidation, CO 4.7
poisoning, vascular smooth muscle response
Ethylene C,H, Oxidative stress, cancer 10.6
Acetone C;HO Ketosis, diabetes mellitus 7.3




Sensitivity IEnhancement:fechnigues fors Gasdetec

A

A

Optimum Molecular Absorbing Transition
A Overtone or Combination Bands (NIR)
A Fundamental Absorption Bands (MIB)

Long Optical Pathlength

A Multipass Absorption Cell (White, Herriot, Chernin)

A Cavity Ringdown and Cavity Enhanced Spectroscopy

A Open Path Monitoring (with & without retneflector):
Standoff and Remote Detection

A Fiberoptic Evanescent Wave Spectroscopy

Efficient Spectroscopic Detection Schemes
\ Frequency or Wavelength Modulation

Balanced Detection

Zero-air Subtraction

Photoacoustic Spectroscopy

Laser Induced Breakdown Spectroscopy (LIBS)
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Laser SourcesnandavelengthvCoverage
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CW IR SaureeReqguirements-fon Gas Se
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REQUIREMENTS

IR LASER SOURCE

Sensitivity (% to ppt)

Optimum Wavelength, Power

Selectivity (Spectral Resolution)

Stable Single Mode Operation and
Narrow Linewidth

Multi -gas Components, Multiple
Absorption Lines and Broadband
Absorbers

Mode Hop-free Wavelength
Tunability

Directionality or Cavity Mode
Matching

Beam Quality

Rapid Data Acquisition

Fast Time Response

Room Temperature Operation

High wall plug efficiency, no
cryogenics or cooling water

Field deployable in harsh
environments

Compact & Robust




Key Chatacterstics fofhitR QCL Soutces Sept’2014

A Bandi structure engineered devices
(Emission wavelength is determined by layer thickrieSHBE or
MOCVD); mid-infraredQCLs operate from 3 to 24m
(AllnAs/GalnAs)

A Compact, reliable, stable, long lifetime, and commercial availabilit
A FabryPerot (FP), single mode (DFB) and muwlvelength devices

A Wide spectral tuning ranges in the midIR

(é—24 mm for QCLs Type 1) and-3 nm for ICLs (Type Il) and GaSb based
ICLs

A 1.5 cm! using injection current control for DFB devices

A 10-20 cm! using temperature control for DFB devices
A >500 cmtusing an external grating element and FP chips with
heterogeneous cascade active region design; also QCL DFB Array

A Narrow spectral linewidths -
:

A CW: 0.1- 3 MHz & <10KHz with frequency stabilization (0.0004 &n |
A Pulsed: ~ 300 MHz

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

respectively

A >2W, TEC CW DFB @ 51m
A wall plug efficiency of ~23 % at 4.6m;
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The physics of opto-acoustic/thermal trace
gas detection

The detection of trace gases Is based on the interaction between

@ optical radiation: a laser source

@ gas molecules: absorb light only
at certain wavelengths
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Photoacoustic Spectroscopy (PAS)
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Optothermoacoustic Detection



Quarntz enhhancedhBhotoacoustic Spectiescop
(QEPAS)

@ Optical radiation is focused between the tines of a tuning fork.

@ Trace gases absorb optical energy at characteristic frequencies.

@ A diffusion (heat) wave can be generated by modulating this interaction.
@ Resonant mechanical vibration is excited by the diffusion wave.

@ The mechanical vibration is converted to an electrical current.

@ The concentration of the trace gas is proportional to the signal strength.

gas target traces . ,
Light Source

Current signal Eigenmode
of vibration



Merits of QEPAS hasedrirace: Gastf2etection

A Very small sensing module and sample volume (a few)mm
A Extremely low dissipative losses

A Optical detectoris:notagquired

A Wide dynamic range

A Immune to environmental acoustic noise,
sensitivity is limited by the fundamental
thermal TF noiseT energy in the TF symmetri 4= ’/
mode T

QEPAS: some technical challenges a

A Sensitivity scales with laser power
A Cross sensitivity issues
A Alignmentcost
A Responsivitgepend®nthe molecularenergy
transferprocesses
The gasssystemdas to/relax alltheexcdil

energyheioreihe nexulasenpulse-anrive

f() s (anl()tr'elax)z
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QEPAS Performance for Trace Gas Species (1)

P. Patimisco, G. Scamarcio, F.K. Tittel and V. Spagnolo, iQuartz-enhanced photoacoustic spectroscopy: a
r evi &ensors, 14, 6165-6206 (2014)

Molecule Frequency  Pressure NNEA Power NEC QEPAS system IT Ref.
(Target analyte) cnrt Torr cnrw/Hz 12 - MW ppm (s)
& NHs(exhaled air) 6528.76 90 8-10° 7 5 On-beam 1 26
Ammonia
CO: (exhaled air) 6514.25 90 10-10° 5.2 890 Onbeam 1 26
Carbon dioxide
o H2CO (air) 2832.48 200 2.2.10% 3.4 0.55 On-beam 1 28
Formaldehyde
® N0 (air+5%Sk) 2195.63 50 1.510°8 19 0.007 On-beam 1 29
Nitrous oxide
© CO: (air+1. 2%H0) 4991.26 50 1.4-108 4.4 18 On-beam 1 31
Carbon dioxide
@ Hen (air+50% RH) 6539.11 60 4.6:10° 50 0.155 On-beam 1 32
Hydrogen cyanide
8 COx(N2+1.5%H0) 4991.26 50 1.4.10% 4.4 18 On-beam 1 33
Carbon dioxide
() H20 (N2) 7306.75 60 1.9.10° 9.5 0.09 On-beam 1 34
Water
H2CO (N2:75% RH) 2804.90 75 8.7-10° 7.2 0.12 On-beam 1 34
Formaldehyde
() C2HsOH (N2) 1934.2 770 2.2.107 10 90 On-beam 1 34
Ethanol
() C2HFs (Freon125) 1208.62 770 7.910° 6.6 0.009 On-beam 1 25
Pentafluoroethane
C2Ha (N2) 6177.07 770 5.410° 15 1.7 On-beam 0.7 94
Ethylene
@ NO (N2 humidified) 1900.08 250 7.510° 100 0.005 On-beam 1 60
Nitric oxide

® NIR ® Mid-IR



QEPAS Performance for Trace Gas Species (2)

P. Patimisco, G. Scamarcio, FK. Tittel and V. Spagnolo, fiQuartz-enhanced photoacoustic spectroscopy: a
r evi &ensors, 14, 6165-6206 (2014)

Molecule Frequency  Pressure NNEA Power NEC QEPAS system IT Ref.
(Target analyte) cnrt Torr criw/Hz2 - MW ppm (s)
() H2S (N 6357.63 780 5.6-10° 45 5 On-beam 1 39
Hydrogen sulfide
® Cz2Hz2 (N2) 6529.17 770 3.310° 37 0.085 On-beam 1 40
Acetylene
‘ NH3 (air humidified) 967.35 130 / 24 0.006 On-beam 1 41
Ammonia
o CO (N2+2.6%H:0) 2169.2 760 1.61:108 400 0.0015 On-beam 1 45
Carbon monoxide
® N:0(N2+2.6%HO0) 2169.6 100 2.91:10° 400 0.023 On-beam 1 45
Nitrous oxide
() CHa(N2) 2958.23 770 4.0610° 1 0.1 On-beam 12 a7
Methane
() Cz2Hz2 (N2) 6523.88 720 4.1:10° 57 0.03 On-beam 1 48
Acetylene
() HCI (N2) 573.26 760 5.2- 108 15 0.7 On-beam 1 49
Hydrochloric acid
® SOz (N2+2.4%H0) 1380.94 100 2.0 108 40 0.1 On-beam 1 50
Sulfur dioxide
o CzHs (N2) 2990.08 150 7.0- 107 217 0.025 On-beam 3 95
Ethane
() 02 (N2) 13099.3 158 4.74107 1228 13 On-beam 1 96
Oxygen
‘ Os (air) 35087.7 700 3.0- 108 0.8 1.27 off-beam 1 58
Ozone
® Sk 948.62 75 2.7-10% 18 5.10° fiber-coupled 1 66
Sulfur hexafluoride
o N2H4 (N2) 6570.00 700 / 62 1 MOCAM 1 67
Hydrazine

® VIS ® NIR @ Mid-IR



Gas sensing techniques performances (Mid-IR)
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Figure 19. NNEA for categories of gas detection techniques as a function of optical path-length. Key: BB-
CEASO broadband cavity-enhanced spectroscopy, CRDSd cavity ring-down spectroscopy, OA-ICOSd off-
axis integrated cavity output spectroscopy, OF-CEASO optical feedback cavity-enhanced absorption
spectroscopy, NICE-OHMSGd noise-immune cavity-enhanced optical heterodyne spectroscopy, PAS
photoacoustic spectroscopy, QEPASS Quartz-enhanced photoacoustic spectroscopy.






