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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
s Volcanic Emissions
Chemical Analysis and Industrial Process Control

s Petrochemical, Semiconductor, Nuclear Sﬂfeﬁuards. .
Pharmaceutical, Metals Processing, Food & Beverage Industries

Spacecraft and Planetary Surface Monitoring

s Crew Health Maintenance & Life Support
Applications in Biomedical and the Life Sciences
Technologies for Law Enforcement and National Security

Fundamental Science and Photochemistry R
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Existing Methods for Trace Gas Detection

Mass Spectroscopy H Gas Chromatographd
Chemical

Electro Chemical \

Black Body Sources ! Fourier Transform I

Non-Optical

Chemiluminescence |

ni

| NDIRAnalyzer
Mncrowave Spectrost_:_o_p_y

Laser Spectroscopy [

‘.1_

8
RICE

Molecular Absorption Spectra within two Mid-IR
Atmospheric Windows
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+ Band- structure engincered devices
Emission wayclength is detcrmined by layer thickness - MBE or
MOCVD; T \a)c I oEcrnlc 1n the 3 to 24 pm spectral region.
Type 1] and GaSb based ICLs can cover the 3 to 4 um spectral range

= Compact, rehable, siable, lifeume, and commercial availability
» Fabey-Perot (FP), single IDFD) and muli-wavelength deviees

« Wide sgectral tuning ranges in the mid-1R
= | 5em' using mjection current control for DFB devices

. l0-20cm‘u.1m temperature controd for DFB devices
* >430 e using an exiernal grating clement and FP chips with
hetcrogencous cascade acive region design; also QCL DFB Array

+  Narrow spectral linewidths
) (!;‘Ylvso(‘)l |_-33034m& <10k with frequency stabilization (71 0004 cm ')

« High pulsed and cw powers of QCLs at TEC/RT
temperatures
* Room lemperature pulsed and CW powers of =30 Wand 3 W
respectively
* >280mW, TECCWDFB @5 pm
= >600 mW (CW FP i@ RT, wall plug efficiency of =17 %ot 4 fr pm,

tepem s b o s
P

Basics of Optical Trace Gas Analyzers

Avsarver | Kevy Reguirements: Sensitmaty, specificity, rapid
e - data acquisition and multi-specics detection
Gas. Liguid
—_—

Optimum Molecular Absarbing Transition

Baer-Lambart's Law of Linear Absorption s NIR Orertone or Combnation Bands
Ivpety 0 VIR *  MIR Fundamental Absorption Bands
1 v}~ sbsorption cocfficient jem " aim ' L
! path length |cn!|| ! Long Optical Pathlengths

*  Mulupass Absorption Cell White, Hemott)

- froquency 1]. P,- partial pressure st
v fonm! .- peces] iEisil *  Cawity Enhanced, Cavity Ringdown &

| P 173} Intracavity Spectroscopy
o [ *  Open Path Momtonng (with retro-
P'. () reflector); Standofl and Remete Detection
I RAS = = Fiberoplic evanescent wave Spectroscopy
alvi=C NT) p(v-vy) ! Schemes
‘Wavelength or Freq Modul

C - total number uf molecules ol absorbing gas am cm'
[moteculecm * -atm']

5 molecular kne intensity [cm ‘matecile |

g(v-v,) - normalized spectral lineshape function [cm),
(Gaussian, Lorentzian, Viugt)

Balanced Detection

Zeto-air Sublractson
Photuacoustic Spectroscopy
Farmday Rotation 5j
NICE-OHMS, LIBS, and Lll~

Mid-IR Source Requirements for Laser Spectroscopy

IR_LASER SOURCE

Optimum Wavelength, Power

REQUIREMENTS
/

Sensitivity (% to ppt) /

7

Seloctivity (Spectral R ion) |Stable Single Mode Operation
¥ and Narrow Linewidth

Muiti-gas Components, Muitiple | Mode Hop-free Wavelength o

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

Compact & Robust J

Field deployable in harsh
environments

Quantum Cascade, Interband Cascade and GaSb Laser
Commercial and Research Activity in Sept. 2011

* Commercial Sources
= Adtech. CA
# Alpes Lasers, Swatzerland & Germany
* Alcatel-Thales, France
# Cascade Technologies, UK
= Comning , NY
* Hamamatsu, USA & Japan
* Maxion Technologies, Inc MD (Physical Sciences, Inc)
* Nanoplus, Germany, Siemens, Goctcborg, Sweden , and INP. Grewtswald, Germany
= Pranalytica, CA
= Research Groups
* Harvard University
© Fraunhofer-IAF & 1PM, Freiburg; and Humboldt Umversity, Berbin, Germany
« Institute of Electron Technology, Warsaw, Poland
= NASA-JPL, Pasadena, CA
= Naval Research Laboratones, Washington, DC
* Northwestern Uninversity, Evanston, L
* Princeton Umiversity (MIRTHE), NJ
 Shanghai [nstitute of y. China
» Sheflickd Univerity; QinetiQ, Mal\\:m and Lancaster, University, UK
» State University of New York
@ Techmical University, Zuench, Switzerland
it  University of Montpelicr. France
. b

o Oupen, Cannila
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Widely Tunable, CW, TEC
Quantum Cascade Lasers

Wide Wavelength Tuning of a 5.3um EC-QCL

Wavenumber fcm™] .
2000 1080 1900 1940 1920 1000 1880 1860 1840 1820 Coarse wav_elenglhlumng
———  e——— = T of 155 cm' is performed
= 187 ]u by varying diffraction
P 110 mW O SI0A o "
104 = grating angle
- Poweroutput is ~ 11mW

= Access to Q(3/2) transition
of NO at 1875.8 cm-1 for
LMR spectroscopy

Tunable external cavity QCL based spectrometer

» Fine wavelength tuning
= PZT controlled EC-length
+ PZT controlled grating angle
« QCL current contro!
~ Motonized coarse grating angle tuning
« Vacuum tight QCL enclosure with build-in 3D lens
positioner (TEC laser cooling + optional chilled

water cooling} @ RICE

Traditional and Quartz
Enhanced Photoacoustic
Spectroscopy

Radiation-matter interaction

First Report of PAS in 1880

Fluorescence

P ——
—

Heat wave Photothermal
deflection

'__ » Absorption
.* Dispersion
+ Dichroism

2

Alexander Graham Bell's “photophone” used a voice coil fo modulate a mirror
which transmitted sunlight to a receiver containing a selenium resistor
Nature, Sept. 23, 1880, pp. 500-503

RICE
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From conventional PAS to QEPAS

Quartz Tuning Fork as a Resonant Microphone

Faeiitn: mammned

Laser beam, (>>1000

power P . /“\ Cell is OPTIONAL!
PO -

SWAP RESONATING ELEMENTI! _ecive volume
T e 0 T

Modulated
(PorA)atf

or 2
S~ Qf aVP
gm%ﬂ'iﬁicmphone
NNEA = Cn P [cm'l x W] Resonant at f
‘/E Jﬁz_ quality factor @ ¥E
° RICE

4 5mm Unique properties
= Extremely low internal losses
* Q-10000at ) atm
= Q100 000 in vacuum
= Acoustic quadrupole geometry
= Low sensitivity to external sound
+ Large dynamic range (~10%) - linear from
thermal noise to breakdown deformation
* 300K noise x~10'" cm
* Breakdown x-102 cm
+ Wide temperature range’ from 1 56K
(superfluid helium) to ~700K
+ Low cost (<§1)

Qther parameters
+ Resonant frequency ~32.8 kHz
« Force constant ~26800 N/m
« Electromechanical coefficient =710 C/m

QEPAS Spectrophone: QTF and Micro-resonator

Equivalent electrical circuit of a quartz tuning fork (QTF)
q=0x
m . 2d , my
Spring c -
U=
1 1 [L
O =f— =
@ot R LC RYC
3 4k, T
- (R)=y—F
2

Micro-resonator (mR) tubes

= Must be close to QTF, but
must not touch the QTF
(25-50 pm gaps).

1D 0.6 mm 9.2 mm .-f“
— —

Lens

* Optimum inner diameter:
0.6 mm
Excitation

luser beam «  Optimum micro-resonator

tubes must be — 4.4 mm
long (~M4<1<}/2 for sound

Quartz tuning
fork clectrodes at 32.8 kHz)

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

_RICE)

Off-beam QEPAS based Gas Sensor

1
=
lorn

.cmm_ [hoclin
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Source; K. Liu. X. Gao [AIOFM), W. Chen (ULCO).A. Kosterav et al. {Rice)




Tuning fork enhanced interferometric photacoustic

spectroscopy (TIPAS) based sensor |

M. Koshring et al. Clsusthal University of Technology 2010

Principal Architecture of a QEPAS Gas Sensor

Gas flow == F—v
BS SPh
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|
E

p-controller |
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Signal-to-noise ratio as a function of pressures
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function of pressure for different tube:
lengths and diameters

Signal-to-noisc ratio as a function of
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bare QTF
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QEPAS based?&Qsor design for a can packaged 2=2.33 pm laser
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Typical QTF Resonance Curves
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Acoustic and quartz resonators - interaction

D e +

Electrically measured
2 4
g g
T

000 - -+ -

5000 - - - - +: -
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3000 i i ' 1.1 : i I
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M
2
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Combined tube length, mm

When acoustic and QTF resonankes coincide,
the measured (9 is significantly reduced.
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Non-resonant and resonant tubes

Py
35 1 /=4.00 mm each |

What about QEPAS Modeling ?

MIRTHE UMBC team N Petra,] 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

Gaps ~30 um
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Line locking based on 3f detection

Long-term Averaging: H,S, Allan Variance Analysis
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Merits of QEPAS based Trace Gas Detection

QEPAS Performance for 15 Trace Gas Species (Sept “11)

Very small ing module and le 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 mo{yérysml; can operate in a wide range of
pressures and temperatures

Immune to environmental acoustic noise, sensitivity is limited by the /
fundamental thermal TF noise: &, 7 energy in the TF symmetric mode

Absence of Iow-ﬁ'e(}uency noise: SNR scales as Vi, up to /=3 hours as
experimentally verified

QEPAS: some challenges J

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

Sensitivity scales with laser power o
Effect of H,0 . A
Cross sensitivity issues RICE

P

M E Webber et al, Appl Opt 42. 11192128 (20803, **J S Pigran @ oL SAE bl ICES 200781 3132
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Recent Applications of Mid-Infrared
Quantum Cascade Laser based QEPAS
Sensors to Environmental Monitoring

The global carbon cycle

Carbon Dioxide Emissions
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Motivation for NH; Detection

* 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) .




Ammonia (NH,) facts

Hagiruwy Vahictas,
-~ AN
= NH, plays an important role in .
atmospheric chemistry ~ .‘“H"“x."’
= Total estimated global VegetmmonBorbiand

emisston of NH, to the
atmosphere is ~ 45 TgN/year 7= ==
Industrial and motor vehicles
activities can be important in
urban areas

In the atmosphere, NH, reacts
with different acid pollutants
forming ammonium inTexas [1}
particulates and aerosols NIL- Ol - NI 41O 1,50,

= Ammonia is a potential source NIL.* + 0, - NIL NIO, NO
Q

Estimated ammonia levels for Houston area

of atmospheric NO and N,O
NH.* | NO, -+ N,orN,O (+ H.0)
(11R. T. Pavievic, U Nopmongeol, Y. Kimurs and D T Allen. Atmospheric Environment 40, 538-551 (2006) RICE

sem .
b=
sor

= Atmospheric NH; concentrations for
urban and industrial areas vary Can
between 0.1 and 10 ppbv [1]

= Modeled ammoma concentration for
Houston was estimated to range
between 1 and 15 ppb [2]. iz consomeens

= Typical NH; mixing ratios from area .
sources range from 0.2t0 3 prv.
but for unexpected industrial 3
accidents or events can increase to L,

pPbY [3] i

" svmmrae

Attuce profie of sll 1 5 N, observations from ‘;:

the TexAQS 2008 saxdy (3]
[1]4H Semiold. 5 N Pans . I Mook, NJ (2000)
FIR T Paviowe, U ttopmengeot ¥ Kamurasnd D T Alen Atmasshers: Envwonment 40, $36.681 (2000) RICE
DltioesJ 6 st o J g Ry 315 D223 0y
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Sensor deployment on top of Moody Tower

(

Sensor architecture for atmospheric NH, detection

N

Ammon:a sensor
installed on the Moody Tower roofiop mendorng site. RICE

Infrared NH, Absorption Simulated Spectra

i o Tad i sa st

Mid-IR
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Absorbance (base-10)

AN |

Wavenumber (cm )

N

Gas handling system

A ring differential resonance
photo-acoustic ccll consisting of:
1. scoustic resonator,

2. miet .
3. gas input and output, L 2]
4. windaw A

Tuning range of a Daylight Solutions CW TEC 10.34 pym
EC-QCL and HITRAN simulated spectra at 200Torr
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PAS based NH; measurements and data
acqu_isition procedure
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NH, detection due to a fire resuiting from a truck collision

Accdentsl releass of N4,

August 14,2010
[

A chemcal incadent occured at ~ 6 a.m, after two 18-
southbound side-by-side colided

QEPAS and PAS Ammonia Measurements based
on an EC-QCL Source

1 8{Ampltude modulation with PAS |
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Sporadic increased NH, concentration levels related
to emissions by the Parish electric power plant, TX
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Increased NH; concentrations related to traffic
emissions during Houston, TX rush hour
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NH; sensor deployment in Fort Worth (CAMS 75)
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Preliminary results for a May-June 2011 TCEQ
campaign - Fort Worth, TX
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Breath analysis in medicine

* Large potential, because of:

- its inherent safety/minimum risk e

- non invasive, real-time - -
« Collection can be from neonates

to very elderly or very ill patients

Source of exhaled gases
» from the blood via the alveolar-capillary junction in the lungs
* from mouth, nose, sinuses, airway and gastro-intestinal tract

* exogenous origin: inspiration air, ingested foods
and beverages, via the skin

Recent Applications of Mid-Infrared
Quantum Cascade Laser based QEPAS
Sensors to Breath Analysis

Approved clinical breath tests

+ Ethanol: law enforcement
* CO test for neonatal jaundice

* H, gastro-intestinal tract
(bacterial overgrowth, transit time)

* Taking substrate to exhale labeled *CO,
- Urea: Helicobacter pylori infection stomach
Glucose: insulin resistance
- Linoleic acid: fatty acid metabolism

= NO: asthma
NO concentration indicates degree of inflammation (> 15 ppbv)
* upper airway 0.2- 1 ppmv
« lower airway : 1-10 ppbv
* nasal cavities: 1 - 30 ppmv
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Important Biomedical Species

Center
Molecule Formula o
pm)

Pentane CH, | Inflammatory diseases, transplant rejection "

Lipid peroxidation snd oxidstion stress, huing
s b d CMe | cancer (low ppbv range) s
Carbon Dioxide : Helicobacter pylorl (nfection {peptic uicars,
isotope ratio PCO/CO; | gagwic cancer) .
CarsonyiSuin ® | Cos | Lirer dieeses acuie einction n fung ransplant -
Carbon Disulfide cs, Disultiram treatment for alcoholism X
[Ameonia E NH, Liver and renal diseases, exercize physiology 19.3

2
Formaldehyde CH,0 | Cancerous tumors (408-1600 ppbv) 5.7
[ £

Nitric oxide synihase sctivity, inflammatory and

Nisic Oxide nO immune reaponses (6.g. asthma) and vasculer .
s ___| smeoth muscle response {6-168 ppb)

Hydragen Peroxide W0, | Alrway inflam mation, oxidative stress (18 ppbv) X

Smoking responss, lpid paroxidation, GO
Carton Monexids B i vasculsr smooth muscle respanse .7
Ethylene b cH, Oxidative strass, cancer s
Acetone W o | Kewsis, disberes matiing 7.3

Optimum NH, Line Selection for a 10.34 um CW TEC DFB QCL

9 130 Torr (7] p— ——25ppm NH,in N,
¥ 35 300{—— 5% CO,, 1% H,0 and residual NH,
=] —kﬁﬂ o o
%W =200
967 38Em
ol oes 38 om' ] S0
c @
S @ 0
g3 a.
g i 100
B 967.35 cm
g o ciul NH_ lina P= 130 Tor
064 %5 08 87 %68 1240 1220 1200 1180 1160 1140 1120
Wavenumber [em”] Current [mA]

Simulated HITRAN spectra @ 130 Torr No overlap between NH; and CO, absorption

indicating two NH, absorption lincs of lincs was observed for the sclecied 967.35 cm!
interest NH, absorption linc in the v, R band. 3
(AN

RICE

Components of a real-time breath monitor
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= Control fiow

= Continuously control of mouth presswre

= Conts monitor CO, i

and use the result in QEPAS data processing

Dogs Smell Cancer in Patient’s Breath!
Integrative Cancer Therapies, March 2006

+ Dogs can idenufy chemical traces in
the range of parts per trillion
e Cancer cells emit different
concentration levels than normal
cells
« The differences between these
bolic prod are sufficient]
farge that they can be detected by a
dog's sense of smell, even in the
early stages of disease [1, 2]

. *ogs Smell Cancer o Patents’ Breath, Swidy Shows™ by Sicfan Lovgren e
» 0112 060112 dog cancer beml <
b.3.% Welsh, 12 Barton, . Alwga, “A case of breast cancer detected by 4 et dog”, Community Oncology, Vol. 1. N 4 (JulylAugust 2003} RICE

QEPAS based NH; Gas Sensor Architecture
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Real-time exhaled human NH, Breath Measurements

=== Breath data fram NH, Rice sansor
Max NM_concantaton w 384 pel

5

]

-
H
NH, concnetration [ppb)]

CO, concentration [%]
Airway Pressurs [mbar)
'y

NH, concantraton {ppb]
'EEEEEEE

L3

=
Point[-]

Asrway pressure (black), CO; (red), and NH, (bluc)

profiles of a single breath exhalation lasting 40sec

142600 142420 142440 142500 142520 °

Time [HH MM:SS]

= Successful testing of a 2nd gencration

breath ammonta monilor instalied i a clincal
(Johns Hopkins, Bal

ond St. Luke's Hospital, Bethlchem, PA)

Minimum detectable concentration of NH, is:
- 6 ppby at 96735 cm ! {103 1 5 time resolution)
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QEPAS based breath analyzer using a 10.4 um DFB-QCL

Motivation for Nitric Oxide Detection

 Atmospheric Chemistry
 Environmental poliutant gas monitoring

= NO, monitoring from automobile exhaust and
power plant emissions

= Precursor of smog and acid rain
Industrial process control
= Formation of oxynitride gates in CMOS Devices
¢ NO in medicine and biology
= Important signaling molecule in physiological
processes in humans and mammals (1998 Nobel
Prize in Physiology/Medicine)

» Treatment of asthma, COPD, acute lung rejection

* Photofragmentation of nitro-based explosives
(TNT)

L /A

5.3um QCL based QEPAS Gas Sensor for NO detection

High resolution EC-QCL based NO Spectrum

External Amplitude
Modulation:

*QTF is used as a mechanical
chopper at f==32kHz

*No chirp associated with the laser
current modufation

=High resolubon mode-hop-free
tuning is possible

Gas handling system

2
RICE

80
4.2% NO in N, at 600 Torr

—— VTRAN 20034800 Tarr pam tem)
—— HITRAS 2008 (3 T 1am
o Tor pom tem | o

= GEPAS messumant '.a External Amplitude
°*%  Modulation:
n.zoz

046 g "QTFis used as a mechancal
B chopper at f=~32kHz
o1z 8 *No chirp associated with the laser
+0.08 g cuirent modulation
Loos *High resolution mode-hop-free
tuning is possible

o GIRICE

|

18024 15028 18032 18036 19040 19044

Normalized QEPAS Amplitude [mVimvV]
3 8 &5 8 8 3

)

Wavenumber fcm ']

>

High power fiber-coupled QCL for NO detection

CN Operahan o1 10 5C 430mA

e 100 P00 Tomo Supp.

H,O absorption in az

il ﬂ\l W-{P’\
|

+ Mid-IR EC-QCL (DLS) AT AN AT e e e G e
» Wavelength tuning range: Wavenumber {cm")
5.26-5.53 ym (1807-1900 cm?)
= MHF spectral range 5% of center wavelength:
5.4 pm; (1846cm'!)
= Maximum tuning Rate 38 nm/sec c R
= Highest optical power: ~250 mwW v :

= TE cooling, RT operation

Power (mW)

NO absorption line selection

Spagnolo
Politocrico Ban and CNR-UIT?

[= .g,z.ri.

am P=1atm @ ==

0.05% NO In N, at 1 atm

Moasured

- o *Selected NO line 1900.08 cm"!

5 T =High resolution mode-hop-free
tuning is possible
sLaser Power ~170 mW
e
oo waz e s
A %RICE

/ 7y
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CW MHF QCL based QEPAS NO sensor

3 ppm NO in N, and H,0 at 250 Torr |
after background subtraction g 1000 =y |
E - |
TP S
bl (e 50ppb
2 § A% b,
5 xa | N
i . ""'"1.!'. - 7
! ° 1000 2000 3000 4000 5000
i Tume (sec)
. P
. o0 r=080820
1900 00
) .
g 00
Signal to noise >200 i 4
200 -
*Lowest detectable concentration < 15ppb ok2
[ 250 500 7%0 1000

CW vs. Pulsed: Allan Variance for Measured NO

*Narrow Linc width ELAPSED THME (5)

sImproved specificity © 500 1000 1500 2000 2500 300 3500
=Greater sbsorption a4 il t ety +
-3

+Higher Power 2 ; fp:to. [VERSEIRRY 3

=TE-cooled detectors o e . 2 LSRa

Longer path lengths 0 1

PULSED
*But, can be morc suscephible 1o o ot mﬁr?:;m-
optical fnnges §
“TE-Cooled Detector (VIGO) g - }(X
*Vaniance vs. intcgration time shows 3w W\‘
» the himuts of averaging 3 0t o0 1 op0 ™ E'“-—-xx EA
-I mmﬁ’rmcn- o .

“NO line at 1900 ¢t d w4 : e
« CW and pulscd, same laser 1 100 1000

INTEGRATION TIME (31

~Concentration notsc, sdev @l | Hz
*CW:01ppb

*Pulsed: 0 5 ppb

Sowos M Zehvwser. ot ab Asrwyne. FACSS 28
e e e

Rz

EC-QCL Based Faraday Rotation Spectrometer

lens

« EC-QCL Operating &t 5.3um — NO Fundamental Band
* 44cm effectve optical
* Rochon Polanzer Extinction Rato <10
* Not sensitive to water interference
« Sensanty Not Limetad by Interference Fringes :
* Gas Cell Volume |~ 250mi) i
* Easy and Robust Optcal Akgnment &
« Continuous NO Mosstonng (Absorpion Line Locking enabled with Lo S n iR LRl Sin

Zeeman Modutation

&

mode-hop free twnng usng at I harmonic) @Bx2ft) . g.'!‘.?:f"-‘-"‘

U

Emission spectra of a 1900cm™ TEC CW DFB QCL
and HITRAN simulated spectra

Wavelength {um)
sz 5% o
.| ETSAL it
S AHR CW 1 B!
H £
; 1ol
i g
! g
H <
K 4]
o
[+ < 4 il
W6 8 100 12 194 - w
Wavencmbericm | Pami=m Vaaurberfan)
— 1) N — Tid| — Jxd
et Ho Q oy
Outputpower: 117mW @ 25C 5
P RICE

P

Motivation for Nitric Oxide Detection in Beijing 2008

 Environmental pollutant

= Product of fossil fuel combustion process
(automobile and power plant emissions)

= Precursor of smog and acid rain

Faraday Rotation Spectroscopy of Nitric Oxide

12
~— 86 ppbNO on N, 3r2)
107 | =850 ma, P=40 Tor f‘
o, TC=1 8 SEN=2mY :iSNR=253
-©7 freq,_,=950 Hz, B=110 Gauss 1i =
©=3°from crossed analyzer i iMDLUO) 380 ppf
g 06+ LN codled InSb detector i
- i
£ 04 Q(s/2) 4
: . P
g o2 .
o ‘,' l\ 10%4,325 uV
024 v
187566 167572 167578 187584 187590
Wavenumber [cm'] vy
&
RICE.

&
[
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Source of exhaled Nitric Oxide

Exhaled NO (eNO) originates from various respiratory system locations
- eNO concentration is flow dependent

o \
14 \

£ \

Y4 \Y

Single flow
(50 mlst)

Multiple flows

= easy to perform « help to distinguish the eNO
» no information about NO formation site

production site « time consuming
» can't distinguish between people « requires mathematical/ physiological
with the same eNO value model

» no recommended flows

=

Future Directions and Outlook of
Chemical Trace Gas Sensing Technology

Detection of NO
Ct El i Lasersp
Sensimity Lppbatls Spph <ppbot |3
Sclectvity ® v v
Accuracy and v a0 v
precision
Response ime I see < | mun I sec
bmgé::\r:l‘l:l‘nplc muluple single muluple
Chemtcal scrubbers vin o ™
Size " v ®
Relatively
Other need O, ocspersivs expensive
® Portablc Exhaled Nitnc Oxde with the Gokd Chest131-410(2007)
* Are exhalod NO measurements usng the portable NIOX MINO repcatabic? Respir Res. 11 43 (2010)

&

Monitoring of Broadband Absorbers

Freon 125 (C,HFs)
3 Refrigerant (leak detection)

8 Safe simulant for toxic chemicals, e.g. chemical
warfare agents

Acetone (CH;COCHs)
® Recognized biomarker for diabetes
TATP (Acetone Peroxide, CsH,,0,)
" Highly Explosive
* Uranium Hexafluoride (UF)
¢ Hydrazine

LA

=
(@)
[xal

UF, Mid-Infrared Absorption Bands

<" —
(] [}

r

it
B - e
B0 U00 000 1100 1200 130 MO0

s em?

. A
A Al

R.S. McDowell, t. B. Asprey, R.T
Paine, Vibrational spectrum and
force fisld of uranium
hexafluoride. -J. of Chemical
Physics, Vol 61 No 8, 1674

Absorption spectiun of gas nuxture
under investigation and observed
| features identify

A. Nadezhdinslii st 2], GP{, Moscow, Merch 2008 Also G, Baldacemi et al, Nuovo Cimento 8, 203, 1986

T e
A HR costed ATS8E84E2 1 n EX cordg_30C_Y1 mA

HR coated CW 7.74 pm FP-QCL in EC-configuration @ -30°C

,_
Single beam [a u |
e 3 8

5 Tunabiity ~79.6cm '

1700 1270 1780 1290 1300 1310 1320 1330 1340
‘Wavenumber {cm '}

20 e ATOIBHZ | @-30°C w1301 83 cm
e eret s S
g
[S

m am ue

!
[
Zs
FTIR specara for 2mm cavity lenggh 7.74 pm FE-QCL(ATSSBHB) ) m extermul cavity o
0 ey}
o

Resistance @ RT is R= 6500 3 04 05
ek Current [A]

Threshold with grating I,= 301.5mA @4
Threshold without grating l;= 350mA Q RICE
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Simulant molecules for UFg

Proposed QEPAS-OPBC Sensor Configuration

Single mode spectral frequency tuning range of the tested FP-QCLs cover
the v+ v, UFs combination band centered at ~1291cm and several
methane (CH,) and acetylene (C,H,) absorption lines

—— 100 ppm of CH,. P = 100Tom. L = im _]‘2

124
1 — 100 pom of C,H,. P = 100Tom. L = 1m

Cemr
C,H, Absorption [%]

>

CH, Absorption (%}

2 120 ™ %0 o
em [ A ek a
Experimental spectrum of absorption 1275 1260 1285 1290 1285 1300 1305 1310 1315 1320
cross-secion G of the anaiyzed Wavenumber [em |
branium| sample (cicles)

: 100 ppm of CH, and C;H,
Spectra were simulated st 8 100 Tort pressurs and 1 meter pathienth.

A

spectra of
TLIF (solid line) and 23SUFB {dotied line) [1]

A.G. Borazn, o al, Spectrochiemica Acta Part A 65, 796-802. (2007). RICE

DFB High reflectivity Photodiode

diode laser  dielectric mirrors
PZT

Circulating power = Source power / (1-R)

QTF

Feedback electronics

Very conservatively, x100

Alex Kachanov Skymoon Rescarch R & D

Q’g

RICE

OPBC-QEPAS system configuration

LC2960C
I=.80mm

Inclatos 4548 Q 1315
PZT | AFELI1 528 /

) ™
ol

Ssinti g h
crgMe .
ot urgmg

e

QEPAS MDAL Comparison with CRDS, ICOS & TDLAS

Minimum Detectable Absorption Loss (MDAL) [cm/VHz]
can be used for comparison of different techniques:

* Cavity Ring Down Spectroscopy (CRDS):  ~3x10°!
« Integrated Output Spectroscopy (ICOS): ~3x10-1!
*» Multipass Gas Cell based TDLAS: ~2x10M!

+ QEPAS (Sept 2009) MDAL (DFB 100mW):  1.9x10*
* QEPAS-OPBC MDAL (DFB 20 mW): 3.2x10°10
» QEPAS-OPBC + micro-resonator (estimated): ~ 7x10°12

QEPAS-OPBC can be as sensitive as CRDS, 1COS and TDLAS |
and retain most of the performance merits of QEPAS |

5 Alex Kachanov, Skymoon Rescarch R & D

pos

Wireless Sensor Networks for Trace Gas Sensing

Ultra-compact Diode Laser based Trace Gas Sensor

+ Advantages?
= Spanal resolution

" T
’ = Measure fluxes
\ = Detect spike before
diffusion
( «  What is needed?
’ = Ultra low power
— v

= Fast duty cycling capability
= Low cost, Replicable

= Ultra miniature

= Autonomy (no

e,

— .
i 5 consumables; auto-

' To Intema? via A . o~

T Basestaion processing; auto start) %

et RICE
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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,0, 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
s Medical non-invasive diagnostics: MDC of single digit Ppb
levels (1o) for NH, at 967.35 cm™' and NO at 1900 cm™')
= Environmental Monitoring of Atmospheric NH; in Texas 2010
and 2011: ~ 1 to 28 ppb in urban areas
* Future Directions and Outlook
= Ultra-compact, low cost, robust sensors (CO, CO, and C,Hg)
s New target analytes (SO,, C¢Hg, and UF) Pt
= Development of trace gas sensor networks RICE
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