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Motivation: Wide Range of Gas Sensing Applications
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» Urban and Industrial
= Industrial Plants
» Combustion Sources and Processes (eg. early fire detection)
= Automobile and Aircraft Emissions
+ Rural Emission Measurements
» Agriculture and Animal Facilities
 Environmental Gas Monitoring
= Atmospheric Chemistry (eg ecosystems and airborne)
= Volcanic Emissions
- Chemical Analysis and Industrial Process Control
s Chemical, Phar ical, Food & icond 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 (. b,q»(og’..).e | C. ‘U
- Fundamental Science and Photochemistry
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Existing Methods for Trace Gas Detection
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Mid-IR Source Requirements for Laser Spectroscopy

REQUIREMENTS IR LASER SOURCE
Sensitivity (% to ppth/ Power
Selectivity Single Mede Operation and Narrew
Linewidth
Multi-gas Components, Multiple Tunable Wavelengths
Abserption Lines and Broadband
Absorbers
Directionality or Cavity Mode Beam Quality
Matching
Rapid Data Acquisition Fast Time Response (w*: “‘Uﬂ')
Room Temperature Operation No Consumables
Field deployable Cempact & Robust ) 1.0119 wﬂiﬂ.ﬂ&@

HITRAN Simulation of Absorption Spectra (3.1-5.5 & 7.6-12.5 pm)
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Fundamentals of Laser Absorption Spectroscopy
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Ohertone or Combination Bands (NIR)
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= Cavty Enfunced. Cavity Ringdown &
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Open Path Motoning (with retro-
J e reflector)
¥ v +  Evanescent Ficld Momtonng (fibery &
atvi=C ST pvev,) waveguides)

S||e¢tr‘u'opk Detection Schemen
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Frequency or Wavelength Modulation
Balanced Detection

Zero-air Subtractivn

Photaacoustic Spectruscopt

IR Laser Sources and Wavelength Coverage
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Band - d devi
determuned by Iu\er thsckness — MBE or MOCVD) OC& opernlc
f:im 410 160 pm (lumated by the CB ofYset on the shart warclength
sude)
= Unipolas devices
= G (each electron creates N laser photons and the number aff
penods N determnes power}
Compac. reliable, stable. long hfctime. commercial avaiability
«  Fabn-Perot {FP) or single mode (DFB)
+  Broad spectral wning range 10 the mid-R (424 pm for QCLs
and 3-5 m for ICLs)
s | Sem! u:lng current
= 1120 cm! using temperature
. > lSﬂ cm' using an external grating element

| lmewidth ew. 0.1 - 3 MHz & <|0Khz with
Ilulc\sl Hization

Linewidth 1s — 300 MHz of pulsed QCLs (cturp from heating)
High out we E mperatures
« Pulsed peak powers of [ 6 W high tempemture operation — 425 K
#  Average power levels: [-600 mW
- 50 mW, TEC CW DFB a 5 and 10 microns (Alpes &Unine)

= ) mW (CW FP) and =150 mW(CW DFB)at 298 K
(Nusthvestem)
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Wavelength Coverage of IR Detectors
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Simulated NH; Absorption Spectrum (Near-IR to Mid-IR)
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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)

Fundamentals of Laser Absorption Spectroscopy
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Spectroscopic Detection Schemes

*  Frequency or Wavelength Modulation
Balanced Detection
Zero-air Subtraction
Phiotoacoustic Spectroscopy
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Ammonia Absorption Spectrum @ 993 cm-1
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CW RT DFB QC laser based NH, Sensor @ 9 pm (1113 cm™)

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

Wavelength Modulation Spectroscopy of NH;

= QCL Drive Current : .
Quasi CW + it MV stion VWWWV\L
Wavelength modulation ! deph 42 ma
sl A A .1 | * Calibration with a
g : :;‘/ 1038 ppm NH;;:N, mixture
3. 1o extrapolated sensitivity
k] . 82 ppb.m/Hz
1| =0.095 mv
M7 ze uns e 1Bt = Improvement by a factor of
Wavenumber (e 3 compared to direct
absorption spectroscopy

H,CO Detection in Ambient Air at 3.53 pm
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Advanced DFG System for H,CO Detection
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Laser, = 1560 nm
Laser, = 1083 MM A Fried et al. Development iof DFG source inn progress

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

CO, the most abundant component of
\olcnmc gases afier H,0

81C 1s a sensitive tracer of magmatic vs.
fivdrothermal or groundwater
contributions (0 1 ofcanic gascs
Monitoring 51°C can be used in cruption
focecasting and volcanic hazard

Isotopic Ratio Measurement Techniques

- Current standard technique: Isotope Ratio Mass
Spectrometry (IRMS) A8~0.01-0.05 %50
= Small mass differences are difficult to measure
» Not real time
* Not field deployable
« Complex sample preparation and sample destruction

« Fourier Transform Spectroscopy A5~0.1-0.2 %,

= Not selective for compact and intermediate sized platform

« Tunable Laser Absorption Spectroscopy A3~0.2 %,
s Lead salt lasers
= Difference Frequency Generation
» Near-infrared diode
= Mid-infrared quantum cascade lasers

CO, Absorption Line Selection Criteria

Comparison of CO, line selection and strategy for different current
US mid-IR laser-based isotopic ratiometers

= Three strategies:
~ Similar strong absorption of '2CO; and "*CO, lines
* Very sensitive to temperature variations
~ Similar transition fower 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 vib 1 ions are selected for
the two isotopes ( 4 35 pm for 1*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

* Proposad scheme by Curl, Uehara, Kosterev and Tiitel, Oct. 2002 RIC
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HITRAN based Simulation of Ro-vibrational bands
suitable for 1CO./'3CQ, ratio_measurements

Dual path length gas cell design for infrared ratio
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Fundamentals of Laser Absorption Spectroscopy

Motivation: Wide Range of Gas Sensing Applications

BeerLamberT's Law of Linear Absorption
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Multiposs Absorption Cell

Cavitv Enhanced. Cavity Rungdown &
Intracavify Spectroscopy

Open Path Mowlonng (with retro-reflector)
Evanescent Field Monitonng (fibers &
waregtides)

wiv)=C ST) glv-v,}

Frequency or Wavelength Modulation
Balanced Detection

Zerv-air Subtraction

Phetoacoustic Spectrascopy

€ - total owenber of mofecules of shawbing gas st e’
[molecube-con ! atm!]

S - molecular e imeaun [cm molersle!]

gl v, - nommalzed spectral liseshape function jcm}.
{Gausman, Loseatzasn, Vingt)

Alexander Graham Bell S “phoiophons used a vcuce coil to modutate a mirror
which toa a ium resistor.
Nature, Sept. 23, 1880, pp. 500-503
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From conventional PAS to QEPAS
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Comparative Size of Absorbance Detectlon Modules (ADM)

Optical mulupass cell (100 m)
1-70 em, 1-3000 em?

“"QEPAS ADM
1~0 3 ¢cm. 1°-0 05 cm!

Resonant photoacoustic cell (1000 Hz):
1~60 em. 1-30 cm*

QEPAS based gas sensor architecture

QEPAS Trace Gas Sensing Module
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Ammonia Detection using a 1.53 pm Telecom Diode Laser
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Spectral simulations based on data from
Webber et al, APPLIED OPTICS 48,
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CO, Detection at 2 pm
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CO, detection limit

“SNR:~74 (~135ppm of CO,)
3 i ul A + Laser power: ~ 4.6 mW at 2 pm
5 N « Lock-in time constant: 1 s
& 1004 f ‘x « Peak absorbance: ~ 1.4x103 em-!
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HITRAN Based Simulation of a H.CO-H,O-CH,
Spectrum in Tuning Range of a 3.53um IC Laser
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QCL based Quartz-Enhanced Photoacoustic Sensor

Merits of QE Laser-PAS based Trace Gas Detection

IRQEPAS based 1,00 sigmal 283 £ jum (223248 cm ')
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® [H,COJ: 1327 ppm
® QEPAS NNEA Seasiivity
1.1+ e WHZ:
NEC (v=fs): (+28 ppar | S mW)

For comparban:
QEPAS Sensitity for NH,
5. 10 e W/ ¥ Hz
° JPL U NEC (re15): 0.50 ppaw (38 mW)
RICE M Horspann el sl Appbet Physaes B 79, 796, 2004

- 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 atlows applications that involve harsh operating
environments

- Required sample volume is very small. The volume is ultimately limited
by the gap size between the TF prongs, which is <1 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
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QEPAS Performance for 10 Trace Gas Species (Jan'06)
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CoH; (Ny)*° G897 73 FERT = 006
| NH; (M) T 6576 @ | s | wm [ esn |
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CO, (Ny) *** AU o [N (K3
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=~ Impeoved micrmesonior
** . Improved microresonator and double optical pass theouzh QTF

*+¢ . Without micronesonstor

NEC - noise equivakent concentration for availablc lascr power and T 13 time constani.

For comparison: conventional PAS 2.2x10* cm'W/VHz (1,800 Hz) for NH,*
*ALE. Webhar, AL Fanbianky and €. K. NPatel Aped O 42 2115212642003 RICE

Fundamentals of Laser Absorption Spectroscopy

Optimum Metecuiar Absorbing Transition
= Overtone of Combination Bands (NIR |

Beerdambert’s Law of Linesr Absarption

Hvjatg ¢ OTIRL +  Fundamenta) Abserptien Bands (MID-IR|
wiv) - absorplion coetficrent [ear! atmr): L -
path bength fem] Leong Ontical Pathlengths
v - fregquency fom!). P,- partial pressurc [atm] = Mulupass Atsorption Cell
= Cavity Enhanced, Cavity Ringdown &
v Intracavity Spectroscepy
v = Open Path Manstoning (with retro-reflector)
I *  Esanescent Field Monstonng (fibers &
7 v wan egurdes)
aivim U ST) pvevy) 5 je D jon Sch
C - total musmber of molecutes of shsorbeng gas aim cm® Bt Detection

[moleculecm -atm']

§ - molecular hine inteasity [cm -molecule’]

i v,) - ormalizal spectral lineshape fuaction [cm].
{Gaussian. Lorentzian. Vorgt)

Zero-ar Subtraction
Photoacoustic Spectsascopy

Important Biomedical Target Gases

Molecule Formula Biol hology Indi
Pentane CH4(CH,),CH, Liped perursdation. cxsbative stress assciated with
o nflammaton discases. irnsplant repection. breast and lung

cancet

Ethane C)H o Lopwd peroxadation and cadative stress

€O, sotope i ”CO, / l!c()’ Marker for Helwhacier ion infection. Gasinuatestinal and

£ hopetic functin

Carhonyl Sulfide CoS Liver disease and acute rejection in hung transplant
recipients {10-00 ppb”)

Carbon desulfide CS, Schzophrensa

Ammonia NH, Tiepatic encephalopathy. lver 2nd renal diseases. fasting
response

Formaldehs de HCHO Canceroms tumors, breast cancer (4001500 pph)

Nitric Oxide NO Inflammatory and immune responses (¢ ., asthma) and
vascular smeoth muscle response (6-110 ppb)

Hyvdrogen Peroxade H.0, Aurway Inflammation, Uxadatne stress (1-5 ppb)

Carbon Menaxide co Smaking response. (' poisoning, v ascular smanth mscle
response. plateict aggregation (460-3000 ppb)

Ethylene H,C=CH, Othlathve stress, cancer

Acelime CH,COCH, | Fastng response. diahcics metlius respoesc. kesisia

Off-Axis Integrated Cavity Output Spectroscopy (ICOS)
Based Gas Sensor

+ Novel compect gas cell design wffeagth 3 8 - 3.3 cm aad cell shsmes
8 em'

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

Lager Housing Removable
(Tep View) Mirror

ICOS Celt

f GasFlow ¥
i Plezo-
4 MCT

Detector

I3

Detector

" Lockdn 127
| Amplifier

l RICE

* Low ks mivors o) -2 L1~ = h)
.hmcm;?ﬁlmmlﬁﬂ;.mm IS [L.GR] |£§
2f NO Absorption Signal at 1835.57 cm’!
an —— 237 ppbr NO
L_—Fh—w oS 4.9 ppiv
Em ’ 04
< I s |
g = ] o3 n.u»v_|
5 [ \ g —
- 2 7 oo
- a1 v v o o |
. T 0.0 cooaganres
-a10 .00 ‘“-I 010 o (L] 20 kL 40

.ﬁ‘:mning (cm?) NO measurement numbers

NO:N, mixture @ 100 Torr Noise equivalent sensitivity:
Effective L=700 m 0.7 ppbv ( 1o)
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External Cavity QCL Based Spectrometer
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« PZT controlled EC-length

« PZT controlled grating angle

* Optimization of caviy alig
performed by means of lens positioning
using electricafl ted 3D K
stage

. Wysocki ot al. Applied Physics B, 81, p.769 (2005)

Important facts of novel EC-QCL Technology

« Laser spectroscopy provides superior
lution compared to other techni

eg FTIR [; ‘7esoksion 0.05 e
Single mode operation of the laser is % i J i
required g |

Wavelength tunability of single mode
(DFB) mid-{R semiconductor lasers is

~10cm-1 194712 194715 (47 18 194731 184724
. D . fength bility of Wavenumber fem ‘]

the Rice EC QCL is - 35 cm-1 (limited

by the gain chip properties and not by the

designed EC configuration)
= Gain chips, which can provide l

tunability of =200 cm* are already
reported in the literature

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

Pulsed laser requires high speed pulsed pre ing system for
limits

RICE

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

Concept of a ultra-miniature QEPAS gas sensor

RICE




Conclusions and Future Directions

 Laser based Trace Gas Sensors
» Uttra compact (~ 0.2 mm®). robust & low cost sensors based on QE L-PAS
= QEL-PAS is immune to ambient noisc. The measured noise level coincides with the
thermal noise of the QTF
Best to date demonstrated QEPAS sensitivity is 2.1 x 10~ cor'W/VHz for H,ON,
QEPAS cxhibits a low 1//noisc level. allowing data averaging for more than 3 hours
Detected 14 trace gases to date: NH,. CH,. N,0. CO,. CO. NO. H,0. COS. HCN. C,H,.
CiH,. C,H,0H. SO, H,CO and sexcral isolopic specics of C. 0. N & H :
 Applications in Trace Gas Detection
= Envi I & Sp fi Monitoring (NH,. CO. CH,. C,H,. N,0. CO,20d H,CO)
» Medical Diagnestics (NO. CO. COS. CO,. NH,. C;H,)
= Industrial process control and chemical analysis (NO. NH,. H,0)
+ Future Directions and Collaborations
« QEL-PAS based applications using novel lectricatly cooled cw and broadly
wavelength tunable quantum and interband cascade lasers
Investigate QTFs with lower resonant frequencies
Investigale amplitude modulation QEPAS p ial and limi
New target gases. in particular VOCs and HCs
Development of optically multiplexed gas sensor networks based on QE L-PAS

NASA Atmospheric & Mars Gas Sensor Platforms

Alrcraft laser absorg_tjon spectrometers

Tunable laser planetary spectrometer
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