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s . Motivation and Technology Issues
» Mid-IR QC Laser based Gas Sensors
= Pulsed quasi-room temperuture sensors
» CW cryogenically cooled sensors
» Selected Applications of Trace Gas Detection
NHj, CO, C;H,, COS and NO
« Outlook and Summary
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Wide Range of Gas Sensor Applications

Existing Methods for Trace Gas Detection

= Urban and Industrial Emission Measurements
s Industrial Plants
= Combustion Sources and Processes
= Automobile
* Rural Emission M t
= Agriculture
« Environmental Monitoring
= Atmosphenc Chemistry
= Volcamc Emissions
» Chemical Analysis and Industrial Process Control

» Chemical, Pharmaceutical & Semiconductor
Industry

= Spacecraft and Planetary Surface Monitoring
= Crew Health Maintenance & Life Support
« Medical Applications

¢ Fundamental Science and Photochemistry RICE
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Gas Filter Correlation

Microwave Spectroscopy

Laser Absorption Spectroscopy

CW IR Source Requirements for Spectroscopy
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REQUIREMENTS

« Sensitivity

* Selectivity

* Multi-gas Components
* Directionality

* Rapid Data Acquisition

* Room Temperature

IR SOURCE

* Power

* Line Width

* Tunable A

* Beam Quality

« Fast Response

* No Consumables
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Near & Mid-infrared CW Spectroscopic Sources
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Key Characteristics of Mid-IR Quantum
Cascade Lasers

-+ QC laser wavelengths cover entire mid-IR range from 3.5 to
24 um determined by thickness of the quantum well and
barrier layers of the active region
Intrinsically high power lasers (determined by number of
stages of injector-active quantum well gain regions)

s CW:-100 mW @ 80°K and mWs @ 300 °K

= Pulsed: 1 W peak at room temperature, ~50 mW avg.

@ 0 °C (up to 80 % duty cycle)

High spectral purity (single frequency:<kHz - 330MHz)
Wavelength tunable by current (~1cm™) or temperature
scanning (~10cm-!); ~150cm-! with external cavity grating
High reliability: long lifctime, robust operation and
reproducible emission wavelengths
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QC-DFB Lasers: Pulsed vs. CW operation

Motivation for NH; Detection

ADV ANTAGES SPECIFIC DEVICE ISSUES

o Laser can be operated ot near- {* Broad asymmetric inewidth
room temperature (TE cooling) | (>170 MHz FWHM) related to

heating duri itath ol

¢ Facilitates tempemture control cating dunng, excitation prae

Lo * Reduced

® No consumables (liquid N;) e AVEIRgE power
* Opti fr tuni

® Unatiended remote monitoring phmum frequency tuning
. . = More sophistcated electronics
® Decreased instrument size & | for driving QC laser and data

weight acquisition system are required
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» Monitoring & control of 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

» Spacecraft related gas monitoring

< Pollutant gas monitoring

» Atmospheric chemistry

« Medical diagnostics (kidney & liver dysfunctions)

Infrared NH, Absorption Spectra

Pulsed QC Laser Based Gas Sensor
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Ammonia Absorption Spectrum @ 993 cm-1
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TEC cooled QC Laser Housing
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CO absorption in ambient air @ 2158 cm-
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Pulsed QC Laser Based CO Gas Sensor
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Pulsed QC Laser Based CO Gas Sensor
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CO Concentration Measurements in Houston

Important Biomedical Target Gases
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Nitric Oxide NO 6-100 Inflammatary snd immune
respenses (¢.5-, asthma) and
vascriar smeeth muscle respanse

Cerben co 400 - 3000 Seseking response, CO poisening,

Menexide wasculur tuesth muscle response,
piateict sggregation

Hydregen H,O, 1-5 Alrway Infiammation,

Peroxide Oxidative stress

CarsenyiSullide | COS 100 — 1000 Liver disesse & scnie rejection in
tang transplent recipients

Fermuidebyde HCHO 400 - 1500 Cancerens tumers, bresst cancer

I 9

Exhaled Carbonyl Sulfide

QC-LAS Gas Sensor Architecture

« A 2001 study by the T. H. Risby group at John
Hopkins University demonstrated that elevated levels
of COS could have a diagnostic role in the detection of
acute allograft rejection in lung transplant recipients

_ § M. Studer, et. al, J. of Heart and Lung Transplantation, 20(11), 1158-
66 (2001).

Measured with gas

chromatography and

flame ionization detection 22 °
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QCL Laser e |+ Effective Pathlength
- Driver Generator of Gas Cell: 36 m
é%’ » Cell Pressure: 40 Torr
'é-% ® « QC Laser Pulse
e HgCdTe - Duration: ~14 ns
Detector Trac . .
& e Laser linewidth: ~500
— Hold
Gas Inlet i MHz .
Mutipsss [pom] Pulse Repetition Rate:
GasCell | sne 500 kHz
Gas Outiet
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Measured & Simulated Absorption Spectra of COS @ 2053.5 cm'!

Ethylene QC laser based Sensor Architecture

Tempursisre = 1 {°C}
no w3 m om

L =y e e

P(19)

Angorston Bignaltes w0\

HITRAN 2000

Scan Trigger

' Pulzes repelition rate: 10 ke
Rasmp B oquercy 3 He

182 panses.

100 m paths longth Ceneraor
il
i .
I L "—Q acL
=7 itousig
‘Meattipam Heriot: Cell Mome - =
| [ [k
Mativation fer Ethylens
Momtcrmg




Absorption Spectrum of Room Air @ 1260 cm-!
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Cavity Ring-down Spectroscopy

v, Ethylene Spectrum at 993.45 cm"*!
Real World Applications
09835 *  Automolive exhaust monitoring
09830 - = 6 cylinder 1998 SUV with
: engine idling
& 08825 4 = 1 foot behind the exhaust
pipe: 670 ppb
c, 09820 1 = Washburn Tunnel (Houston)
- 0015 monitoring
100 ppb s Two tests were made in
09810 L . . v : tunnel
0 50 100 150 200 1) Ethylene concentration
Data Point 100 low to be detected
» 2) We detected 51 £ 17
ppb of ethylene
» Noise equivalent seasitivity (to-date): 30 ppb - tication to medical di
= By using the strongest ro-vibrational C,H, line: 6 ppb » Detection of cthylene
= By esing optimum detection system: 2 ppb produced by skin after sum
exposure
NO in the human body
+ NO is biochemically involved in most tissues in
the body
« In many lung diseases, NO excretion increases in
breath
= Asthma'

» Chronic bronchial hyper- , vanable airway

obstruction & airway mﬂmn‘mution
) Prevalence: affects 17 million Americans'
> Typical Asthmatic Range of eNO Levels: 20 to 80 ppb
s Chronic Obstructive Pulmonary Disease
= Acute lung rejection®
s Acute respiratory distress syndrome
= Pneumonia (esp. useful for intubated patients)
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HITRAN Based Simulation of NO-H,0-CO,
Mixture Spectrum in Mid-IR Region

CRDS based NO Sensor @ 1922 cm’!
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Off-Axis Integrated Cavity Output Spectroscopy

Novel compact gas cell designs for Off-Axis ICOS
Based Gas Sensor System

Callimatar Remmahle
mirrer

« Celllength3.8 -53cm;
= Cell volumes < 100 cm”,
« Enables rapid on-line and off-lne

measurements of eNO in gas flow
L) during a single breath cycle S
RICE ’ o RICE
Ultra low-loss MIR mirror reﬂe(_:tlwty characteristics Off-axis ICOS Cavity Throughput
centered at 5.2 microns
* NO: N, Calibration mixture: 100 Torr
* NO concentration: 490 ppb
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Off-axis ICOS Detection of NO NO from Nasal Exhaled Air
(OA-ICOS and wavelength modulation spectroscopy)
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CW DFB QC Laser on a Peltier Cooler

« Operating wavelength — 1115 an!
« Tuning range ~Scmr! (200-245 K)

= Output Power §8mW (180 K) &
1ImW (250 K)

AVL. 4

Broadly Wavelength-Tunable External-Cavity
Quantum Cascade Lasers
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- Littmann-Metcalf configuration

- Single-mode pulse operation, 7-12-dB side
mode suppression ratio

- Wavelength bands: 4.6, 5.2, 7.1, 9 pm

- Tuning range - 2-2.5% of center wavelength,
limited by the gain band

- Power -1 - 40 mW peak (up to 5% d.c.)
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Laser Spectrum of Ultra-Broadband QC Laser
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Resonant photoacoustic spectroscopy

Cawity, resonant
Laser beam, at f, volume V,

power P ./_\ quality factor Q
FANVAN ° n/r—‘\'\
A 4 ‘ Absomption @ |%
Modulated - . oo . |~I
(PorA)atf

Merits of PAS based Trace Gas Detection

« High sensitivity
» Zero background

« Low cost (compared to multipass cell + IR
etector)

+ Linear response to gas concentration
» Small volume cells

e Immune to laser noise

+ Immune to etalon effects
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Quartz-Enhanced Photoacoustic
Spectroscopy (QEPAS)
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Watch tuning fork
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® QEPAS is imnmune to random noisc
 Best sensivity to date isl 2 x107cm 'WHZz 2
e —

A A Koutre etal Opescs Leteens 77, 1902 2002)

QEPAS based Gas Sensor Assembly

z=
)
™

Laboratory setup for QEPAS based gas sensor
evaluation

Photodiode

Reference
cell Pyroelectric

detector \

Reference
L !
2
A A
Function Lock-in -
generator amplifier
“ 1™ RICE
Sensitivity Estimate of QEPAS
At 265 Tomr:
SNR=(2.7V/200)/3 TpV=3650
Assuming SNR=1,
1 0023cm™'x0.027 W cm 'W
k=——x =23x107"
3650 J0.53Hz JHz

Most probably due to the RIGHT OA mn

P

Previously reported (Opt.Lett. 2002) 4=8.8x107 a 3.8 times improvement! |

Was reported to be 7 times more

<::( sensitive (1 2x107 cm ' WHz17)

There is hope!
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What does such a sensitivity mean ?

® Acetylene P(11), #1423, SNR=1, k=1 2x107 cm '"WHz 7, 40 mW,
~1min data acquisition time (Af=0.01 Hz) = 180 ppb

. S .
® Ammonia in near-IR (6528.76 cm ') - 7 times weaker line = ~1.25 ppm
——p

® Mid IR - ~100 times stronger absorption = ~10 ppb range for reliable
(3xSNR level) detection with ~Imin datn acquisition time

® Sensitivity 1s directly proportional to the laser power

®We expect to reach £<2x 107 cm 'WHz 2 due to better selection of TF
y and ic mi ity optimizati

@

Linewidth measurements

tOtlaser#1

CHF, -
15626550 THe .

Froo nnomg!

LO Laser #2

CH,OH
3 1059368 THz

Ly 8¢

A collaboration with. Robert Dengler and Peter Siegel, Jet Propuision Laboratory
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Terahertz quantum cascade laser

Frequency (THz)
40 47 44 46 48 50 57 54 56 50 60

Operating temperature: cryo

Frequency range: 24 -5 THz

Power: up to 50 mW
(multi-mode)

Linewidth: ?

Tunability: ?

e [:3 [

Fraquency {cm '}

Intensity (arb. units)

140 160 160 200
Frequency (cm ')

Giacomo Scalan, Lassaad Ajib, and Jérome Faist, University of Meuchétal

Laser courtesy of
Harvey Beere and Edmund Linbeld, Uriversity of Cambndge

Instrumentation-limited line

1.04 30 sec sweep
— 0.6 o
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5 0.6 2
H 31 kHz __| i,-
8 04 a
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) e = 3]
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0.0

U e

Voo - 4668.5927 GHz

Schawiow-Townes limit a few 10's of kHz!

Emission Spectra from a 4.4 THz QC Laser
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Cyclotron Resonance in
Semiconductor Quantum Wells
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Summary and Future Directions

» Quantum Cascade Laser based Trace Gas Sensors
= Compact, tunable, and robust
* High sensitwvity (<10-) and selectivity (3 to 300 MHz)
= Fast data acquisition and analysis
= Detected trace gases: NH,, CH,, N,0, CO,, CO, NO, H,0,
COS, C,H,, C,H;0H, SO, and 1solopic species
- Applications in Trace Gas Detection
* Environmental monitoring (HCHO, CO,)
= Medical Diagnostics (NO, CO, COS, CO,)
= Industrial process control and chemical analysis (NO)
* Future Directions
= Cavity ing down and QE-PAS spectroscopy based applications
= Applications using novel thermoelectrically cooled cw and
broadly wavelength tunable quantum cascade lasers
s Applications using new near IR interband and far-IR intersub-
band quantum cascade lasers

RICE

Motivation for Isotopic Ratio Measurements

¢ Atmospheric chemistry [Environmental
monitoring C, gases: CO,, CO, CH,.. ]

* Volcanic gas emission studies. (CO,
H,0, HC1, SO, HF, H,S, CO), eg Colli
Albani ; Solfatara; Mammoth Mt., Long
Valley Caldera, CA (north of L..A.)

¢ Combustion diagnostics

¢ Non-invasive medical diagnostics (NO,
CO, CO,, NH,)

* Biology (Photosynthesis)

CO, Spectra & Lower State Energies @ 2300 cm!

Wavenumber (cm'')
M T 10 TN TED M0 1M 70 MU0
. 22 I .

© o, <o,
€ amomn ST Strong bands of 12C'¢0,
and 13C'0, around 2300 cm™.

Shown are
e Line Intensities

e Lower-state energy of each line.

2% DW 7MW 2D [IHD 7O 10 10 N0

v DM LM Pm NN DG IXS T MO
Wavenumber (em'')

16 um QC laser based gas sensor

Pulsed laser
driver

Power
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Absorption Spectrum of Ambient Air

! 45 cm path, 1 etm
CcO 100 scans average
! | CO,: 465 ppmv
H,0:5.1 Tor

1 (25% humidity)
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UH Wavelength Tunable QC Laser Soburces

External Cavity Configuration for a
Cryogenic Cooled QC Laser

BaF2 windows LN dewar (80K)

\\ / 1K detector

) Ci

LNdewar  Collémating lens  Blazed grating QC lazer sub-assembly

k  Littman-Metcalf feedback
(TE-cooled package)

Grating first-order direct feedb
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Normalized Coarse & Fine Tuning Spectra of 4.9 pm
QC Laser
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Tunable MRIR EC Two-Segment QC Laser

2-segme phase tuning
= Useth ic effect
« Separate and power control

< Akey test of miniature module

0 2 4 G 8 10 12 %4 16 10 20
Detay (us)

Absorption of C,H, in the v,+v, band region

p(11) 6529.16 cor!

b NE;: 6528.76 e

Absorbance
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Resonant phetoaceustic spectroscepy
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