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« Wide Range of Chemical Sensing Applications
+ Photoacoustic Trace Gas Sensing Technologies
NAS « Selected Applications of Trace Gas Detection
Combustion * Quartz Enhanced Photoacoustic Spectroscopy based Analyzers
~ FProducts for Detection of 2006 NASA Combustion Gases: NH,; HCN,
HCI, CO and H,CO.
* Photoacoustic Spectroscopy based C,H., CO,. NH, Analyzers
+ Summary and Future Directions

Wide Range of Trace Gas Sensing Applications

‘Work apported by NSF-ERC, NKT Flexibies and the Robert Welch Foundaton

* Urban and Industrial Emission Measurements
* Industrial Plants
= Combustion Sources and Processes (e.g. fire detection)
= Automobile, Truck, Aircraft and Marine Emissions
+ Rural Emission Measurements
= Agriculture & Forestry, Livestock
» Environmental Monitoring
* Atmospheric Chemistry
* Volcanic Emissions

+ Chemical Analysis and Industrial Process Control

* Petrochemical, Semiconductor, Nuclear Safeguards,
Pharmaceutical, Metals Processmg. Food & everage Industries

« Spacecraft and Planetary Surface Monitoring
= Crew Health Maintenance & Life Support
« Applications in Biomedical and the Life Sciences
» Technologies for Law Enforcement and National Security s
» Fundamental Science and Photochemistry RI.CE

Methods for Trace Gas Detection

Sensitivity Enhancement Techniques

JMass Spectroscopy |-—-| Gas Chromatography

Chemical

Electro Chemical \

I Chemiluminescence I

Non-Optical

[ Black Body Sources Fourier Transform _ |
Y NDIRAnalyzer |
Microwave Spectrosco|
Bl
Kt Laser Spectroscopy |
RICE

* Optimum Absorbing Transition
= Qvertone or Combination Bands (NIR)
= Fundamental Absorption Bands (MID-IR)

» Long Optical Pathlength
» Multipass Absorption Cell (White, Herriot, Chemnin)
= Cavity Ringdown and Cavity Enhanced Spectroscopy
= Open Path Monitoring (with retro-reflector)
= Fiberoptic Evanescent Wave Spectroscopy

* Detection Schemes
= Frequency or Wavelength Modulation
= Balanced Detection
s Zero-air Subtraction
= Faraday Rotation Spectroscopy
= Photoacoustic Spectroscopy (PAS and QEPAS) .
= Laser Induced Breakdown Spectroscopy (LIBS) RI"CE
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Infrared Source Requirements for Laser Spectroscopy
REQUIREMENTS IR LASER SOURCE

Sensitivity (% to ppt) Optimum Wavelength, Power

Selectivity (Spectral Resolution) Stable Single Mode Operation and
Narrow Linewidth

Muiti-gas Components, Multiple Mode Hop-free Wavelength

Absorption Lines and Broadband Tunability

Absorbers "

Directionality or Cavity Mode Beam Quality

Matching

Rapid Data Acquisition Fast Time Response

Room Temperature Operation High wall plug efficiency, no
cryogenics or cooling water

Field deployable in harsh Compact & Robust

environrments [

iPartial List of 2006 NASA Target Combustion Gases

Molecule Formula Detection Level
(ppb)

Formaldehyde H,CO 10
Ammonia NH, 100-1000
Carbon monoxide | CO 1000
Hydrogen cyanide | HCN 100
Carbon dioxide co, 2%
Nitrogen dioxide NO, 100
Hydrogen fluoride | HF 100
Hydrogen chloride | HC1 100
Water vapor H,0 10-90%

Mulecules in Red: Near Infrured Optical Sensor, architecture is Technologically Feasible

Natinea] Reacarch Comncil Report 1994, H.D, Gareia aad 1., fames; NASA Repors. Sept. 2004 sad Feb. 1995
Habitation 2006, Orlasdo. FL. LACSEA 2006, scinc Viluge. NV and KES 2008, San Frascico CA




Infrared NH, Absorption Spectra
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Photoacoustic Spectroscopy

Radiation-Matter Interactions

Resonant Photoacoustic Spectroscopy

Fluorescence
Heat wave Photothermal
N {,f*.\ deflection
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Sound wave

Raman scattering

Resonance in gas cell

Sound transducer

(microphone)
Signal proportional to the absorbed power,
hence to the (trace) gas concentration
— e in microphone (QTF)

Quartz Tuning Fork as a Resonant Microphone

QEPAS spectrophone (QTF & Micro-resonator)

1.5 mm Unique properties
« Extremely low intemal losses
* Q~10000at 1 atm
* Q~100000in vacuum
* Acoustic quadrupole geometry
= Low sensitivity to external sound
. e dynamic range (~107) - lincar from
:hacrﬁmll;lnoisc to brgak(do’wn) deformation
* 300K noise: x~10""" cm
* Breakdown: x~10 cm
+ Wide temperature range from 1 56K
(superfluid helium) tog-700K
+ Low cost (<$1)

Other parameters
« Resonant frequency =32 8 kHz
+ Force constant ~26800 N/'m
« Electromechanical coefficient ~7x10¢ C/m

1D 0.6 mm 93mm Micro-resonator (mR) tubes
\ — = Mustbe close to QTF but
= not touch QTF (25-50 pm
gaps).
+ Optimum inner diameter:
0.6 mm

Lens \

3.6 mm

Excitation
laser beam
m—————

Optimum micro-resonator
5 tubes are ;}Afmm long

Quartz luning (~M4<1<)/2 for sound at
fork electrodes 32.8 kHz)

* Maximum improvement
of SNR of QTF with mR
tubes: x30 (depending on
gas composition and
pressure)

RICE




Alignment-free QEPAS Absorption Detection Module

Principal Architecture of a QEPAS Gas Sensor

- RICE

Gas flow =t— T

p-controller

-
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RICE

Comparison of State-of-the-Art CPAS & QEPAS Detection Modules

CPAS vs. QEPAS: C,H, and CO, Sensitivity Comparison

CPAS QEPAS

1. Acoustic réonalor,‘.’ Mqu)hou,l Gas
inlet-outlet, 4. Windows

21%12.7%8.5 mm
Resonator 2 mm?*
Optical pathlength: 9 mm
fp=32735Hzin N,
Q=3630m N,

=136 mm, §56.5 mm
Resonator 4500 mm’
Optical pathlength: 90 mm
;=1790 Hzin N,
Q=49 N,
€-M. Les, K. V Bychkas, V A Kapitanov, A

I Kerapuzikos, Y N, Ponomarey, L. V.
Shersion, V A. Vasilicy, High-sensitroty laser

C,H, : absorption line 3t 6529.17cm™!, 10 ppmv
CO,: 6361.25cm™ , 100%

10ppm C,H, in N, Pure CO,

QEPAS CPAS QEPAS CPAS
Signal, pV 6280 46 13880 413
Noise, gV 53 0.49 74 091
SNR 19 94 188 455
Laser Power, mW 372 390 211 243
:‘:F‘Q}\IHZ 4.1x10° 5.4x10% 16.0x10? 7.6x107
NNEA: i i ivalent absorption coefficient
(]owcr NNEA means bcncf sensitivity)

noise d bandwidth is 0.833 Hz

q

QEPAS Performance for 16 Trace Gas Species (Sept. ‘10)
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Merits of QEPAS based Trace Gas Detection

*  Very small sensing module and sample volume (a few mm?)

+ Extremely low dissipative losses

» Optical detector is not required

*  Wide dynamic range

« Frequency and spatial selectivity of acoustic signals

» Rugged transducer — quartz monocrystal; can operate in a wide range of
pressures and temperatures

*  Immune to environmental acoustic noise, sensitivity is limited by the
fundamental thermal TF noise: k5T energy in the TF symmetric mode

+  Absence of low-frequency noise: SNR scales as N, up to =3 hours as
experimentally verified
QEPAS: some technical challenges

Responsivity depends on the speed of sound and molecular energy
transfer processes

= Sensitivity scales with laser power

= EffectofH,0

+ Cross sensitivity issues

= Alignment cost RICE




Recent Applications of mid-infrared
Laser based Trace Gas Sensors

Motivation for NH; Detection

Simulated Spectra of 3 Target molecules: NH,, HCN & C,H,

» Monitoring of gas separation processes
* Detection of ammonium-nitrate explosives
» Spacecraft related gas monitoring

» Monitoring NH; concentrations in the exhaust
stream of NO, removal systems based on selective
catalytic reduction (SCR) techniques

» Semiconductor process monitoring & control

» Monitoring of industrial refrigeration facilities

» Pollutant gas monitoring

* Atmospheric chemistry

» Medical diagnostics (kidney & liver diseases) | .

3
RICE

Multispecies QEPAS trace gas sensor
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QEPAS based sensor for CO, CO,, HCN & HCI detection

QEPAS based NH; Gas Sensor Architecture
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Real-time exhaled human NH, Breath Data Mid-IR EC-QCL based AM-FAS Sensor Tor
. atmospheric NH, Detection
—=—Broath data from KH, Rice sansor "’ 2%
%0 Max NH, concentration 15 351 ppb —
g o ER =g Gas handling system
5™ s o
s ™y £ge 2
g 150,: g{ . 100 §
} 1e0f O"g 2 ® o
2 = ~ 5 CEl [Foeeocg M msewe o2 G2}, ‘
U400 14341_:‘-?Hzrtta'xs;\;rn 142520 L) K o 1 l:pl 3 .
For each patient, a separate folder 1s created o
on the Loccions memory stick.
z Each folder contamns: \ [D] I
“Excel worksheet wath 3 columns data: CO, [*s], qe 3 2 p
* Atrway pressure [mbar] and Ammoma [ppb] | BN RGP QU S,
*CO, {%] plot Anng differential resonance
W *Airway pressure [mbar] plot Photo-Acoustic Cell
The Ammonia {ppb) data 1s not saved as a plot 1 Acoustic resonator,
2 Microphonc,
BN 3 Gasinput and output,
RICE 4, Window s
NH; Data after Sensor Installation on the 60 m high Accidental NH, release on I-45 (Aug 14,2010)
Moody Tower Roof (UH campus)
k2
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o T
[Dwumal trend of atmosphenc NH, concentration o & 10 " &
. [ Hour of day
Ammonia sensor and clectronics ;: J August 14, 2010
installed on Moody Tower roof RICE

. . & Future Directi f QEPAS based S T
Groups working on Quartz Enhanced Photoacoustic Spectroscopy Summary & Future Directions of QEPAS based Gas Sensor Technology

« Semiconductor Laser based QEPAS Trace Gas Sensors

Compact, tunable, and robust

* Rice University : EKT Flexibles, Copenhagen, = High sensitivity (<10) and selectivity (3 to 500 MHz)
- UMBC, Baltimore, MD Umm e * Capable of fast data acquisition and analysis
. : : »  University of Bari, Italy = Detected 17 trace gases using QEPAS to date: NH,, CH,, N,0, CO,, CO, NO, H,0,
E:{,fr‘:g'rfxgdyast‘gml . Anhui Institute of Optics and Fine COS, il B, HCN, HCL HCO. S0y C;HsOH, C;HF, TATP and scveral isotopic
3 DELS N i Yoy species of §
*  Pacific Northwest National Mec:l.mmcs. l._{elfe}’ hina D . New Applications of Trace Gas Detection
Laboratory, Richland, WA *  Zhejiang University, Hangzhou, Environmental Monitoring (urban quality — NH,, H,CO, NO, isotopic ratio
+ NASA- JSC, Houston, TX China mc;:mu;lcnls of CO, and CH,, fire and post fire detection; quantification of engine
« TU Clausthal, Germ: .
* JPL, Pasadena, CA U Clau ml’.' = * Industial process control and chemical analysis ( NO, NH;, H,0, and H,S)
- Woods Hole Oceanographic ~ * University of Montpellier, France * Medical & bi ies (NH,, NO, N;O and CH,COCH)
Institution, MA = University of Littoral, Dunkerque, = Ultra-compact, low cost, robust sensors
«  United States Naval France *  Future Directions and Collaborations
Academy, Annapolis, MD « Institute of Spectroscopy, Troitsk, » Improvements of existing sensing logi jcally cooled,

i , i , and broad]! i tunabl le lusubbandand ll:!‘bnd
+ Daylight Solutions Inc., San R xsznmcasw: s ymvcmmh bl a R e

Diego, CA * And others = Further development of spectrophone technology

« New applications enabled by novel broadly wavelength tunable quantum cascadc
Insas based on EC- QCLs (eg. ofb
inp ine, NO,, C;H,0, VOCs, and HCs
= Devel of pically gasscnsor ks based on QEPAS and LAS




