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* Motivation: Wide Range of Chemical Sensing
. Applications
.« Fundamentals of QE-Photoacoustic Spectroscopy
= Compartson of QEPAS to L-PAS

« Selected Applications of QE-PAS
= NH, Detection with 1 5 pm RT cw DFB Diode Laser
* H,CO Detection with 3.5 um LN, CW DFB Interband Cascade Laser
* N,O & CO Detection with a 4 6 pm LN, CW DFB Quantum Cascade
Laser
* Conclusions and Outlook
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Existing Methods for Trace Gas Detection
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HITRAN Simulation of Absorption Spectra (3.1-5.5 & 7.6-12.5 pm

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 Monitoring
* Atmospheric Chemistry (eg ecosystems and airborne)
= Volcanic Emissions
« Chemical Analysis and Industrial Process Control
= Chemical, Pharmaceutical, Food & Semiconductor Industry
= Toxic Industrial Chemical Detection
+ Spacecraft and Planetary Surface Monitoring
* Crew Health Maintenance & Human Life Support Technology
* Biomedical and Clinical Diagnostics (eg, breath analysis)

* Forensic Science and Security
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Fundamentals of Laser Absorption Spectroscopy

Optimum Molecular Absorbing Transition
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Representative Trace Gas Detection Limits

Species | cnr! A : ;,;’;’z;;w T
NH, 967 50 20 LOD for SIN=2
NO, 1800 80 40 Pathlength: 210 m
HONO 1700 200 80
co | 2190 120 50
NO | 2240 100 50
HNO, | 1720 200 80
0, | 1080 500 200
NO | 1905 200 100
CH, | 1270 400 200
so, | 1370 310 120
CH, | 980 360 140
HCHO | 1785 350 100
HO, | 1267 1000 400

Mask S_Zahnisar. SRIS 2004, September 2004




Most Common Laser-based Gas Sensor Configurations

k Absorption
funable laser = & Detection
- Module

Multipass cell + detector

High-finesse cavity + detector

Photoacoustic detector:

—_— e
gas enclosure + microphone E%‘/ !
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CW IR Source Requirements for Laser Spectroscopy

REQUIREMENTS IR SOURCE

- Sensitivity (%o to ppt) * Power
* Selectivity * Narrow Linewidth

* Multi-gas Components  °* Tunable Wavelengths
* Directionality * Beam Quality
* Rapid Data Acquisition °* Fast Response

* Room Temperature * No Consumables
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IR Laser Sources and Wavelength Coverage
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Merits of Quantum Cascade Lasers

* Robust semiconductor fabrication
= Unipolar devices
= Compact, reliable, stable
+ Fabry-Perot (FP) or single mode (DFB)
+ Tunable wavelength
* 1.5 cor! using current
* 15-20 cmr! using temperature
* =100 cmr! using an external grating
* Broad spectral range in the IR
= 35-24pm
* High temperature operation
* Pulsedupto 425K
* High output power * =¥
= Typical 1-100 mW average 4 mm
* >450 mW (CW) at 298 K (Northwestern)

Broadly Tunable RT CW External Cavity Quantum Cascade Laser

o

Distributed-feedback QCLs:

External-cavity QCLs:
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From conventional PAS to QEPAS

Laser beam, 0>>1000
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Quartz Tuning Fork as a Resonant Microphone

size, 03 mm? volume
+ Dimensions inmm 1=38,g=03,1=03, w=058
* Piezo-active material
= Signal currents = pA
* Intninsically high Q factor, ~10,000 at ambient
conditions, O, ycpm ~ 125.000
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Possible ADM Configurations
Active mode — symmetric vibration
Acoustic quadrupole = Noise immunity
Simplest configuration
(a) ~5mm
Acoustic microcavity added
to enhance sensitivity !
15 RI E

Optical multipass cell (100 m)
=70 em, 1-3000 cm®

Resonant photeacoustic cell (1000 Hz) QEPAS ADM.
1~60 cm, V=50 cm! 1~0 5 em, ¥~0.05 cm?

Equivalent Electrical Circuit of a Quartz TF

TF & Trans-impedance Amplifier Noise Analysis
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Typical TF resonance curves

Air Pressure Dependence of Q Factor of a Typical TF
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QEPAS Signal Gain with a Micro-Resonator
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NASA Target Gas Opportunity Matrix

Motivation for NH, Detection

Monitoring NH, concentrations in the exhaust
stream of NO, removal systems based on
selective catafytlc 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)

M. Webber o al 2003 Praashica

Molecule Detection Limit QEPAS detectable?
{ppb) 1.3-1.7 pm 2.5 um
F 10 No X
20 Expeniments required
Ammonia 100 X X
Carbon monoxide 1000 Probably not X
Hydrogen cyanide 100 X X
Carbon dioxude <% X X
Nitrogen dioxide 100 Probably not X
HF 100 Experiments required
Acrolein (2-Propenal) 5 Unlikely
Water vapor 10-90% X X
X - Demonstrated
X - Highly expected based on the existing technology level
X - Expected with the technolegy advance ?
RICE
Infrared NH; Absorption Spectra
1w :
10° aEE——
10?
o e e v
(== CO taser
0" : ’nt:mm Cascade

Vclocomm

i A




Case study: NH, (100 ppb target)

QEPAS fiber based gas sensor architecture

Presently demonstrated sensitivity — NIR: 490 ppb

Parameter Now Modified Scaling Expected sensitivity, ppb
T Is 10s 32 155
w 8 mwW 60 mW L6 100

Conclusion: QEPAS provides adequate sensitivity to NH, with NIR
telecom lasers. Power consumption by the 63 mW JDS-Uniphase laser is

(only) ~1W.
2

Data collection
and processing

Ammonia Detection using a 1.53 um Telecom Diode Laser
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Wevenumber, em'
Spectral simulations based on data from

‘Webber et al., APPLIED OPTICS 40,
2031-2042 (2001)]

Appled Optics 43, 62138217, 2004
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Drode laser current, mA
QEPAS spectra at different pressures of

NH,:N; gas mixture; t=0.3s, 38 mW diede
faser excitation power at 6529 cm*

= Peak optical absorption varies with
pressure

= Q-factor decreases at higher
pressure

* V-T relaxation is faster at higher
pressure

* Aroustic resonator enhancement
factor changes with pressure

Modulation, mV
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Calibration and Linearity of QEPAS based NH, Sensor
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Noise —equivalent (1s) concentration
(NEC). for t=13 time constant is
0.65 ppmyv for 38 mW excitation
power

[NH3|. ppm

90 last points of each step averaged

(Traditional PAS® — 1.8=10° car Wi Hz}
“Wekber ot al., APPLIED OPTICS Apeil 2030 Vol. 42, No. 12, 2118

Noise-equivalent absorption (NEA) coefficient k=7.2x10” cm*'W/Hz'?

Consecutive QEPAS readings acquired
over a period of ~16 hours
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Allan Deviation for NH; Absorption line at 6528.4 cm'!
as a Function of Data Averaging Time

Merits of QE Laser-PAS based Trace Gas Detection
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QEPAS versus Traditional PAS
Parameter Traditional PAS QEPAS
S Hz 100 to 4000 Presently ~32 760
Q 20to0 200 10 000 to 30 000
Q vs. pressure INCREASES DECREASES
(high spectral resolution | (high spectral resolution
is problematic) is achievable)
Sample volume >10 cm’® <1 mm’
Sensitivity to Usually high None observed
ambient acoustic
and flow noise
Pathlength ~10 cm (a) 0.3mm, (b) Smm
involved

HCN NIR line selection - zoom

6539 1 cm
|

8534 8538

8530 8532 6538 8540

Wavenumber, cm”’

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

Compact, rugged and fow cost compared to LAS that
requires a multipass absorption cell and infrared detector(s)

Potential for optically multiplexed concentration

measurements

. HCN NIR line selection ,,

N

63 mW 1550 nm CW DFB
Lasers with PMFiber for
WDM Applications

CQF935/908 Serfes

6537 .8 cm! (+25°C)
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One-chip TEC/DL driver for HCN diode laser

H,O absorption line at 7181.172 cm-1 (1392.5 nm)

F 44.2 ppm HIO:N:
b 773 Torr total pressure
=ls

NNEA L1y (0 o@y\.\u/\m
2~

QEPAS signal, a.u.
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g

Laser current, mA
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\Case study: CH,O (10 ppb target) /

Prese\deemonstrated sensitivity - MIR: syp(

Current QEPAS ADM

Gas Cell

Motivation for Precision Monitoring of H,CO

* Precursor to atmospheric O; production

¢ Pollutant due to incomplete fuel
combustion processes

» Potential trace contaminant in industrial
manufactured products

* Medically important gas

RICE

QCL based Quartz-Enhanced Photoacoustic Senso

Parameter Now ified Scaling P /F_xpectcd sensitivity, ppb
T 10s 105\ / 550
w 34mwW 10mW 185
MRes Gaps Tight 1.3 .\ 140 [l

Conclusion: QEPAS is expected to provide adequate sensitivity to CH.O
witha 10 ICL and 5 kHz tuning fork. Altematively, a 10 kHz TF and

optical gefuble-pass architecture can be used. !
RICE




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

2f - QEPAS based H,CO signal at 3.53 um (2832.48 cm™')

205
* H,CO: i0
004+ i€ L
"H,O0 3%
0034 *CH,: 2ppm

* Optical path. 100 m
* Total pressure: 30 Torr

Absorption (%)

o
8
S e,

JPL IC Laser raming range ot 79 K-

Wi1s | 28320 28325 23i0 28335
1
Wavenumber (cm )

] ! * [HCO} 1327 ppm
44 > .
s * Sensitvity 2.2x10%em I WiNHz
£
=4 * QEPAS NE sensitity for NH,.
g
5 24 7.2%10%em W/ VHz
]
=4
= * Sensitivity: 2.2x10%m" WHHz
8 04 For companson:
a Sensiuvity for NH3'
5 7.210%m Wi ¥ Hz
&2
Applied Physcs 2004 ° JPL RICE

IC Laser based Formaldehyde Calibration
Measurements with a Gas Standard Generator

N,O Detection in Ambient Air at 4.55 pm (2195.6 cm!)

SNRY o
=l

T Ot

Total gos premure: 584 Torr
QCL pewer in TF cril: 19 mW

Sigaal, u¥
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Noise-equivalent absorption coefficient s 1.5x10¢ cm-'W/Hz'?2 for 5% SF,
with a noise equivalent concentration of 4 ppbv for =3 sec

Appliad Phrysics B 80,133-134 (2008)

QEPAS Performance for 7 Trace Gas Species

® H.CO absorption
84 frequency: 28325 cm'!
* Lock-In tinic constant:10 &
54 *® QEPAS parameters
- Resonance frequency:
s 32760 KHz
E 44 - Q-factor: 17336
-é - Pressurc: 200 Torr
5 - Gas Flow: 75 sccm
T=- 34 - IC laser power: 6 mW
z ® Sengitivity: 2.2x10%cm"
& 29 l\:w‘fnz 8
Or comparison:
g 14 Smsllmmor NH,
g 54x10%m ' Wi ¥
s * MDC is 550 ppbv
o4
\ 1.6 ppm Rere———
- T T T T T \ v
[ 5 10 15 20 25 30
Time {min) @ JPL RICE
QEPAS based N,O Concentration Measurements
25
=35
20 g=04uV 1
1.5 B
1.120.02 pV 11 ppb N,0 in an ultra-
A g fTT i =]  pure gas mixture:
= N,+5%SF [for QCL
- I locked to 2195.6 cm”!|
& o5
oof - 40CL Jength
-0.1£0.04 pv
Q51 1
-1.0
[} 1000 2000 3000 4000

Time. s ?
RICE

a1

Molecule (Host) Frequency, | Pressure, NNEA, Power, | NEC (z=is),
em’ Torr em W/Hz"* mwW my
NH; (Nn* 652876 60 5.4x107 38 0.50
H;O (N)** T8L17 60 21x107 58 0.18
CO; (exhaled alr) 6514.25 90 1.0%107 Sk 890
N0 (Rir+5%SFy) 2195.63 50 1.5x107 19 0.007
CO (N} 2196.66 50 5.3x107 13 05
CO (propylene) 2196.66 50 7ax107 65 0.14
CH;O (alr) * 283248 200 2.2x107 4.1 03

* - Improved microresonaior

** . Improved microresonator and double opiical pass through QTF

NNEA - ized noise eq

NEC - nots¢ equivalent concentration for available laser power and t=1s time constant.

For comparison: conventional PAS 2.2x10-* cm-'W/\Hz (1,800 Hz)*
* M. E Webber, M. Pashiarily sad C. K. N Pascl, Appl Opr. 32, 2119-2126 (2003) RI E




Current QEPAS Design R&D Activities

» Micro-resonator

* Lower frequency TF

« Better Coupling (Collimation)

* Intra-cavity

* New Target Gases: H,O, HCN and C,H,
* Integrated, ultra-compact design

* Potential for optically multiplexed concentration
measurements

Improvement [ (in progress): a better micro resonator

Q=5100

Gain x1.3

SRt e & O-6 600 ?
= : Gain x1.5
. RICE

Improvement II (in progress): a better TF

Tunable External Ca
QCL-  quantum cascads Laser -
TEC -
Ct= coliimating lens {1 diameter. (0 8.

Ga AR-costed 3-12 um) mounied on
e - .Inovbnm ®

GR-  diflrchon grating (150 grimm blazed for 5.4m)

PP~ pwval paint of the rolebional
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~ CaF2 window (Whickness 4m. tiked 50

Wide Scan NO spectrum
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Z
Architecture Flexibility QEPAS Gas SenSor
4

Optical Multiplexing

Conclusions and Future Directions

replaced)

* Potenual for mulf
reference cell)

*® Adequate sensitivily; proportiol power
= Will improve with progress
* Wide dynamic range

* Laser based Trace Gas Sensors
Ultra compact (~0.2 mm?) , robust and low cost sensors based on QE L-PAS and QC-
LAS

QEL-PAS is immune to ambient noise.
High detection scnsmvny (llmllcd hy lhamal excitation of symmetric mode)
Best ption coefficient is 5.4 x 10 cm!'W/VHz
Detected trace gases: NH,, CH,, N,O, €0, CO, NO, H,0, cos C,H, CH,
C,H,0H, SO, H,CO and several isotopic species of C, 6
« Applications in Trace Gas Detection
* Environmental & Spacecraft Monitoring (NH,, CO, CH,, C;H,, N,0, CO,and H,CO)
= Medical Diagnostics (NO, CO, COS, CO,, C;H,)
» Industrial process control and chemical analysis (NO, NH;)
* Future Directions and Collaberations

* QE L-PAS and cavity d (ICOS) sp: ased ions using novel
thermoelectrically oooled cw and broadly wave]cng\h tunable quantum cascade lasers

* Applications using interband and cascade lasers

» New target gases, in particular VOCs and HCs

* D of optically multiplexed gas sensor networks

NASA Atmospheric & Mars Gas Sensor Platforms

Arcraft laser absorption spectrometers

Tunable laser planetary spectrometer

Tunable laser sensors for
earth’s stratosphere
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