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* Motivation: Wide Range of Chemical Sensing
* Fundamentals of Laser Absorption Spectroscopy
+ New Laser Sources and Sensing Technologies

* Selected Applications of Trace Gas Detection
* Quartz Enhanced L-PAS (NH,, Freon 125, Acetone and TATP)
= Nitric Oxide Detection (Faraday Rotation Spectroscopy. Remote
Sensing & Cavity Enhanced Spectroscopy)
* Future Directions and Conclusions
Work mpporied bs NSF N AS A, DOF and Robert \\& Foundavon
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Air Composition

Main Components Trace Components

Nitrogen 78% * Methane 1.7 ppm
Oxygen 21% * CO 0.4 ppm
Water 0.8% * N,O 0.3 ppm
CO, 0.03 % o) 0.03 ppm

* H,CO  0.001 ppm
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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
+ Envir tal Monitoring
» Atmospheric Chemistry
= Volcanic Emissions
* Chemical Analysis and Industrial Process Control

= Petrochemical, Semiconductor, Nuclear Saf‘eéuards. .
Phannaceutical, Metals Processing, Food & Beverage Industries

« Spacecraft and Planetary Surface Monitoring
= Crew Health Maintenance & Life Support
+ Applications in Health and Life Sciences
* Technologies for Law Enforcement and National Security Y
* Fundamental Science and Photochemistry Iil(;E
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Megacity Air Pollution: Houston, TX

Monitoring Methane in Rice - Based Agroecosystems

International Space Station

Mars NASA Pathfinder Climate Monitoring

“Prodiction of volc anic oruptions
+Study ol environmantat impact and mudk al
implications

-Cormgarisen theo bazod mmm yas §
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“Moasages from aarth s interiSe

+Studty of sutsuitace rragmmiic and hydrotheroni

Existing Methods for Trace Gas Detection
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Fundamentals of Laser Absorption Spectroscopy

Kev Reguirements: Sensitvity, specificity,
rapid data acquisiion and mulli-species detection
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Mid-IR Source Requirements for Laser Spectroscopy
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REQUIREMENTS

Sensitivity (% to ppt)

IR_LASER SOURCE

Wavelength, Power

Singile Mode Operation and
Narrow Linewidth

Multi-gas Components, Multiple | Tunable Wavelength
Absorption Lines and Broadband

Absorbers

Directionality or Cavity Mode Beam Quality
Matching

Rapid Data Acquisition Fast Time Response
Room T Op i No C

Field deployable Compact & Robust

Molecular Absorption Spectra within the two Mid-1R
Atmospheric Windows
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IR Laser Sources and Wavelength Coverage
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Key Characteristics of mid-IR QCLs and ICL Sources-2008

Band - structure engineered devices
{ermssion wavelength 15 determined by layer thickness - MBE or MOCVD):
mid-mfraned QCLS operate from 3 10 24 wm

Compact, rehable, stable, loag lifeume. and commercial availabuliny
Fabey-Peru (FP). single mode (DFB) and mulu-wavelength

Spectral tuning range in the mid-1R
(323 pm for QCLs and 3-5 pm for 1CLs)

= | Scm’ using injecton current control

= 10-20 em | using wemperature control

= =300 em! using an extemal grating element and heterogencous
cascade acuve region design; also QC laser array (Harvard)

Narnm sgettral Ilne\\ldlh
ﬁ'cquc;m) statnhizanon (1 (04 em'').

pulscd 300 MHz (chirp fmm heat

High pulsed and cw powers of QCLs at TEC/RT temperatures
= Pulsed and CW powers of = 1 5 W, lngh iemperature operation ~300 K
= Average power levels. 1600 mW (curment wall plug n~ 9 %)
=~ S0mW, TEC CW DIFB @ 5and 16 pm (DLS. Alpes, Pnnceton)

~300mW @ 8 3 pm ( Hanand, Flamamatsy, Alpes, Norhwesiern )

> 600 mW TW F p) a‘ RT & a wall plug efliciency of ~9 *s, Adtech "

ics, Hanard, Pranalyuca asami
=15 mW (W DFB) al 298 K (Northwestern) ‘

Class A

Clam 6

Baged Scurces.

Widely Tunable, CW, TEC
Quantum Cascade Lasers




Tunable external cavity QCL based spectrometer
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* Fine wavelength tuning
» PZT controlled EC-length
« PZT controlled grating angle
* QCL current control
* Motorized coarse grating angle tuning
= Vacuum tight QCL enclosure with build-in 3D lens
positioner (TEC laser cooling + optional chilled

water cooling) %2 RICE

Wide Wavelength Tuning of a 5.3um EC-QCL

Wavenumber fem'} « Coarse wavelength tuning

R R e T of 155 cm is performed
by varying diffraction
grating angle

= Power output is ~ 11mW

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

Wormalized signat
] somod mando
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Performance of 8.4 um cw EC-QCL Spectroscopic Source
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Tunability 182 cm™ @8.4 um;(1100 to 1280 cm); A=15%
AR coating: Pecopt: ~ 50 MW @ -30 G, ; also m

Rug=2x 104 103 mW @8.3um & -25C;
~700mA; 2007 QCL technology %'RICE

Quartz Enhanced
Photoacoustic Spectroscopy

From conventional PAS to QEPAS

Quartz Tuning Fork (TF) as a Resonant Microphone
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= Resonant frequency =32 8 kHz

* Intrinsically high 0 factor Q. =~ 125 000,
(2,10 000 31 ambient conditions,

il lectnc: requires no

= Mintature size
= Mass produced for clocks —low cost




QEPAS Signal Detection

Absorption Detection Module for QEPAS based Gas Sensor

Amplifier:
*Fast

*Low noise
*High impedance
*Low 1/f noise

. %iRICE

20.41 mm 10 mm

Excitation
laser beam

Quartz tuning
fork electrodes
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Comparative Size of Absorption Detection Modules (ADM)

Alignment-free QEPAS Absorption Detection Module

* Hesomant froquency - 328 ki

- Intrmsically high © factor O, ~ 125 000
©~10 000 for aminent conditions

* Hiezncketne requires no transducer

* Mmsturc swe

*  Mass produced for waiches & chwks - kiw cost

Optical muhipass cell {100 m})
=70 cm, £~3000 cm?

+- = 'I 1= "!1 : - Bf

5EPAS spectrophone

Resonant photoacoustic cell (1000 Hz)
/~60 cm, 150 em'

{~1 em, -0 05 cm'
AIRICH
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High Performance 4.6 ym CW, RT QC Laser - 2008

Merits of QE Laser-PAS based Trace Gas Detection
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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 (< I mm?)

Applicable over a wide range of pressures

Temperature, pressure and humidity insensitive

* Ultra-compact, rugged and low cost (compared to
other laser based sensor architectures)




Trace Gas Sensing Examples

Infrared NH, Absorption Spectra
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Calibration and Linearity of a 1.53 um QEPAS based NH, Sensor
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1000 1500 2000 2500 3000 g 20 40 80 8 100 120
Time, & NH3. ppm

Noise-equivalent concentration (NEC). 90 last points of each siep averaged
for 1=1s time constant is 0.06 ppm for

60mWV excitation power at 6528.76 cm!
Noise-equivalent absorption (NEA) coefficient 4=3.1x10" cm''W/Hz!*

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)
%'RICE

QEPAS based Gas Sensor Architecture

. 1
i = Optional
a myvor

Reference Cell

- s

DIB Diode Laser

Data collection
and processing
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Infrared NH,, HCN and C,H, Absorption Spectra
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QEPAS based Multi-Gas Sensor Architecture

Gas flow = -
BS1 SPh
1A
1% “ps2 :
TCN
Reference
cells
(SN
CEU
Comm
DL
o [r
[ xzle]. AXC
b -5¢' = p-controlier
mn [ L ¢
o C_J 1

i synch RS232 QTF @RICE

Biomarkers Present in Exhaled Human Breath

More than 400 different molecules in breath;
many with well defined biochemical pathways

basis
[Acqtaldenyde pab cthanol
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peb grotemn
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Mid-IR QEPAS based NH; Gas Sensor Architecture

Breath Collection Interface to Trace Gas Sensor
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e For the available QCL the presence of CO; in breath
' | (~ 4% - 4.5%) contributes to the sensor signal. This
fact has to be taken into account in the
quantification of the exhaled ammonia concentration.

NH, Measurements at an Oklahoma State
University Research Feedyard




Commercial widely tunable cw EC-QCL

Motivation for Nitric Oxide Detection

[

Mid-IR Lasers From Dayhght [
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* Atmospheric Chemistry
* Environmental pollutant 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

= [mportant 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)

wnd e

Laser-based ICOS Nitric Oxide Sensor

Online NO concentration measurements st 3Umin)
oxhalation.

High resolution spectroscopy with a 5.3um EC-QCL

Access 1o NO Q(3/2)
tronsition at 18758 cm”*
for Faraday rotation

spectroscopy
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» Mode hop free scan of up to ~2.5 em' with a resoiution <0.00fcm-!
{30MHz) can be performed anywhere within the tuning range

In eafetomemnman

QCL based Quartz-Enhanced Photoacoustic Gas Sensor

High resolution EC-QCL based QEPAS
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T
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QEPAS characteristics:

* High sensitvity {ppm (o ppb)
* Excelient dynami range
* Immune to environmental noise
* Ultra-small sample volume (< | mm?)
. ia Lmited by the
thermal TF noise
* Compac, rugged and low cost
* Potential for trace gas sensor networks

Gas handling sysiem

%'RICE
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Lo1s ® "QTF is used as a mechanical
2 chopper at f=~32kHz
°‘2§ *No chirp associated with the laser
toos 5  curent modulation
004 *High resolution mode-hop-free
tuning s possible
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EC-QCL based Magnetic Rotation Spectroscopy
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Magnetic Rotation Spectroscopy of Nitric Oxide

12
——96ppbNO on N, o372)
101 | =850 ma, P=40 Tor
TC=1s, SEN=2mV SNR=253
084 treq,_,2950 Hz. B=110 Gauss MDL(15)=380 pp!
®=3" from crossed anayzer
% 0.64 LN cooled InSb delector
§ 044 Q(5/2)
2
a
£ 02
<
ol \ 10=4.325 2V
02
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Wavenumber [cm'')

Magnetic rotation spectrum of Q(3/2) and Q(5/2)
transitions of nitric oxide

% PP NO TN, e
1, =850 mA, P=40 Torr X |[crism e f°0
TC=1s,_=950Hz E
44B=110 Gauss, ©=8°

TE cooled MCT detector U

| SN . S
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2 SNR=22.5
TE:.. 1 MDL=4.3 ppb
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Allan Plot of EC-QCL based MRS NO Sensor
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1E3 4 Detector signal
Idea system - white noise limited

1E-5

1E-5 o

1E46 4 T\

t_=-4000 sec.
!

Alan Variance

J T v
1 10 100 1000 10000 100000

Time [sec)
%RICE

EC-QCLbased MRS NO Sensor for IAP, Beijing

National Stadium, Beijing, July-Sept. 2008




Design of an EC-QCL Based Remote Sensing System

« An upgraded version of a four-
laser pulsed QCL system

+ The optical set-up, electronics
and controt software modified for
CwW-QCL. operation

« First tests performed with a DFB
CW-QCL operating at ~5.5pm

Monitoring of broadband absorbers

* Freon 125 (C,HF;)
= Refrigerant (leak detection)

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

* Acetone (CH,COCHj;)
s Recognized biomarker for diabetes

* TATP, Acetone Peroxide ( CgH;,0,)
= Highly Explosive

% RICE
= e il
TATP Absorption Spectrum
o0
0,074
‘@
E o008
3
-‘% 0,05 Optical path=50cm
— Almospherc pressure
S 0,04
E 0.0]-..
*
Y go24°
0,01 T T T T
920 930 840 850 2680
wavenumber [cm )
%RICE

Qutdoor Open Path Measurements
(Influence of Atmospheric Transmission)

1 Bean ) st

QEPAS based Freon 125 and Acetone concentration
measurements with a tunable 8.4 ym CW EC-QCL

QEPAS concenlration measurement of
a Freon 125 and acelone mixiuro
——Foon 123+ Acwione
- Freon 125 retneved.
Aceion retr

QEPAS concenlration measurement of
Freon 125 {5ppm mexture in N.)

e SpemalFremn T8 riN, - Meseured spackum
=10 by rederancy spackum (1P, databasel

— wvod
|—— Acetone teterence

QEPAS signal (VW)

Laser power nomakzed

NE0 1120 1140 1160 1130 1200 1220 1240 1260
Waverumbar fer'| Wavenumber [cm |

* Minimum detection limit (1) of * Wide tunability enables excellent

~4.5 ppb was obtained for olec
Freon 125 with an average laser :' d ;::‘edmw for broad
power of 6 6 mW and a e %* RICE
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Applications of Efficient Mid-Infrared 9.6um QCL
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Applications of Efficient Mid-Infrared 9.6um QCLs

QEPAS Performance for 12 Trace Gas Species (July ‘08)
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Future of Chemical Trace Gas Sensing

Conceptual Design of Ultra-compact QCL Trace Gas Sensor

Multipass gas cell TEC D&lector

c
L

Aarodyne, Inc, Barry McManus ot sl 2008

New design of fast broadly tunable EC-QCLs (2008)

Proposed QEPAS-OPBC Sensor Configuration

*New optical configuration
Folded cavity (configuration #1)

*Fast tuning capabilities:

= Coarse Broadband Scanning

(~55 cm' @5um ) up to 5 KHz

{ o) to ilabl e

<10Hz)

= High resolution mode-hop
free tuning (~3.2 cm' @5um )

= to 5 KHz
%} uh{h} {mplal_m 100-200 Ha)

Patent pending, G. Wysockl, F. K. Tittel, 2007 @ RICE

DFB High reflectivity
diode laser  dielectric mirrors

Photodiode

QTF

Feedback electronics

%IRICE




Wireless Sensor Networks for Trace Gas Sensing

”

Each point called “mote

’ - Advantages?
\" = Spatial resolution
s = Measure fluxes

What is needed?
= Low power

’ — = Low cost
l = Ultra miniature

= Replicable
To Interet via
Base-station "\

= Autonomy

%RICE

PHOTONS v4.0 - 2.7um CO2 Direct Absorption Based Sensor

e Laser Daver Bosrd {Atatd 1 boom |

Small size

Relatively low cost

High efficiency switching power supplics

PWM Pelier cooler dnver

0 2WV control system power consumplion

Detection sensitivity of CO, 1 ppm with 1sec. lock-in time constant
Over 100x improvement in sensitivity i possible i 4 2um

&IRICE

Summary & Future Directions of QCL based Gas Sensor Technology

«  Quantum and Interband Cascade 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 13 wrace gases to date. NH,, CH,, N0, CO,, CO, NO, H,0, COS. C;H,,

H,CO, $O,.C,H,OH, C,HF; and several ISOlq)ICSchIcS of C,O.'N and H.

= New Appllcnllnns of Trace Gas Detection

= Environmental Monitoring (urban quality - H,CO and, i lSOlOpIC ratio measurements

of CO, and CH,, firc d and q of engine

* Industnal process control and chcmxcal analysis ( NO, NH,. H,0, and H,S)

= Medical & biomedical diagnostics (NO, NH,, N,0, H,CO ‘and CH WCOCH,)

= Hand-held sensors and sensor network technologies (CO,)
= Future Directions and Collaborations

* Improvements of the existing sensing technologies using nios el, thermoelecirically
cooled, ew, high power, and broadly wavelength tunable mid-IR interband and
intersubband quantum cascade lasers
New applications enabled by novel broadly wav elength tunable quantum cascade
l.xscrs ased on hclcrogcneous EC-QCL (1¢ sensitive concentralion measurements

db in lar VOCs, HCs and multi-species detection)

- DC\ clopment of optically gas sensor networks based on QEPAS and LAS
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H,CO Concentration (ppb) Versus Wind Direction

Mean #,CO concantration versus wind
direction &t sampling site {conc in ppbV)

Max H,CO concentration versus wind
diroction at sampiing sile (conc. in ppbV)

LAS based CO, Spectrum at 2.7 pm

LIA Amplitude
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