Applications of near and mid-infrared
semiconductor laser based trace gas sensors
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* Motivation: Wide Range of Chemical Sensing
= Fundamentals of Laser Absorption Spectroscopy
= New Laser Sensing Technologies

* Selected Application of Trace Gas Detection
* Quartz Enhanced L-PAS (NH,, Freon 125 & acetone )

* Future Directions and Conclusions
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Fundamentals of Laser Absorption Spectroscopy
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Quartz Enhanced
Photoacoustic Spectroscopy

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
s Agriculture & Forestry, Livestock
* Environmental Monitoring
= Atmospheric Chemistry
* Volcanic Emissions
* Chemical Analysis and Industrial Process Control

= Petrochemical, Semiconductor, Nuclear Safeguards,
Pharmaceutical, Metals Processing, Food & evera;,e Industries

* Spacecraft and Planetary Surface Monitoring
= Crew Health Maintenance & Life Support
* Applications in Health and Life Sciences

* Technologies for Law Enforcement and National Security N
¢ Fundamental Science and Photochemistry R%E
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Key Characteristics of mid-IR QCLs and ICL Sources

Band - structure engineered devices
femssion waselength 1s determuned by layver thickness - MBE or MOC\D),
mud-infrared QCLs operate from 3 10 24 ym

ompact, reliable, stable, long hictme, and commercial avulabibity

Fabey-Perot (FP). single mode (DIFI) and multi-warelength

Spectral tuning range in the mid-1R
(3-24 pm Tor QCT3 and 3-5 jim for 1L 15)
= | 5em usmg mjection current control
= 20 cm using lemperature controt
= =265 em ' usisgt an external praung clemesnt and with heterogeneous
cascade active region design

Ngrnm setclral IIneMdlh
ﬁwucﬂc) stabwhization (11904 cm-');

pul%ul ~ 300 \lllz(cmrp lnm heating

High pulsed and cw powers at TEC/RT temperatures
*  Pulsed peak powers of 1 6 W, high temperature operation ~425K
= Average power levels. 1-600 mW (current wall plug n~4*s)
= ~50mW, TEC CW DFB a 5 and 100 um Alpes, Princeton,
= Adech Optics, Maxion Technologies, Argos Tech.
~300mW a 8 3 pm {Aglent Technologies & 1lanand)
* > 600 mW (CWFP) @ Rl' & a wall plug cfficiency of >9.3%, >150 4 ,-,-_\I
=150 mW (CW DIFB) at 298 K (\Northwesten)

From conventional PAS to QEPAS
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Quartz Tuning Fork (TF) as a Resonant Microphone

Absorption Detection Module for QEPAS based Gas Sensor

* Resonant frequency =32 8 kHz
* Intrinsically high @ factor Q. ~ 125 000,
Q,,~10 000 at ambient conditions,

=P lectric: requires no
* Miniature size
* Mass produced for clocks — Jow cost

Excitation
laser beam

Quartz tuning
fork electrodes
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Alignment-free QEPAS Absorption Detection Module

Merits of QE Laser-PAS based Trace Gas Detection

Quartz Tuning Fork Acoustc Micro Resonator
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High sensitivity (ppm to ppb gas concentration
levels) and excellent dynamic range

Immune to ambient and flow acoustic noise,
laser noise and etalon effects

Significant reduction of sample volume (< 1
mm?)

Applicable over a wide range of pressures

Temperature, pressure and humidity insensitive

* Rugged and low cost (compared to other optical

sensor architectures) ",;\"
" RIC
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Trace Gas Sensing Examples

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)
S
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Infrared NH, Absorption Spectra

QEPAS based Gas Sensor Architecture
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Calibration and Linearity of QEPAS based NH, Sensor
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Biomarkers Present in Exhaled Human Breath

More than 400 different molecules in breath;
many with well defined blochemical pathways
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characteristics:

I/

* High sensilivity (ppm 1o ppb)

* Exceflent dynamic range

ne to environmantal noise

e small sample volume (< 1 mm?)
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Gas handling system
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QEPAS based%eon 125 and Acetone concepfration

CW DFB QCL based QEPAS Ammonia Sensor operating at 1046.4 cm-!

measurements With a tunable 8.4 yum CWAEC-QCL
QEPAS concentration ma. ent of QEPAS ¢ tration measurement of
Freon 125 (Sppm mixiure &4 N,) . aFj 125 and acetone mixture
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QEPAS Performance for 14 Trace Gas Species (Feb.’08)
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Future of Chemical Trace Gas Sensing

Wireless Sensor Networks for Gas Sensing

Miniature LAS CO, Sensor Board

* Each point called “mote”

’ — . * Advantages?

= Spatial resolution
\ 1 * Measure fluxes
[ « What is needed?
= | ow power
\v\‘ = Low cost
’ = Ultra miniature
1 * Replicable
Base-station Y=

= Autonomy
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" 1.3Ah Li-lon Battery
(Attached to bottom)

§< Laser Driver Board




Summary & Future Directions of QCL based Gas Sensor Technology

*  Quantum and Interband Cascade Laser based Trace Gas Sensors
* Compacl, tunable, and robust
* High sensitivity (<10~) and selectivity (3 10 500 MHz)
= Capable of fast data acquisition and analysis
* Detected 13 trace gases to date: NH,, CH,, N,O, C0O,, CO, NO, H,0, COS, C,H,,
H,CO. SO,,C,H,0H, C.HF, and several lsolcpu: species of C, O, N and H
= New Appllcnllnns of Trace Gas Detection
= Environmental Monllonng {urban quality - H,CO and, isotopic ratio measurements
of CO, and CH,, fire d and q of engine exk )
+ Industnal process control and chcmncal amalysis ( NO, NH,, H,0, and H,S)
* Medical & biomedical diagnostics (NO, NH,, N;0, H,CO and CH,COCH,)
* Hand-held sensors and sensor network technologies (CO,)
Future Directions and Collaborations
= Improvements of the existing sensing using novel, th lectrically
cooled. cw, high power, and broadly wavelength tunable mid-IR interband and
intersubband quantum cascade lasers
New apphcations cnabled by novel broadly wavelength tunable quantum cascade
lasers based on hclcmgcncous EC-i QCL {1 ¢ sensitive concentration measurements
of broadb m VOCs, HCs and multi-species detection)
* Development of optically gas sensor networks based on QEPAS and LAS
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