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Motivation: Wide Range of Gas Sensing Applications

» Urban and Industrial Emission Measurements
* Industrial Plants
» Combustion Sources and Processes (eg. early fire detection)
= Automobile and Aircraft Emissions
+ Rural Emission Measurements
+ Agriculture and Animal Facilities
« Environmental Gas Monitoring
= Ammospheric Chemistry (eg ecosystems and airborne)
= Volcanic Emissions
* Chemical Analysis and Industrial Process Control
* Chemical, Phar ical. Food & Semicond Industry
= Toxic Industrial Chemical Detection
* Spacecraft and Planetary Surface Monitoring
= Crew Health Maintenance & Advanced Human Life Support Technology
* Biomedical and Clinical Diagnostics (eg. breath analysis)
* Forensic Science and Security o
* Fund al Sci and Ph hemistry
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Trace Gas Monitoring in a Petrochemical Plant
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Existing Methods for Trace Gas Detection

Fundamentals of Laser Absorption Spectroscopy

| Non-Optical H Mass Spectroscopy L—-E Gas Chromatography

Electro Chemical

I Chemiluminescence j

| Optical |—| Non-Dispersive __ Fourier Transform |

" Gas Filter Correlation

| Microwave Spectroscopy |

Dispersive
= Laser Spectroscopy [
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BoerLembert's Law of Linear Absorption Optimum Molecular Absorbing Transition

®*  {wertone or Cominnation Bands (NIR)

Hrpery ¢ VIR L *  Fundamental Absorption Bands (MID-IR)
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¥ aqn *  Open Path Monitonng (with retro-
\ reflecior)
v *  Evanescent Ficld Monitoring (fibers &
alvyaC ST} givev) waveguides)
- total number of olecules of sbsotbing gas‘atmicm? W'm )P:ev‘v‘a‘?:l:;‘hm\:‘ Y istion

Imolecule-cnr - amm'|
) . Balanced Detect
S - moleculer ine micnsity {cm - molecule /| »  Zero-air mumc:::n
B{v-¥) - noomaluzed spectral Imeshape function [em|. o Photoacoustic Spectroscopy’
(Gsussun. Lorenizian, Voigt) RICE

Mid-IR Source Requirements for Laser Spectroscopy

IR Laser Sources and Wavelength Coverage

REQUIREMENTS IR LASER SOURCE

Sensitivity (% to ppt) Power
Selectivity Single Mode Operation and Narrow
Linewidth

Multi-gas Components, Multiple Tunable Wavelengths
Absorption Lines and Broadband

Absorbers

Directionality or Cavity Mode Beam Quality
Matching

Rapid Data Acquisition Fast Time Response

Room Temperature Operation No Consumables

Fleld deployable Compact & Robust
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Quantum and Interband Cascade Laser: Basic Facts

*  Band - structure engineered devices (emission wavelength 1s determined i
by layer thickness — MBE or MOCVD) QCLs operate from 4 (o 160 pm
(Iumwd by the CB offset on the short wavelength side)

+ Unipolar devices
= Cascadmg (each clectron creates N laser photons and the number of penods N
detenmines laser pawer)

= Compacy, reliable, stable. long lifetime. commercial availatality

*  Fabry-Perot (FP) or single mode (DFB)
. R i i IR (4-24 um for QCLs and 3-5 et
pm for [CLs)
* 15 com' usng current
+  10:20 cnr' using temperature
* > |50 env' using an external grating element

L Xw‘.sm%m 01 - 3 MHz & < 10Khz with frequency
stabifization; MHz (churp from heating)

) oS
" Pulaod peak powes of 1.6 W high temperature operation =425 K
+ Aversge power kevels: 1-600 mW
* S J9mW. TEC CW DFB a5 aad 10 i (Alpes & Lnase): Prnceton.
AdTech Optics. Masson, Argos Tech
~300 MW @83 pm(Agilent Tndmnlogw- & Harvard)
=600 mW ("W FP) and =150 mW (C'W DFD) st 298 K (Northwestern)
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Wavelength Coverage of IR Detectors
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HITRAN Simulation of Absorption Spectra (3.1-5.5 & 7.6-12.5 um)
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Representative Trace Gas Detection Limits

Species cnr?! 1 : ’,::,’: (opn‘w 1ML:’:,»0
NH, 967 50 20 L of Detection
NO, 1600 80 40 e e
HONO 1700 200 | 80 e
co 2190 120 | 50 o B
N,0 2240 100 [ 50
HNO, 1720 200 [ 80
0, | 1050 500 200
NO | 1905 200 100
CcH, 1270 400 200
S0, 1370 310 120
CH, 960 360 140
HCHO 1765 350 100
H,0, 1267 1000 400
s Zonir s 2000 sepmmues 204 RICE
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NASA Target Gas Opportunity Matrix
Molecule Detection Limi QEPAS detectable?
1.3-1.7 pm 2-5pum
Formaldehyde 10 No X
Acctaldchyde 20 Experiments required
Ammonia 100 X X
Carbon monoxide 1000 Probably not X
Hydrogen cyanide 100 X X
Carbon dioxide <2% X X
Nitrogen dioxide 100 Probably not X
HF 100 Experiments required
Acrolein (2-Propenal) 5 Unlikely
Water vapor 10-90% X X

X - Demenstrated
X - Highly expected based on the existing technology level
X — Expected with the technology advance
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Motivation for NH; Detection

» Monitoring of gas separation processes
* 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 dysfunctions)

RICE

Infrared NH; Absorption Spectra
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Fundamentals of Laser Absorption Spectroscopy
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Optimum Molecular Absorbing Transition

Baer-Lambert's Lew of Linear Absorption
° Overtone or Combination Bands (NIR)

1ty 0 VIR L Fundamental Absoption Bands (MID-IR)
a(v) - absorption cocfficient [crr! atnr!|: L
path iength |om| Long Optical Pathlengths

¥ - froquency [ent'|. P - partial pressurc [stm] Multipass Absorption Cell

Cavity Enhanced, :mu Ringdown &

=\ J(_ I Intracavity Spectroscop:
— I *  Open Path Monitonng (\mh retro-
)
.Ik reflector)
v o Evanescent Ficld Momitoring (fibers &
waveguides)

alv)=C S(T) fv-v,)
Spectroscopic Detection Schemes

®  Frequency or Wavelength Modulation
*  Balanced Detection

C - total wmber of mokeules of absortrmg pas‘atmicn?
[rolecule nv? -atm']

S - mulecular line micnsity [em molocule'] = Zero-air Subtraction Z
g{v- v, - norvmlized spectral Imeshape finction fem], Phatoacoustsc Spectroscopy
(Gaussiar. Lorertzuan, Vogt) ) RICE




Pulsed QC Laser Based Gas Sensor

Ammonia Absorption Spectrum @ 993 cm-1

20kSs

pulscr

DAQCan-1200

A Koserev o a1, Applaed Optza 41, 373 20 RICE

14 T T T
42 | 6.7 ppm. precision: 0.3 ppm 1
Im pathlength
o 10 [ 95Torr 7
*
s 08 ]
2 Cl(i-x)+ b
-] 3 y~cr-
) 0.4 J y-absorption
< C-concentration
02 J 1-pulse number
x-peak shift
a0 J bt-baseline shift
02 L L . N
992.3 992.5 8927 9929
Frequency, em™!
A Kosterey o al, Applasd Optics 41, 373 2000 RICE

CW RT DFB QC laser based NH, Sensor @ 9 um (1113 cm')

Wavelength Modulation Spectroscopy of NH,

b= [ ——{Acquisition |
Asphernc lens Fﬁowwfpu‘ EW'ME METDmector
Sy

= 21" absorption cell (53.34 cm)

¢ QCL Drive Current :

Quasi CW + T Moduieson
Wavelength modulation !} desth 424

| Ezwwk'r‘ f ,ema * Calibration with a

sl
g 2| p 1038 ppm NH,:N, mixture
2.l . 1o extrapolated sensitivity
(3K} — >
ERy \ 82 ppb.m/vHz

Slo=0045mV

nrromee owEe e = Improvement by a factor of

Wavenumber fcm't) 3 compared to direct

absorption spectroscopy

Ammonia Detection using a 1.53 um Telecom Diode Laser

50 ppm NH,

QIPAS sgual, nu.
»

280 Z1S 270 285 260 255 250 245 M0

— 80 Ter
00 Torr|
i

85204 65208 65288 652 65292 65294
Wevenumber, om rode laser current, mA

Spectral simulations based on data from QEPAS spectra at different pressures of
Webber et al, APPLIED OPTICS 40, NH,:N, gas mixture; =0.33, 38 mW diode
2031-2042 (2001)) laser excitation power at 6529 cm™?

Apphed Optics 4362138217 2004

Motivation for Precision Monitoring of H,CO

* Pollutant due to incomplete fuel
combustion processes

* Potential trace contaminant in industrial
manufactured products

* Precursor to atmospheric O; production

* Medically important gas




Advanced DFG System for H,CO Detection

Lens PPLN Lens Ge-filter

=2831.6417 cmv!
Laser, = 1560 nm P

Laser, = 1083 "M A Fried et &, Development lof DFG source inn prograss

H,CO Detection in Ambient Air at 3.53 um

1.00005
1.00000
0.99995 4
5 oA
@ 0.99900 4+ '
-E' concentration:
8 00008 | (8.49 £ 0.57) ppbv
E goodness of fit:
099080 T 2= 3.4272E-10
o =+ 1.852E-05
000975 4
:
0.99970 } ;

283161 283164 263166 283189 283172
Wavenumbars [cm™]

D. Rekke et al. Applied Fhysics BT2, 947-951 (2001) RICE

H,CO and O, Concentrations at Deer
Park, TX for July 20-31, 2003

Fundamentals of Laser Absorption Spectroscopy
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Boer-Lambert's Law of Linsar Absorption
* _-")P'L *  Oventone or Combination Bands (NIR)
vilg ° *  Fundamental Absorption Bands (MID-IR]
afv) - shaorption coefficient [cnt* amr'}. L.
‘path length [cm] i
v - froquency [ent!). P,- pastial pressure {atm] Multipass Ahsomtson Cell
— Cavity Enhanced. Casity Ringdown &
’_/—-U’ T Intracavity Spectroscopy
- ) = Open Path Momtonng (with retro-reflector)
| Exanescent Ficld Monitonng (fibers &
- wavegdes)
atv)=C S(T) §lv-v,)
€ - total nusmber of molecules of absorbing gasiamcmd | Lroduency or Waselengih Modulation
molecule-cnr! amm] 2 Balanced Deteclion
S - moloculsr line miensity em molecule™] $  Zeroair Subtraction =

=  Photoacoustic Spectroscopy
g(v- v} - nommalized spectral Imeshape fumction [em), pe
(Gaussian, Lorentzian, Vorgt} RICE

From conventional PAS to QEPAS

Laser beam,

power P . /_\ Cell is OPTIONAL!
J
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Typical QTF resonance curves

Comparative Size of Absorbance Detection Modules (ADM)

12 T T T
—Air, 760 Torr Q=13 270
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Jo A
< 8F@=- V= .
Z M
=
E sf ]
=3
o
-
= ]
2t ]
i /\
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Resonant photoacoustic cell (1000 Hz)
~60 cm, ¥~50 cm*

Optical multipass cell (100 m); 1

QEPAS ADM:
1~05 cm, 1~0.05 cm?

Simulated NIR absorption band of HCN centered at 1.53 um

R6
653911 em’ >
2vl
HCN hot
C-H stretch band
overtone
!
6400 6450 6500 6550 6600
Frequency, cm”
> RICE

LPAS based gas sensor architecture

P T
=\

Laser
Diode Beam 1%
Splitter

Reference Cell

Control
Electronics

e e e

< /A |+ Data collection
B and processing
=
- & Optional, used only for
Funcno:: pC > n"ﬂﬁr:; " initial sensor sct-up
» RICE

1.53 um LPAS signal of a 6.25 ppmv HCN: air mixture

15 T T T T

T T T Estimated HON toxicity concentration
HCN for 30 minutes exposure is 100 mg'm’ or
~85 ppmv

10f esolem’ | —m——————
Laser power in the cell: 50 mW
H:O Time constant: 1s, SNR=40

r -1
6539.27 cm Room air, 50% RH (see plot):

Signal, pv

Optimum pressure 60 Torr

NNEA=43x10" cr'Wi/(Hz)1?
NEC=155 ppbv

Dry nitrogen or air:
= [o]

500 -
NNEA=9.2x10-* cmy'W/(Hz)'? ;
NEC=330 ppbv

-10 " L : . s 4
460 470 480 480

Diode laser current, mA

pressure 300 Torr

P

Generation of controlled H,O concentrations
in HCN gas flow

? RICE

N,.HCN
Trace gas
generator FCl
Humidifier was developed for
Mi HCN sensor characterization in
5 Thenmostabilized e | Phase L and will be used in
waler . H.O VOlME | e yrrent Phase 11 project to study
—r—1 water Interference and
N. m d T effects when targeting
i o momoml broadband absorbers, such s

Freon 125.

FC

FL1.2 - mass flow controllers, FC — fiber collimator 16 couple the diode
laser radiation a1 1 37 mm into the optical gas ceil. PID - photodiode

3
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LPAS HCN signal dependence on gas humidity

d Addition of H,0 promotes \'-T
relaxation, resulting in a2 higher HCN
d detection sensitivity in humid air,
Ed 4 ] If the sensor is operated st 300 Torr,
= RH veriations from 6% to 100% only
EI: _— o change signal by 10%.
a
2g
1
0
0 05 1 15 2
[H 0], %

HITRAN Based Simulation of a H,CO-H,0-CH,
Spectrum in Tuning Range of a 3.53um IC Laser

005
B .
0014 H.CO: 10ppb
*HO: 3%
0.03 4 ® CH,: 2ppm

* Optical path: 100 m

® Total pressure: 30 Torr

Absorption (%)
]

L IC Laser raming range a¢ 79 K

315 2320 28125 M0 WIS
1
Wavenumber (em )

Q¥

QCL based Quartz-Enhanced Photoacoustic Sensor

ILQEPAS based HO sigaal ot 183 um (MI2.48 em'')

o

[]

2 QCPAS Lock-In sigret vy
f ]

£

£ g

[
denuring {am'y
® [H.LCOJ: 13.27 ppm
* QEPAS NNEA Scnsitivity:
L1x10%em! WhHz
NEC {z13): 0.28 pprmy ( $ mW)

For comparison:
QEPAS Sensitivity for NH,
5.4x10%em "W/ ¥ Hz
@/ JPL U NEC (r=18): 0.50 ppmv (38 mW)
RICE W Horsarn et al, Agphed Pryses 8 70, 799, 2004

IC Laser based Formaldehyde Calibration
Measurements with a Gas Standard Generator

64 ® H.CO absorption
frequency: 2832.5 cm”!

5.4

* Lock-In time constant:
44 10s

® QEPAS pasamcicrs
34 - Resonance froquency:

32.760 KHz

- Q-factor: 17336
- Pressure: 200 Tomr

2f QEPAS Lock-In signal (mV)
»

14 - Gas Flow: 75 sccm
- IC laser power: 6 mW
L2
NS
T el
“ T T T T T T T U
[} H 10 135 20 25 a0 @/
B JPL e

FT-IR survey absorption spectrum
of benzene vapor (C(Hy)

Amplitude Modulated 8.6 um QCL based
LPAS Sensor Platform

Atmospheric absorption spectrum

e A

H,0 band
€0, band

Benzene spectrum (]
) [ !\J \/ v ]
¥

-

Linear scale (a.u.)

500 750 1000 1250 1500 1750 2000 2250 2500
Wave number (cm™) RICE

W Chen. F.Cazier. F.K Tinc! and D.Boucher, Aﬂgﬂn 39. 6238, 2000
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Design of a new QTF based absorption detection module

Merits of QE Laser-PAS based Trace Gas Detection

*Two QTFs connected in paralle! results in
sLaser-induced background reduction enhanced 2 SNR

«Compact & integrated design

~Minimum exposure of QTFs to QCL radiation

=Machining precision of : +/- 10um
=Efficient for gas flow to microresonator

2 RICE

* High sensitivity (ppm to ppb gas concentration levels) and excellent
dynamic range

» Immunity to ambient and flow acoustic noise, laser noise and etalon
effects, which allows applications that involve harsh operating
environments

= Required sample volume is very small. The volume is ultimately limited
by the %ap size between the TF prongs, which is < I mm? for the
presently used QTF.

* No spectrally selective elements are required

*  Applicable over a wide range of pressures, including atmospheric
pressure

* Sensitive to phase shift introduced by vibrational to translational (V-T)
relaxation processes and hence the potential of concentration
measurements of spectrally interfering species

*  Ultra-compact, rugged and low cost compared to LAS that requires a
multipass absorption cell and infrared detector(s)

« Potential for optically multiplexed concentration measurements

QEPAS Performance for 8 Trace Gas Species (June’06)

Molecule (Host) Frequency, | Pressure, | NNSEA. | Power, | NEC (r=1s),
am! Torr | em’Wilz" | mW ppmy
HO (N 730675 @ | 19x10° | 95 0.09
HCN (alrz 56% hum) * 6539.11 0 <d3x10 50 0.16
CaHs (Ng** 6529.17 7% ~25x107 -0 0.06
NH; (N2 6528.76 €@ 5.4x)0° 38 050
'CO; (exhaled air) 1425 % To=10° | 5.2 890
TO: (N} *°° 3950,00 300 15107 | 4.6 130
THO () *. H:0 83248 100 TIx107 | 46 [E3
TO (N 319666 £ s30T 13 (5
CO (propylenc) 219666 50 7.4x107 65 0.14
N0 (IrS%SFY T195.63 E] T5<107 | 19 0007 |

< Improved MEcToresonalon
** _ jimproved microrcsonator sad double optical pass through GTF

*** . Without microresonator

NNEA izad noise equivalent sbsorpti flicient.

NEC - noise equivalent concentration for available laser power and 1= 13 time constant.

For comparison: conventional PAS 2.2x10* cm'W/VHz (1,800 Hz) for NH,*
* M. E. Webber, M. Pushlorsky and C. K. N Patel, Appl Opt. 42. 21192126 (3003)

Fundamentals of Laser Absorption Spectroscopy

Optimum Molecular Absorbing Transition
*  Overtone or Combination Bands (NIR)
*  Fundamental Absorption Bands (MID-IR!

Besrdambart's Law of Linear Absorption
a(v) P, L

(v} - absorption cocfficient [crv? atmr'| L
path length jom| Long Optica! Pathlengthy

v - froquency [cnr'], F,- pertial pressire [awn] Multipass Absorption Cell
J— 8. Cavity Enhanced, Cavity Ringdown &
“(— ) Intracavity Spectroscopy

f e Open Path Monitoring (with retro-reflecior)
*  Fvanescent Field Monttonng (fibers &

v wareguides)
alv)=C S(T) glv-ve) "
Frequency or Wavelength Modulatien
Balanced Detection
Zero-air Subtraction
Photoacoustic Spectroscopy

- total number of molocules of sbsorbing gasatm cm?
[molecule e -atm'|

S molecular kne mieranty |em makecule £}

(v~ v} - norrmhized spectral lineshape function [cm].
(Gaussaan, Lorentzian, Voigt) R]CE

NO as a Biomarker

TEC — CW-DFB QCL based Nitric Oxide OA-ICOS Sensor

* NO is biochemically involved in most tissues
and physiological processes in the human body

* NO excretion increases in exhaled breath in
lung diseases such as :
v Asthma'
v Chronic Obstructive Pulmonary Disease?
v Acute lung rejection’
v" Acute respiratory distress syndrome*
v Pneumonia (useful for intubated patients)®

AhOg K B Weeshwrg, Rl Luadbarg, bcressed stonat of NO m exkaled axr of aberuics Eur Fapw 119916 1360-1) %0
Wasen AL S Loukides, S Culprs, P Suliran. § Kharscamoy, P Barnes. Exhaled NO m COPD. Am S Rapr Crt Cave Med 1955, 157 pp998-1002
'SKnlf PE et al Exhated NO in bunrnn Am ] Raper Crat Care Mad 1998, 157,81

18221329
“Bre I, Evans TW wuhthe ARDS At 7 Ropar Cra Care Med 1998, 157(3 P 1) 9937
At C ot al. Exhalad and aaval NO a9 4 maber of pueurvmsa 1 vestisled jutwsnts  Am J Repar Cre Carw Slad 001, 1853111439

Laser Housing Removable
(Top View) Mirror

ICOS Celt

MCT
Detector

Low noise
Amplifier
Modulation (0

= 0 2 i
5:::;'2;}‘"{_.»%?%52;’-":“°C'” &
@ t RICE

MCLT
Detector
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2f NO Absorption Signal at 1835.57 cm’!

"“1| T — f‘.f..”:’;..“." 05 Y b
| I s
s a.07 o4 |
- =
a b3 18 pph |
= 800 ~ 5 b
%n -? s .""'J
L5 | BT ppey |
R S ol
ety |
e i T 00 omdgpotes
a1 085 a0 005 o1 o ] o 30 w
Detuning (cm ) NO measurement numbers
NO:N, mixture (@ 100 Torr Noise equivalent sensitivity:
Effective L= 700 m 0.7 ppbv ( 10)

P?E Chronic Obstructive Pulmonary Disease

« Chronic obstructive
pulmonary disease (COPD)

. A lation of inf: y
products in the small airway
lumen and wall

< Alveolar NO
= Reflects peripheral lung

inflammation and the response
1o anti-inflammatory treatment

= Not affected by smoking or
inhaled corticosteroids

Sousce i jama ame-asen org gsconient hul 20017 2362

n?z Curcumin Pilot Study BCM

» Curcumin (Turmeric)
= Polyphenol (diferuloylmethane)
» Anti-inflammatory
and anti-oxidant

» Hypothesis: Curcumin reduces
indices of inflammation in
individuals with severe COPD

Collaborator: Amir Sharafkhaneh, MD

ICOS vs. CRDS

CRDS

= Extremely high sensitivit
possible - 10 emr! /
demonstrated m NIR

* Time resolved measurements, fast
detector necded

* Single transverse modc, on-axis
— critical ali

* Laser must be locked to the cavity
mode

* High throughput in resonance for
a narrow line (~kHz) laser

* Insensitive to the source power
fluctuations

External Cavity QCL Based Spectrometer

EVACUATED LAZER HOUSING -~ REFERENCE GAS CELL
. |- AEEATIGNN.
u, ol
Y emmemmm———— M
n J‘ [
o -
I ) 2 e 7

« PZT controlled EC-length

+ PZT controlled grating angle

« Optimi; of cavity ali it
performed by means of lens positioning
using electrically controtied 3D translation
stage

Tunable external grating cavity QCL based spectrometer II

Compact ECG QCL
design, June 2006

Housing for igh power
cw QCL and lens
positioning assembly




Mid-IR NO Absorption Spectra Acquired with a Tunable TEC QCL ,

“ied2a 19428 18432 18439

Wavenumber [om | Wavenumber [cm ']

Important facts of novel EC-QCL Technology

« Laser spectroscopy provides superior
resolution compared to other techni
eg FTIR

Single mode operation of 1he laser is
required

Wavelength tunability of single mode
(DFB) mid-IR semiconductor lasers is
~10cm-1 14T 12 194715 1B47 18 194721 1047 24
Wavenumber [cm’"]

* Demonstrated wavelength tunability of
the Rice EC QCL is - 35 cm-1 (limited
by the gain chip properties and not by the  **
designed EC configuration) U

Gain chips, which can provide i
tunability of >200 cm™! are already B
reported in the literature

Sensor control and data processing

Dedicated DSP-based electronics for trace gas sensing
using a pulsed QC laser

+ Computer control of a laser-based spectroscopic sensor
using PC (Windows, LabView) is convenient but not
reliable and often does not allow to achieve the
optimum sensor performance

* Reliable systems such as NI Real-Time devices are
expensive, in part because of their multifunction
abilities

« Dedicated electronic modules for autonomous sensor
control and data processing are reliable, small, and
consist of inexpensive part

- Today’s technology such as DSP and FPGA offers .
convenience and flexibility of design

Pulsed laser requires high speed pulsed processing system for minimum detection
limits -

Conclusions and Future Directions

« Laser based Trace Gas Sensors
Ultra compact (~ 0.2 mm®), robust & low cost sensors based on QE L-PAS
QEL-PAS is immune to ambient noise. The measured noise level coincides with the
thermal noise of the QTF
Best to date demonstrated QEPAS sensitivity is 2.1 x 10 em'W/Hz for H,O:N,
QEPAS exhibits a low 1/f noisc level, allowing data averaging for more than 3 hours
Detected 14 lmcegascs 1o date: NH,, CH,, N.O, CO., CO, NO, H.0, COS, HCN, C.H,,
C.H., C.H,OH, SO-. H,CO and several isotopic species of C, O, N & H
0 Applications in Trace Gas Detection
1 & S ft Monitoring (NH,, CO, CH,, C.H,, N0, CO.and H.CO)

* Medical Diagnostics (NO, CO, CQS, CO., NH,, C.H,)

 Industrial process control and chemical analysis (NO. NH,, H.O)
+ Future Directions and Collaborations

* QE L PAS based applications using novcl h ically cooled cw and broadly
h tunable g and i d cascade lasers
Invesugale QTFs vmh lower resonant frequencies

O dulation QEPAS p ial and limil
® New urgcl gnss in particular VOCs and HCs
* of optically multiplexed gas sensor networks based on QE L-PAS b

Concept of a ultra-miniature QEPAS gas sensor

RICE
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Volcanological applications CO, Absorption Line Selection Criteria

= CO, the most abundant component of 1 ieq:
volcanic gases after H,O s i ° Thl'(?e §mteg1es : . .

*  §UC is a sensitive tracer of magmatic vs ~ Similar strong absorption of '*CO, and '*CO, lines
hydrothermal or groundwater * Very sensitive to temperature variations

contributions to volcantic gases

= Monitoring §"*C can be used in eruption
forecasting and volcanic hazard
assessment

~ Similar transition lower energies
* Requires a dual path length approach to compensate for the large
difference in concentration between major and minor isotopic
species-or-
* Can be realized if different vibrational transitions are selected for
the two isotopes ( 4.35 pum for *CO, and 2.76 um for *CO,)*

= For the first 2 strategies both absorption lines must lie
in a laser frequency scan window

= Avoid presence of other interfering atmospheric trace

gas species g
RIC

* Proposed scheme by Curl, Uehara, Kosterev and Tittel, Oct. 2002

High resolution CO, absorption spectrum at 2311 cm! Off-Axis Integrated Cavity Output Spectroscopy (ICOS)

Based Gas Sensor

Crannel 1
™
"
I
g o Yco,
[T
o
13, Channel 2|
§ 10 co? .
KU
E os
181218, 13,
& .. "o'c"o 'co,
23100 23102 23104 33106 23108 23110 23112 234
Wavenumber (/cm)
«Novel compact gas cell design of kngth: 3 8 - 5.3 e and cell vahumes <
.07 N
+ Low loss merrors (ROC 1m)~60-250 ppm, R~99 975, 1.4 ~170-800 m 1 v
+ Rapid eNOJ concentration measurements durmg & smgh breath cyele.are IB] LGR w
. feasible - . RIC
Ta in and Photoruca News 2008 R;{_ 2l

Watedes g 44 CLEO 20060 (chug 22 mo@
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