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* New Laser Based Sensor Technology
* Innovative, Compact Multipass Absorption Cell
* Quartz Enhanced Photoacoustic Spectroscopy
+ Examples of Mid-Infrared Sensor Architectures
= C,H,, NH;, NO, CO, and SO,
= Future Directions of Laser Based Gas Sensor
Technology and Conclusions
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Wide Range of Trace Gas Sensing Applications

¢ 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 Processing, Food & Beverage 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 %X
¢ Fundamental Science and Photochemistry
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Existing Methods for Trace Gas Detection

Sensitivity Enhancement Techniques for Laser Spectroscopy
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* Optimum Molecular Absorbing Transition
* Overtone or Combination Bands (NIR)
= Fundamental Absorption Bands (MID-IR)

< Long Optical Pathlength
* Multipass Absorption Cell (White, Herriot)
= Cavity Enhanced and Cavity Ringdown Spectroscopy
*  Open Path Monitoring (with retro-reflector): Standoff
and Remote Detection
* Fiberoptic Evanescent Wave Spectroscopy

« Spectroscopic Detection Schemes
* Frequency or Wavelength Modulation
* Balanced Detection
= Zero-air Subtraction LN
= Phot tic Spect: 5
otoacoustic Spectroscopy RICE

Other spectroscopic methods

HITRAN Simulated Mid-Infrared Molecular Absorption Spectra

* Faraday rotation spectroscopy (limited to
some paramagnetic species)

* Noise Immune Cavity Enhanced-Optical
HeterodyneMolecular Spectroscopy (NICE-
OHMS)

* Frequency Comb Spectroscopy from Mid-
IR to VUV

Laser Induced Breakdown Spectroscopy
(LIBS)
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Mid-IR Source Requirements for Laser Spectroscopy

REQUIREMENTS

IR_LASER SOURCE

Sensitivity (% to ppt)

Optimum Wavelength, Power

Stable Single Mode Operation
and Narrow Linewidth

Multi-gas Componants, 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

environments

Compact & Robust

ey Characteristics of Mid-IR QCL& ICL Sources - Sept. 2011
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= Compact, rdnlblc. sublc long lifcume, and commercial availabils
*  Fabry-Perot nm (DFB) and mulu-wavelength dcvncz

+ Wid tuy i id-|
= 15em? usmgm)ecumnmmlwumlruDFBdmcu
* 10-20 cm! using temperature control for DFB devices
* >430cm?! mmgnnmulgnungelmmtmdﬂ’chl with
heterogencous cascade active region design, also QCL Amay
* Narrow spectral lipewidths

¥ cwW O-I‘-;ogﬁlz & <10kHz with frequency stabilization (00004 em™)

* High pul. d w TEC/RT
temperatures
* Room temperature pulsed and CW powers of > 30 Wand 3 W
respectively

>280 mW, TECCWDFB @ 5 pm
> 600 mW (CW FP) @ RT, wall plug efficiency of ~17 % at 4.6 pm,
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Quantum Cascade, Interband Cascade and GaSb Laser
Commercial and Research Activity in Sept. 2011

= Commercial Sources
* Adtech, CA
= Alpes Lasers, Switzerland & Germany
* Alcate)-Thales, France
= Cascade Technologies, UK
= Comung , NY
* Hamamatsu, Japan

* Maxion Technologies, Inc MD (Physical Sciences, Inc)

* Nanoplus, Germany, Siemens, Goeteborg, Sweden

* Pranslytica, CA
* Research Groups
© Harvard University

.and INP. Greifswald, Germany

* Fraunhofer-IAF & IPM, Freiburg; and Humboldt Usiversity, Berlin, Germany

* Institute of Electron Tochnology, Warsaw,

© NASA-JPL, Pasadena, CA

Poland

* Nava) Research Laboratones, Washington, DC

* Northwestern Unsversity, Evanston, [L
* Princeton University (MIRTHE), NJ
* Shangha Institute of

Technology, Chuna

and
« Sheffield University; QunctiQ, Malvern and Lancaster, Um\muy UK

= State Unaversity of New York

© Techmeal Umaversity, Zuench, Switzerland

= University of Montpehier, France

» Tochnucal Univcrry Vicona Ausiva sad NRC Oriaua

Motivation for NH; Detection

C,Hg Detection with a 3.36 um DFB LD using a Novel
Compact Multipass Absorption Cell and Control Electronics

Schamman; of 2 €, g0 semaor g 2 Nanopkus 3.36 jum DFB Laser diode
2 a0 excststion soures. M - marror, UL collwmsiang Jons, DM - dichrox:
roarros, MC - couliopass coll L s, SCB - sersaor comdrel board.

Innovauve long path, srmll volume multipass
gas cell 57 6m with 459 passes

s s
2f WMS signal
for a C,H; hine

/ at 2976 8 em!
'—-—\ \/‘ at a pressurc of
200 Torr

W W w a
<current [mA]

Conventional PAS

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)
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Sensor Deployment on top of Moody Tower
(University of Houston)

NH; Detection due to a Fire resulting from a Truck Collision

Acodertal releass of N,

August 14, 2010

A chermical incxdent occurred at ~ 6 a.m. after two 18-
southbound side-by-side collkded.

Both trucks caught fire. [www.chron.com|

—d houry NH, emssaion from the Houston Ship g‘

. . " " » Channel area 15 about 0 25 ton, Mellqwist et al., (2007} S§
oo Final Report, HARC Project H-53 RICE

Sporadic increased NH; concentration levels related to
emissions by the Parish electric power plant, TX

-
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el g The Pansh clecinc power plant,is
located near the Brazos Raver in Fort
Bend County, Texas (~27 miles SW of A
downtown Houston) %

(i L MR SRRttt
wironmental Quality (TCEQ) Campaign

Atmospheric NH; Measurements using an EC-QCL PAS Sensor

From Conventional PAS to QEPAS

Schematic of a Daylight Solutions CW 1036 ym
TEC EC-QCL based PAS NH, Sensor
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Quartz Tuning Fork as a Resonant Microphone for QEPAS Off-beam QEPAS based Gas Sensor

Unique properties a
+ Extremely low internal losses
* Q~10000at 1 atm
= Q~100 000 in vacuum
* Acoustic quadrupole geometry
= Low sensitivity 10 external sound
e dynamic range (~10°) - linear from
{;;rrgmal?oisc to brgak(down) deformation
= 300K noise: x~10""" cm
= Breakdown. x~10'2 cm
Wide temperature range: from 1 6K to~700K

Acoustic Micro-resonator (mR) tubes
= Optimum inner diameter-0.6 mm, mR-QTF

et———"
0.15+ 0.

D06 mm 92 min__—

Lens [

gap is 25-50 ym
Jomm v g/xmum mR tubes must be — 4.4 mm long

Exciation J '4<1<M2 for sound at 32 8 kHz)
ases beam ) *+  SNR of QTF with mR tubes, =30 (depending

Quariz uning on gas composition and pressure}

fork clectrodes

Sourca: K. Liu, X. Gao {NOFM}, W. Chen (ULCO), A. Kosterev ot ol {Rice)
Tuning fork enhanced interferometric photacoustic What about QEPAS Modeling ?

spectroscopy (TIPAS) based sensor

MIRTHE UMBC team ‘N. Petra, J. Zweck, A. A Kosterev, S E, Minkoff and D
Thomazy, “Theoretical Analysis of a Quartz-Enhanced Photoacoustic
Spectroscopy Sensor”, Appl. Phys B 94, 673-680 (2009)

Also S._L. Firebaugh, F Roignant & E.A. Terray, “Modelling the Response of
Photoacoustic Gas Sensors”, Comsol Conf, Boston, MA ; Oct 8-10,2009
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Merits of QEPAS based Trace Gas Detection Motivation for Nitric Oxide Detection
. 3 -~ 2 . .
Very small sensing Irn(xliule and sample volume (a few mm” to ~2cm?) . Atmospherl c Chemlstry
« Extremely low dissipative losses . Ot
« Optical detector is not required » Environmental pollutant gas monitoring
+  Wide dynamic range * NO, monitoring from automobile exhaust and
* Frequency and spatial selectivity of acoustic signals power plant emissions
* Rugged transducer — quartz monocrystal, can operate in a wide range of * Precursor of smog and acid rain

pressures and temperatures .
* Immune to environmental acoustic noise, sensitivity is limited by the * Industrial process control
fundamental thermal TF noise: &;7 energy in the TF symmetric mode = Formation of oxym'u—ide gates in CMOS Devices

. f low- NR scal \t, up to +=3 h . - .
e iy pequency Roise: SNR scales as Vi, up to =3 hours as + NO in medicine and biology

QEPAS: some challenges ® Important signaling molecule in physiological
+  Cost of Spectrophone assembly processes in humans and mammals (1998 Nobel
+ Sensitivity scales with laser power Prize in Physiology/Medicine)
+ Effect of H,0 ® Treatment of asthma, COPD, acute lung rejection
* Responsivity depends on the speed of sound and molecular energy g Hra. d
_—pon Cfocesses ] » Photofragmentation of nitro-based explosives

»__Cross sensitivity issues RICE (TNT)




Molecular Absorption Spectra within two Mid-IR
Atmospheric Windows and NO absorption @ 5.26pm

.1?

0.164— 1ppm NO at 250 Torr,

Performance of a 5.26 ym CW HHL TEC DFB-QCL
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CW DFB-QCL optical powes and current tuning

Single frequency QCL radiation recorded with FTIR for
at three different temperatures.

different laser current vahues at a QCL temperature of 20.5°C

Emission spectra of a 1900cm™! TEC CW DFB QCL
and HITRAN Simulated spectra
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QCL based WMS QEPAS NO Gas Sensor Platform

Schematic of a QCL QEPAS based Gas Sensor.
M — mirror, PcL - plano-convez lens, Ph -
pnhole, QTF — quartz tuning fork, mR -
acoustic micro-resonator, RC - reference cell

Performance of 2012 CW DFB-QCL based
WMS QEPAS NO Sensor Platform
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Long Term Stability of QEPAS based Sensor for NO
Concentration Measurements in Exhaled Breath
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Dilution of a 1000 ppb NO Reference Concentration
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Preliminary Atmospheric Nitric Oxide Measurements
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Performance of a NWU 4.6 um high power CW TEC DFB QCL
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Motivation for Sulfur Dioxide Detection

+ Prominent air pollutant

+ Annual SO, concentrations range from ~ 1 - 6 ppb
+ SO, s emutted from coal fired power plants (~73%)

and other industnial facilities (-20%)

+ In atmosphere, SO, converts to sulfunc acid
and is a primary contnibutor to acid rain

» SO, reacts to form sulfate aerosols

+ 80, exposure affects lungs and causes breathing dxfﬁculncs
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CW DFB-QCL based CO QEPAS Sensor Results
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Performance of a 7.24 um CW HHL TEC DFB-QCL

CW DFB-QCL based QEPAS SO, Sensor Results
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Optimum NH; Line Selection for a 10.34 um CW TEC DFB QCL

QEPAS based NH,; Gas Sensor Architecture
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QEPAS based breath analyzer using a 10.4 um DFB-QCL

Real-time exhaled human NH, Breath Measurements
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Asrway pressure (black), CO, (red), and NH, (bluc)
profiles of a single breath exhalation lasting 40sec.
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* Successful testing of a 2nd generation
breath ammorua monilor installed 1 a chimeal
(Johns Hopkins, Bal

and St. Luke’s Hosputal, Bethichem, PA)

Minimum detectable concentration of NH, is:
~ 6 ppbs at 967.35 cm ! (103 1 s time resolution)




Potential Integration of a CW DFB- QCL and
QEPAS Absorption Detection Module

g ienses

2012 QEPASADM HHL package fiber coupled DFB-QCL
ALyalh, @12l “1.6 W hgh wall phug effcaency, Laner crmsmeng 3t 4.6 pen”

Mid-IR QEPAS Performance for 9 Trace Gas Species (Oct 2012)
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QCL based QEPAS Performance for 7 Trace Gas Species (Sept. 2011)

{carrier gas) . Pressure NNEA QCL Power | NEC {z=13)
em” Tosr | em'W/HZ® oW ppbV___|
CH,0 (N;:75% RH)* | 280490 75 8.7x10 12 120
TCOMN+22% H;0)" | 217628 100 1.57x107 71 2
CO (propylenc) 2196.66 50 T4x107 65 140
N0 (air+5%SFy) 219563 50 1.5x107 19 777
N:0 (N:+2.37%H;0) | 220175 200 29%107 70 25
NO (N:+H;0) 190007 250 5 5-,. 107 | 36
GH;0H (N)** 19342 770 22x107 10 52107
C;HFs (N))*** 1208.62 770 78107 66 B
NH; (N2)* 1046.39 110 1.6%107 20 6

* - Improved microresonator

** _ Improved mucroresonator and double optical pass tiough ADM

== . With amplitude modulation and metal mucroresonstor

NNEA - normalized nouse equivalent sbsorption coefficient

NEC - notse equivalent concentration for avalable laser power and t=1s trw constant, 18 dB/oct filler slope. 3

For comparisea: coaventionsl PAS 2.2 (2.6)#10 * cm "WNHa (1,580, 10,380 Ha) for NH,™ ==} @

Summary and Outlook

*  Laser spect with a mid-infrared, room temperature, continuous wave, hi
performance DFE QCL is a promising analytical approach for real time nmospﬁlric
mecasurements and breath analysis.

© A336pm(2976.8cm’) CW TEC TO3 pncka:’%ed diodc laser based TDLS sensor system

hieved a 1o C,H, d y of 130 pptv.

* A 10.4pm(961.5cm’) Daylight ECL-QCL based PAS scasor obtained a | o NH,
detection sensitivity of 3 ppbv.

« AS526um (1900 cm’) and 7.24 um (1380.94 cm') CW TEC HHL packaged DFB-QCL
based QEPAS sensor for NO S0, detection was demonstrated.

= For an interference frec NO absorption line located at 1900.08 cm ! a o minimum
NO detection limit of 3 ppbv was achieved at a gas pressure of 240 Torr and a
sampling time of | scc.

® A lgminimum detection limit of M_th_vwas achicved at a gas pressure of
100 Torr and a sampling time of I sec for a SO, absorption linc at 1380.94 cm'!.

« A46] pm (2169.94cm-)) CW TEC DFB-QCL based CO scasor unglaying QEPAS
technique was developed. For Rg CO absorption line located at 2169.2cm™ a lo
minimum detection limit of 2 ppbv was obtained at atmospheric pressure and | sec.
sampling time,

+  Compact, robust seasitive and sclective single freq QCL sensor technology based
on TDLAS, PAS and QEPAS 15 capablc of performing real-time enviromsmental,
biomedical, industrial monitoring and national security mcasurements.

PN

ALK Wekkw . Ayl Opt 43, 3119-2126 (0021 == £ 3 Phgrem o oL 35 k. TN Mt B2 RICE

Summary of Mid-IR Laser based Gas Sensor Technologies

» Infrared Semiconductor Laser based Trace Gas Sensors
= Compact, tunable, and robust
= High sensitivity (<10~*) and selectivity (3 to 500 MHz)
* Capable of fast data acquisition and analysis
®» Detected 16 trace gases to date with near and mid infrared
semiconductor laser based QEPAS: NH;, CH,, N,O, CO,, CO,
NO, H,0, COS, C,;H,, C,H,, H,S, H,CO, SO,, C,H;OH,
C,HF; ,TATP and several isotopic species of C, O, N and H.
= Selected Applications of QCL based Trace Gas Detection
= Medical non-invasive diagnostics: MDC of single digit Ppb
levels (10) for NH; at 967.35 cm™ and NO at 1900 cm'!)

* Environmental Monitoring of Atmospheric NH; in Texas 2010
& 2011: ~ 1 to 28 ppb in urban areas; remote detection (~27 m)

* Future Directions and Outlook
® Ultra-compact, low cost, robust sensors (CO, CO, and C,Hg)

nice]

Improvements and New Capabilities of QCLs and ICLs

» Optimum wavelength (> 3 to < 20 pum) a.ndé)owcr (>10mw to<1W)
at room temperature (> 15 °C and < 30 °C) with state-of-the-art
fabrication/processing methods based on MBE and MOCVD, good wall
plug efficiency and lifetime (> 10,000 hours) for detection sensitivities
from % to pptV with relevant electrical power budget depending on
appropriate sensor technique

+ Stable single TEM,, transverse and axial mode, CW and pulsed o ion
of mid-infrared laser sources (narrow linewidth of ~ 300 MHz to <
10kHz)

* Mode hop-free wavelength tunability for detection of broad band
absorbers and multiple absorption lines based on extemal cavity or mid-
infrared semiconductor arrays

* Good beam quality for directionality and/or cavity mode matching,
Implementation of potential plasmonic and innovative flat lens
collimation concepts.

* Rapid Data Acquisition based on fast time response

» Compact, robust, readily commercially available and affordable in order
to be field deployable in harsh operating environments (temperature,
pressure, etc...) A

= New target analytes (SO,, CHg, and UF) A
* Development of trace gas sensor networks R]%E







