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Innovative « New Laser Based Trace Gas Sensor Technology

* Novel Multipass Absorption Cell & Electronics
* Quartz Enhanced Photoacoustic Spectroscopy
+ Examples of Mid-Infrared Sensor Architectures
= C,Hg, NH;y, NO, CO, and SO,
» Future Directions of Laser Based Gas Sensor
Technology and Conclusions
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Mid-IR and THz Spectroscopic Phenomena
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Wide Range of Trace Gas Sensing Applications

“Curiosity” landed on Mars on August 6, 2012

< 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
* Environmental Monitoring
= Atmospheric Chemistry (e.g isotopologues, climate modeling,...)
* Volcanic Emissions
+ Chemical Analysis and Industrial Process Control

= Petrochemical, Semiconductor, Pharmaceutical, Metals Processing,
Food & Beverage Industries; Nuclear Technology & Safeguards

+ Spacecraft and Planetary Surface Monitoring
= Crew Health Maintenance & Life Support
« Applications in Medical Diagnostics and the Life Sciences
+ Technologies for Law Enforcement, Defense and Security Pt
* Fundamental Science and Photochemistry RIEE




Laser based Trace Gas Sensing Techniques

= Optimum Molecular Absorbing Transition

Overtone or Combination Bands (NIR)
Fundamental Absorption Bands (Mid-IR)

* Long Optical Pathlength

Multipass Absorption Cell (White, Herriot, Chernin,
Sentinel Photonics)

Cavity Enhanced and Cavity Ringdown Spectroscopy
Open Path Monitoring ( with retro-reflector): Standoff and
Remote Detection

Fiberoptic Evanescent Wave Spectroscopy

Spectroscopic Detection Schemes

Frequency or Wavelength Modulation

Balanced Detection

Zero-air Subtraction

Photoacoustic & Quartz Enhanced Photoacoustic N
Spectroscopy (QEPAS) RICE

Other spectroscopic methods

« Faraday Rotation Spectroscopy (limited to paramagnetic
chemical species)

Differential Optical Dispersion Spectroscopy (DODiS)

« Noise Immune Cavity Enhanced-Optical Heterodyne
Molecular Spectroscopy (NICE-OHMS)

Frequency Comb Spectroscopy
< Laser Induced Breakdown Spectroscopy (LIBS)

HITRAN Simulated Mid-Infrared Molecular Absorption Spectra

Mid-IR Source Requirements for Laser Spectroscopy
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o e Sensitivity (% to ppt) Optimum Wavelength, Power
-g a B 3
Selectivity (Spectral Resolution) Stable Single Mode Operation and
Narrow Linewidth
= Multi-gas Components, Mulﬁple Mode Hop-free Wavelength
55 4m iy Apm Absorption Lines and Broadband Tunability
Absorbers
4, 50 B Yo Directionality or Cavity Mode Beam Quality
gl syt Matching
a3
N0
i Rapid Data Acquisition Fast Time Response
—
Room Temperature Operation High wall plug efficiency, no cryogenics
or cooling water
o0 w0 1600 : .nm [ L Field deployable in harsh Compact & Robust
125ym Waversmber om ") - RICE environments




Key Characteristics of Mid-IR QCL & ICL Sources — May 2013

Band — cture engineered devic .
Emussion wavelength 1s determined by layer thickness — MBE or {5
MOCVD; Type I QCLs operate i the 3 to 24 um spectral region,
Type Il and GaSb based 1CLs can cover the 3 to 6 um spectral range
* Compact, rehable, stable, long ifctume, and commercial availability
* Fabry-Perot (FP), single mod% (DFB) and mulu-wavelength devices
Wid uning ranges in the
15 cm! using imjection current control for DFB devices
10-20 em™? using temperature control for DFB devices
~}00cm-} using current and temperature control for QCL DFB Arra:
~525 cm (22% of c.w ) using an external grating element and FP chups |5
with heterogencous cascade active region design, also QCL DFB Amay |
Narrow spectral linewidths
= CW 0] -3 Miz & <10kHz with frequency stabshzation (00004 cm')
* Pulsed. ~ 300 MHz

i ulsed and at TEC/RT
temperatures
= Room temperature pulsed power of > 30 W with 27% wall plug
efficiency and CW powers of ~ 5 W with 21% wall plug cfficiency
= >I|W, TECCWDFB/@ 4.6 um
= >600mW (CW FP) @ RT, wall plug efficiency of ~17 % at 4 6 pm,

uwI F——

Improvements and New Capabilities of QCLs and ICLs

+ Optimum wavelength (> 3 to < 20 um) and power ( >10 mw to < | W)

at room temperature (> 15 °C and < 30 °C) with state-of-the-art

fabrication/processing methods based on MBE and MOCVD, good wall
plug efficiency and lifetime (> 20,000 hours) for detection sensitivities
from % to pptv with low electrical power budget

Stable single TEM_, transverse and axial mode, CW and pulsed operation

of mid-infrared laser sources (narrow linewidth of ~ 300 MHz to <

10kHz)

+ Mode hop-free ultra-broad wavelength tunability for detection of broad
band absorbers and multiple absorption lines based on external cavity or
mid-infrared semiconductor arrays

+ Good beam quality for directionality and/or cavity mode matching.
Implementation of innovative collimation concepts.

 Rapid data acquisition based on fast time response

= Compact, robust, readily commercially available and affordable in order
to be field deployable in harsh operating environments (temperature,
pressure, etc...)
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Motivation for Mid-infrared C,H; Detection

Atmospheric chemistry and chimate
=  Fossil fuel and biofuel consumption,
*  biomass burning, =
= vegetation/soil,

= natural gas loss T
Ol and gas prospecting .
Application 1n medical breath analysis ©
(a non-invasive methed to identify zé.
and monutor different diseases) ]

= asthma, 2

*  schizophremia, <

*  Lung cancer, L]

Praseurs=250 Torr, Pathlength= 100 m |

*  lung cancer,

2074 278 278 BT A AN 280
= vitamun E deficiency

Wavenumber [cm™]
HITRAN absorption spectra of C;H,, CH, and 11,0
BN
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C,H Detection with a 3.36 pm CW DFB LD using a Novel
Compact Multipass Absorption Cell and Control Electronics

Schematic of s C,H, g3 senecy ining & Nasophm 3.36 pus DFE Lses drode
M - mamor, €1 - collimstang lems, DM - dichrore

a3 an excaialion source. -
il cell L~ leme, SCB Innovative long path, small volume multspass

gas cell 57 6m with 459 passs

bt
- —— /\
g 7\ 2AWMS signal
£ il J'( for a C;Hg line
£ . 129768 o
B e I_‘.\\ .~ | atapressure of
e ' 200 Torr
W ow w e w m
Injectad current (mA)
Mini d ble C,H, ation is: MC dimensions. 17 x 6.5 x 5.5 (cm)

~ 130 pptv (1o; 1 s time resolution) Distance between the MGC murrors: 13 cm




NOAA Monitoring & Sampling Location: Alert, Nunavut, Canada

Motivation for NH; Detection

ALT, Ethane Concentration Measurements

€1, Cancratratian, ppes (pmabrmd o 18 makel}
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General View on the Facility
Latitude: 82.4508° North
Longitude: 62.5056° West
Elevation: 20000 m

» Atmospheric chemistry
« Pollution gas monitoring

+ Monitoring NH; concentrations in the exhaust
stream of NO, removal systems based on selective
catalytic reduction (SCR) techniques

+ Spacecraft related trace gas monitoring

+ Semiconductor process monitoring & control

* Monitoring of industrial refrigeration facilities

» Monitoring of gas separation processes

* Medical diagnostics (kidney & liver diseases)

* Detection of ammonium-nitrate explosives o

3
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Conventional PAS

Cell is OPTIONAL!
V-effective volume

Laser beam,
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Atmospheric NH; Measurements using an EC-QCL PAS Sensor

NH, sensor deployed at the Ut) Moody
Tower rooftop monitoring site.
Schematic of a Daylight Solutions 10.36 pm CW TEC EC-QCL based PAS NH, Sensor.
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Comperison between NH, and particie nomber

Diumal profile of stmosphenc NH, lovels i
concentration time senes from July 19 1o July 31 2012.

Houston, TX.
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NHj; Detection due to a Fire resulting from a Truck Collision

Accxental reieses of NH,

August 14, 2010

A chemical incident occurred at - 6 a.m. afler two tucks
colfided 0n 1-59  Both trucks caught fire. [www chros.com]

Sporadic increased NH; Concentration Levels related to
Emissions by the Parish Electric Power Plant, TX
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e Estimatod hourly NH, emission from the Houston Ship %'\i

. ] ” " - Charmel area 13 about 0.25 ton. Mellgeist ct al., (2007} Final
a0 Report. HARC Project H.53. RICE]

, X

l e N The Pansh electric power plant 13 located near the Brazos

£ hadd IR Ruver in Fort Bend County, Texas (27 miles SW from
downtown Houston)

i RICE

7+

NH; Detection due to a Fire resulting from a Truck Collision

Fort-Worth, Dallas(TX) CAMS 75 & TCEQ monitoring site

Accetental reiesse of N,

August 14, 2010

Dowwnd of the Houston Bhep Chancel

Estumated hourty NH, cmsssion from the Houston Ship %{i
Channcl arca is sbout 0.25 ton. Mellquist et al,, (2007) Final
e o sy HARC Propect H-53. RICE

Laboratosy trasler

in this study loTing;

station (CAMS 95) operated b
Texas Commjission on
1 ! ity (TCEQ)
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Instrumentation available at CAMS 75 & TCEQ monitoring site

NH; source attribution & temperature variations

Specsesiparameter Mesturcoacat tochasqoe

N, T Daylight Sohutsons Externa) Crvaty Quanturn Cascade Laser (Photo-scoustic Spectroscopy)

<o “Thermo Efectron Corp. 43C Trace Level CO Amalyzer {Gas Filer Comelatian)

50, Thermao Electron Corp. 43 Trace Level SO, Analyzer (Pulusd Fluoreacsnce)

No, Therwo Electron Carp. 42C Trace Lovel NO-NO,-NOx Anslyzer (Chenulumincsceace]

No, Thermo Elactron Corp. 42C-Y NOy Anslyzer (Molybdeam Comveries)

1o, Mast Chaembes couplod 4o 1on Chronsiograpty (Dromes, Model CD20-1)

Ha Mast Chaember coupled 10 fon Chrocsasogsapiy (Daoma, Model CD20-1)

voc, IONICON Anslytik Protan Traoafer Reaction Mass Spectrometer aad TCEQ Automated Gas
Chromutograph

PBL besght Vastals Cerlometer CL31 with updated frmoearc 1o work with Vatsala Bousdary Layer View sofiware

Torapacsturs Campball Scientific NP4 5C Platiram Remistance Thermometsr

Wind spocd Campbell Scimntific 03103 R. M. Young Wind Mossior

Wind durection Campbell Scaeniific 13103 R. M. Youmg Wind Mosstor

= Emission events from specified
point sources (i.e., industrial "
facilities)

= Estimated NH; emissions from
cows (1.3 tons/day)

- Estimated NH, emissions from
soil and vegetation (0.15
tons/day)

» EPA PMF (biogenic: 74.1%,;
light duty vehicles: 12.1%;
natural gas/industry: 9.4%; and
heavy duty vehicles: 4.4%)

» Livestock might account for
approximately 66.4% of total
NH; emissions =

= Increased contribution from

Hauw of day (C3T)
30my D11 - 20 dune 211

L__industry (-> 18.9%)

From Conventional PAS to QEPAS

Quartz Tuning Fork as a Resonant Microphone for QEPAS

>>1000
Laser beam, Cell is OPTIONAL!
power P . /_\ Veeflective volume
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f 4 Piezoelectric
P |lcm'xW S
NNEA = Srin l: I :l Resonant at f
vaf Hz quality factor 0

inem Unigue properties
1 + Extremely low intemnal losses
* Q~10000at | atm
“ Q~100 000 in vacuum
* Acoustic quadrupole geometry
* Low sensitivity to external sound
= Large dynamic range (~109) — linear from
thermal noise to breakdown deformation
* 300K noise: x~10"!! cm
* Breakdown x~102cm
* Wide temperature range. from 1 6K to ~700K

D06 |
= y = Acoustic Micro-resonator (mR) tubes

«  Optimum inner diameter 0.6 mm, mR-QTF
gap 1s 25-50 pm

+  Optimum mR tubes must be ~ 4.4 mm long
Excitation . (~A/4=1<)\2 for sound at 32 8 kHz)
st beam + SNR of QTF with mR tubes: 30 (depending
Quartz tuning on gas compositton and pressure)
fork clecirudes




Optimum NH; Line Selection for a 10.34 um CW TEC DFB QCL

QEPAS based NH; Gas Sensor Architecture

o [P T30 Ter [ —fopeenn] ., [——25ppmNA NN,
T , | 3 300{—— 5% CO,, 1% H,0 and residual NH,
- o L)
3 8
L3 =200
1= 967 385Em [
; U 005 35 em ' I _& 100
| | &
c
S w 0
= 3 P4
g‘ a-.100
] ui]
c.zoo 967.35¢cm”!
2 o NH, line P= 130 Torr
o84 %65 %8 %7 1240 1220 1200 1160 1160 1140 1120
Wavenumber [cm™] Current [mA]

Simulated HITRAN high resolution spectra No overlap between NH; and CO, absorption
@) 130 Torr indicating two NH, absorption  lines was obscrved for the selected 967.35 cm™!

lincs of intcrest NH, absorption linc in the v; R band. Ky
:s Controt Elactronics Unit
RICE HHL. package (Hamamatsu) (CEU) RICE
9 Lc__
'

Real-time exhaled human NH; Breath Measurements

Motivation for Nitric Oxide Detection

e~ Brasm dats from NH, Rice sensor
N Max NH, concantrabon o 351 ppb

g

g

8
NH, concnetration (ppb]

S
g

H, concentration [ppb]
8% ¥ B
€O, concentration [%]
Alrway Pressure [mbar]

142400 147420 142440 142500 142520 o 1000 342000~ 3000 ¥ 4000
Point [-]

Time [HH MKt SS]

Airway pressure (black), CO, (red), and NH, (bluc;
profiles of a single breath exhalation lasung 40sce.

Successful testing of a 20d generztion breath
ammonia monitoe wnstalied 1 a chncal
environment (Johns Hopkins, Balumore, MD
and St. Luke's Hospital, Bethlehem, PA)

of NH, is:
=6 ppby at 967.35cm ! (105 1 s time resolution)

» 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
» Important 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 )

S




Molecular Absorption Spectra within two Mid-iR
Atmospheric Windows and NO absorption (@) 5.26pum
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Performance of a 5.26 um CW HHL TEC DFB-QCL

o58EEBBIBB8S

| |
Optical power after ADM (mW)

Cument (mA)

Smgle frequency QCL radiation recorded with FTIR for CW DFB-QCL optical power and cusrent tuing
different lascr current values at a QCL temperature of 20 5°C at three different lemperatures.

Emission spectra of a 1900cm™! TEC CW DFB QCL
and HITRAN Simulated spectra
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CW TEC DFB QCL based QEPAS NO Gas Sensor

O HILTT8 (91U pacage amd 1K camers smage
Detecvon tiade O the Liset bown £ 410 mA rad 08 ey C thovesgh

dubes after AT
»
g R

"
Schematic of a DFB-QCL based Gas Sensor.

Pcl. - plano-convex lens, Ph - pinhole,

QTF — quartz funing fork, mR - microresonator,
RC- reference cell, P-clec D - pyro electnc detector

Compact Protdype NO Sensar
[September M1y

AN

RICE|




Performance of CW DFB-QCL based WMS QEPAS
NO Sensor Platform

Motivation for Carbon Monoxide Detection

8

QEPAS 2f signal [a.u]

[0 1% NO &1 P=200 Tor, Scm ref caf — NO St L9
10 1pem NO + 24% H,0, P 240 Tor ‘8.30
5 ®g 2
=
8 2 Se
‘ 1w & B
o €,
2 2 8
© <
[} ° 9 8ax (N N
[e]
2 Lz
-+ 00 @ o
3 1337 1340 1343 1346 1349
900 850 830 670 80 650 % y
Laser current [mA] Time [HH:MM]
20 QEPAS signal (navy) and reference 3f sigaal (red) when 20QEPAS signal amplitude for 95 ppb NO when
DFB-QCL was tuned acroas 1900.08 cm® NO linc. DFI-QCL. was locked ta the 1900.08 cm ! fne.

Minimum detectable NO concentration is:

~3 ppbv (lo; 1 s time resolution) AN

A
RICE|

= Atmospheric Chemistry

* Incomplete combustion of natural gas, fossil fuel
and other carbon containing fuels.

= Impact on atmospheric chemistry through its
reaction with hydroxyl (OH) for troposphere ozone
formation and changing the level of greenhouse
gases (e.g. CHy).

» Public Health

= Extremely dangerous to human life even at a low
concentrations. Therefore CO must be carefully
monitored at low concentration levels.

» CO in medicine and biology

= Hypertension, neurodegenerations, heart failure and
inflammation have been linked to abnormality in
CO metabolism and function.

Performance of a NWU 4.61 um high power CW TEC DFB QCL

CW DFB-QCL based CO QEPAS Sensor Results
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CW DFB-QCL optical power and current tusung at a four different QCL lemperatures.
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CW DFB-QCL based SO, QEPAS Results

Mativation for Sulfur Dioxide Detection b e
- Promtnent arr pollutant = "BlSiEenT
-Emiticd from coal fired power planis (~73%) L %
and other industnal facilities (~20%) ! «| i
-In atmosphcre  50; converis to sulfunc acd | sngie
¥ prmary contributors to acid rain g“l P
+ SO, reacts to form sulfate acrosols Ble s "

of®

« Pnmary SO, exposure for 1 hour 13 75 ppb
-S0, cxposurc affects lungs and causcs breattung

Lavar cumers i)

«Currently, reported annual average atmosphenc SO, 7.24 jam CW DFB-QCL optica) perwer and custens tixiwg

rn.ngcfmn-l-ﬁn;‘l: b s tores dlfrens STy ey
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. > e v
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Molscular Absorption Spectra witun two Mid IR Atswoephenc Windows.
e e e e e e

QCL based QEPAS Performance forl0 Trace Gas
Species (May 2013)

Malecule (carrier gas) | Frequency | Pressure | NNEA | QCL Pewer | NEC (v=13)
' Torr | em 'WiH2" mW Frad
CH0 (NGIS%RH) | 210490 7 710" [ w
CO(N+1I% 0y | 217628 100 13710 £1] )
CO (propylene) 2196.66 0 745107 (%] 14
TR0 (e SRSFY | 219363 £ T5:107 " T
NO (N I3TRIG0) | B0 200 25107 % | 28
o0 ()| 19842 ™ | 2207 ] i
| NO@~m0) 190007 30 250" 100 36
| S0, (Npp2A%H0) | 138094 100 20-10° ] 100
N2 (aie) 1275.49 0 53-107 100 30
CIL, (sir) 127539 230 17907 00 s
CliF; (V)" 19162 70 78107 3 B
NH (V' 104639 ne 164107 2 6
B 943.73 75 27307 o 5.107
© - lmproved msercrescmstor

ADM

. With amphiwude modil 100 sad metal mecroresones
NNEA - normatizad ncive equvalent sheorpucn coefiaem.
NEC

For compansoa: coaventiona) PAS 2.2 (2.6)<10% cm 'W/¥Hz (1,590; 10,300 Hr) for NHy*- 122}
"M E Webb o Apyl O 42, 3H1AT128 W33 ) 3. Pl o oL AB 1 ICE3 20101 3152, ¥ g, o Unevrmy ot Pltacs oD Ry ) |

%

Merits of QEPAS based Trace Gas Detection

+  Very small sensing module and sample volume (a few mm® to ~2cm?)
= Extremely low dissipative losses

= Optical detector is not required

«  Wide dynamic range

= Frequency and spatial selectivity of acoustic signals

» Rugged transducer — quartz monocrystal; can operate in a wide range of
pressures and temperatures

+ Immune to environmental acoustic noise, sensitivity is limited by the
fundamental thermal TF notse: k,7 energy in the TF symmetric mode

= Absence of Iow-fre%uency noise: SNR scales as V7, up to /=3 hours as
experimentally ventied

QEPAS: some challenges
» Cost of Spectrophone assembly
= Sensitivity scales with laser power
« Effect of H;O

= Responsivity depends on the speed of sound and molecular energy 4.
transfer processes 3

Potential Integration of a CW DFB- QCL and
QEPAS Absorption Detection Module

Ehy
L Cross SCOsitvIty [SSues RICE|

package fiber coupled DFB-QCL

A Lyakk, o1 2l *1.6 Whigh wall phog clficiemcy, contsmuns-wave room temperatire queatum cascade laser crsitting at 4.6 g™, Appl. Phys.

PRI
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Hollow core waveguide

Hollow € ore Glass Wasegubldes:
# Excellent Infraed wanstission
i o 00 e

e Proven single usle detvery fin
lume size - 30A

«Nu ctl 1ellections

= 1hgh damage threshold
b) ~Very Robant
#20r yeors of expeticnee M

i T 'J‘ Agt 065 merans Rutgers
| |
| J'.' Bewdang loss - the
g Vil | — PrEnNy concenn
gy e ¢ w"{ OFIOANORLEDGESYSTEMS INC,

QCL-fiber beam profile and losses

————— -

HWG Fiber with
300 pm bore size
-| allows single mode

Straight 1d8/m
Losses

Bending 0.1dB/m
Losses

i) Mult-ssods fiber

iwi o fiber {1 Single-msode Gber
Beaw: Profilmg mensuretent setup and sample beaw profiles

2L "
TH2

Future Directions and Outlook

* New target analytes such as carbonyl sulfide
(OCS), formaldehyde (CH,0), nitrous acid
(HNO,), hydrogen peroxide (H,0,), ethylene
(C,H,), ozone (O;), nitrate (NO;), propane
(C;Hj), and benzene (C Hy)

* Ultra-compact, low cost, robust sensors (e.g.
C,H,, NO, CO...... )

* Monitoring of broadband absorbers: acetone
(C;H0), acetone peroxide (TATP), UF......

* Optical power build-up cavity designs

 Development of trace gas sensor networks

Mid- IR and THz Ring Cavity Surface Emitting QCLs

o™

"
o

Ry
e eessteonsrgel)
(a) Two-di | far-field plot

from a MIR RCSE-QCL and recorded with a
micro-bolometer camera in a distance of 40

mm. (b) Polarization dependent intensity
measurement.

(a) Three-dimensional 1llustration of a nng
cavity surface citting lascr. (b) Scanning
clectron py mage of ap i MIR
device. Close-up of a (c) MIR and (d) a THz
wavegwuide section holding sccond order
gratings.
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Summary

Laser frared, room i wave, DFB
lnser diodes and ﬁlgh performnnce DFBQCLisa promlsmg analytical npproach for
real ime pher and breath
Six infrared d: lasers ﬁ'om | Dayhght Sol Maxion

hnol PSI, Ui y and AdtechOptics were

T PSI), I
used recently (20l 1 201 2) by mams of TDLAS, PAS and QEPAS
Seven target trace gas species were detected with a 1 sec sampling time
® C,H; at—3 36 pm with a detection sensivaty of 130 pptv using TDLAS
NH, at ~ 10.4 um with a detection sensitivity of | ppbv (200 sec averaging tumc},
NO at ~5,26pum with a detection ot of 3 ppby
CO at - 4 61 pum with mummum detection imit of 2 ppbv
50, at ~7.24pm wath a detection humt of 100 ppbv
CH, and N.O at 728 pm currently 1w progress with detection Lmits of 20 and 7 ppbv,
respectively
New target analytes such as OCS, CH,0, HONO, H,0,, C;H,,

M g of broadband absorbers such as C;H;, CHg and UF,
Compact, robust and sel single freq mid-infrared sensor
technology that 15 capable of performing precise, accurate and autonomous

of trace gases rel mn 1,b dical

industrial momitoring and national security
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