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Recent progress of mid—infrared compact, field

applications in industry, environment and defense
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= Novel Laser-Based Trace Gas Sensor Technology
= Mid-IR TDLAS based on a Novel Multipass Gas Cell Design
= Quartz Enhanced Photoacoustic Spectroscopy (QEPAS)
| = Examples of four Mid-infrared Trace Gas Species
« CH, C,Hg, H,CO and H,S
= Future Directions of QEPAS-Based Trace Gas
Sensor Technologies and Conclusions
= ] (Intra-cavity) - QEPAS
= New custom QTFs
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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
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 N

* Novel Laser-Based Trace Gas Sensor Technology
* Quartz Enhanced Photoacoustic Spectroscopy (QEPAS)
» Mid-infrared & THz spectral ranges
= Recent near infrared QEPAS sensor technology
= Sensor performance improvements resulting from custom QTFs

= Applications of QEPAS based sensor systems
+ Six mid-infrared Trace Gas Species
NO, NHj;, CO,, CO, SF,, H,S
Two THz Trace Gas Species
H,S and CH;OH (Methanol)
* Future Directions of QEPAS—Bascd Trace Gas Sensor

Technologies and C
I (Intra-cavity) — QEPAS
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NASA's Horizons spacacraft flew past Pluto in July, 2015, Icy Heart of Pluto: Nitrogen
snow and ice cover Tomb Region. S March 14, 2016

Fundamental Science and Photochemistry RICE

Laser-Based Trace Gas Sensing Techniques

Optimum Molecular Absorbing Transition

® QOvertone or Combination Bands (NIR)

* Fundamental Absorption Bands (Mid-IR)

Long Optical Pathlength
Multipass Absorption Gas Cell (e.g., White, Herriot, Chernin,
Aeris Technologies, and Circular Cylindrical Multipass Cell

® Cavity Enhanced and Cavity Ringdown Spectroscopy

= Open Path Monitoring (with retro-reflector or back scattering
from topographic target): Standoff and Remote Detection

® Fiberoptic & Wave-guide Evanescent Wave Spectroscopy

Spectroscoplc Detection Schemes

Frequency or Wavelength Modulation

Balanced Detection

®  Zero-air Subtraction

= Photoacoustic & Quartz Enhanced Photoacoustic
Spectroscopy (QEPAS)
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Mid-IR Source Requirements for Laser Spectroscopy

REQUIREMENTS IR LASER SOURCE
Sensitivity (% to pptv) Optimum Wavelength and Power
Selectivity (Spectral Resolution) or Stable Single Mode Operation and
Specificity Narrow Linewidth
Multi-gas Components, Multiple Mode Hop-Free Wavelength
Absorption Lines, and Broadband Tunability
Absorbers
Directionality or Cavity Mode Beam Quality
Matching
Rapid Data Acquisition Fast Time Response Time
Room Temperature Operation High Wall Plug Efficiency, No

Cryogenics or Cooling Water
Field Deployable in Harsh Compact and Robust
Environments R




Key Characteristics of Mid-IR QCL & ICL Sources —April 2016

® Band - structure engincered devices
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+ Fabri-Perot (FP), aingle mode (DFE) and mult-waveicngth devices

* wid 1 o inth id-IR
= | Scm’ u:lng nyection current control for DFB devices
» I0-20 cm'! using temperature control for DFB devices
. cm’! um&cunml and temperature control for QCLs DFB Armay
. -525cm (22 o(:wjmmglnutlemal grating clement and FP chips
ctive region also QCL DFB amay' &
Optical Frequency Combs 10FC:J > 100 to <450 cm | with kHz 1o sul
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* Narrow spectral linewidths

= CW 01 -3MHz & <10kiz with frequency stabilization
* Pulsed ~ 300 MHz

|
* TEC QCL pulsed peak power of ~203 W with 10% wall plug efficiency -
o
= CW QCL powers of —5 W with 23% wall plug efficiency at 293 K I
* >600mW CW DFB at TEC/RT, wall plug cfficiency 23% at 4 6 pm
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NOAA Monitoring & Sampling: Alert, Nunavut, Canada

ALT, Ethane Concentration Measurements
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General View on the Facility

Latitude: 82 4508° North

Longitude: 62.5056° West

Elevation: 200.00 m ~
N
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From Conventional PAS to Quartz Enhanced PAS (QEPAS)
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Motivation for Mid-infrared C,H, Detection

» Atmospheric chemistry and
climate
= Fossil fuel and biofuel consumption
* Biomass burning
* Vegetation/soil
= Natural gas loss

Absorption [%]

« Application in medical breath
analysis
® Asthma
= Schizophrema
® Lung cancer
= Vitamin E deficiency

Praseury=250 Tor. Pitiengti 180 |
o o5 n nm mnm nn w0
Wavenumber [cm™)

HITRAN absorption spectra of Cyflg, CH,, and H.0
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C,Hg Detection with a 3.36 um CW DFB LD using a Novel Compact

Mlitiﬁs Absorption Cell and Control Electronics

lens, DM MW MC

muipass cal, L. ke, SCP - serwor conarol board. Innovative long path, small velume

multipass gas ccll: 57.6 m with 459 passed

2 WMS signal
for a C;Hg hine
a1 2976 8 cm!
a1 200 Torr

i ation: MGC dimensions: 17 1 6.5 1 5.5 (cm)
~T40 pptv(la; 1 s hme resolution} Dhstance between the MGC murrors: 125 em

Quartz Tuning Fork as a Resonant Microphone for QEPAS

P Load
1 * Extremely low internal losses
* Q-10,000at ] atm
® Q~ 100,000 in vacuum
= Acoustic quadrupole geometry
®* Low sensitivity to external sound
* Large dynamic range (~10%) - linear from
thermal noise to breakdown deformation
* 300K noise x-10""" cm
* Breakdown. x-10? cm
* Wide temperature range: 1 6K to ~700K

ic Mi R)Tut
* Optimum inner diameter 0 6 mm, pR-QTF
gap is 23-50 ym
* Optimum pR tubes must be ~
(~M4<1<M2 for sound at 32 8 kHz)

* SNR of QTF with pR tubes, X 30 (depending
Quartz tuning on gas composition and pressure}
fork electrodes

Excitation
laser beam

12




Motivation for Nitric Oxide Detection

* NO in medicine and biology
= Important signaling molecule in physiological
processes in humans and mammals (1998 Nobel
Prize in Physiology/Medicine)
= Treatment of asthma, chronic obstructive
pulmonary disease (COPD) & lung rejection
* Environmental pollutant gas monitoring
= Ozone depletion
= Precursor of smog and acid rain
* NOy monitoring from automobile exhaust and
power plant emissions

* Atmospheric Chemistry

HITRAN Simulated Mid-Infrared Molecular Absorption Spectra
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Emission spectra of a 1900 cm™! TEC DFB QCL and
HITRAN simulated spectra of NO, H,O & CO,

Performance of a 5.26 um CW HHL TEC DFB-QCL
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CW DFB-QCL optical power and current tuning
at three different lemperatures
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Single froquency QCL radiation recorded with FTIR for
different laser current vabues at a QL temperature of 20 9°C

CW TEC DFB QCL based QEPAS NO Gas Sensor
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Schematic of 8 DFB-QCL based Gas Sensor

PcL - plano-convex lens, Ph - pinhole,

QTF - quartz tuning fork, mR - microresonator,
RC- reference cell, P<clec D~ pyro electnic detecior

Compsct Prototype NO Sensor
(September 2012) -

Performance of CW DFB-QCL based WMS QEPAS
NO Sensor Platform
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Motivation for NH; Detection

* Medical diagnostics
=Kidney disease
sLiver failure and Cirrhosis
=Brain Cells dysfunction
=Drowsiness and Coma

» Atmospheric chemistry

* Pollutant gases monitoring

« Monitoring NH, concentrations in the exhaust stream
of NO, removal systems based on selective catalytic
reduction (SCR) techniques associated with electric
power plants

Spacecraft related trace gas monitoring .
A

RICE

Atmospheric NH; Measurements using an EC-QCL PAS Sensor

_g" Rt 5 ——" NH, sensor deployed a1 the Ut Moody
§ oo s s Towes rooflop monroring site.
H=s
i
!
hom Tiviiie Ta1az tem
Diwrmal profile of atmospheric Ni3, tevels in Comparison betwoen NH, and particle number
Houston. TX. concentration time servcs from July 19 10 July 312012

Sporadic increase in NH; concentration levels related to
emissions by the Parish Electric Power Plant, TX

Ammonia Leaks from ISS May 2013

NH; Detection due to a Fire resulting from a Truck Collision
[
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. A chemical incident occurred a1 - 6 a.im. after two trucks
p..’...-«-n ’;.m ! collided on [-59 Both trucks caught fire. |www.chron.com|
i.
% .
L
9 b Estimated hourly NH, emission from the louston Ship
. . " " » Channel area 13 sbout 11.25 1on Mellquist ct al | (2007) Fina!
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Fort-Worth, Dallas(TX) CAMS 75 & TCEQ monitoring site

| i : ! The Panish clectne power plant 1s located near
| /\‘“““‘ & the Brazos River in Fort Bend County, Texas

e
b | - {~27 miles SW from downtown Houston)
P "—..‘*-T"J

Pt RICE

- - Eagle Mountain Lake
= continuous ambient monitoring |
station (CAMS¥5) operated by
jission on

La! Q*(TCEQ)
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Instrumentation available at CAMS 75 & TCEQ monitoring site
Specses parametcr Meansrment bechoaque
NH, Daylight Solutions Exicrnal Cnity Quanium Cascade Laser (Photo-ascousic Specaroscapy)
o “Thermo Esectron Corp. 41C Trace Level CO Analyzer {Gas Fidier Correlation)
50, Thermo Electron Corp. 43C Trace Level SO, Analyzer (Pulsed Frucrescence)
o, Thermo Electron Corp. 42C Trace Level NO-NO,-NO, Anatynr (Chomikumincscence)
NO, “Thermo Eleciron Corp. 42C-Y NO, Analyrer (Molybdenum (onverter)
HNO, Mist Chamber coupled 10 lon Chromasograghy (Danex, Moddl CD20-1)
Ha Mist Chamber cougled 10 lon Clromatography (Dioncx, Model CD20-1)
Vo, IONICON Asalysik Proton Tranafer Resction Mass Spectroeneter and TCEQ Amomaled Gas
Chromatograph
PBL height Vaisals Colometes CL31 with updated frrware 1o work with Vasala Boundary Layer View software
Temperaare Campbell Scacntific 1IMP4$C Platinum Resstance Thermometes:
Wind speed Campbell Scaemiific 05100 R. ML Young Wind Monstor
Wind dircceon Campbell Scicnaific #5103 R. M. Young Wind Alonilor RICE

NH; Source Attribution & Temperature Variations

o 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)

o EPA PMF (biogenic:74.1%, light duty
vehicles:12.1%; natural gas/industry:
9.4%; heavy duty vehicles:4.4%)
Livestock might account for
approximately 66.4% of total NH,
emissions

o Increased contribution from industry
(>18.9%)

Hour of day (CAT)
1000y 2011 36 June 7811

Motivation for Carbon Monoxide Detection

Performance of a 4.61um high power CW TEC DFB QCL

* CO in Medicine and Biology
= Hypertension and abnormality in heme metabolism

* Public Health
= Extremely dangerous to human life even at a low
concentrations. Therefore CO must be carefully
monitored at low concentration levels (<35 ppm).
» Atmospheric Chemistry
= Incomﬂ;;lete combustion of natural gas, fossil fuel
and other carbon containing fuels.
= Impact on atmospheric chemistry through
reaction with hydroxyl (OH) for tro osphere ozone
formation and changing the level of greenhouse

gases (e.g. CH,).
A
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QEPAS Performance in locked mode and long term stability
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Motivation for NH; Detection

Important Breath Molecules

* Medical diagnostics
=Kidney disease
sLiver failure and Cirrhosis
=Brain Cells dysfunction
=Drowsiness and Coma

» Atmospheric chemistry
* Pollutant gases monitoring

* Monitoring NH, concentrations in the exhaust stream
of NO, removal systems based on selective catalytic
reduction (SCR) techniques associated with electric
power plants

* Spacecraft related trace gas monitoring

Canter
Molecule Formula ay
Ium]
Pentene CH, |Inflammatory disesses, transplant sejection )
Uipid peroxidation and oxidation stress, lung
Ettoms ngl G cancer (low ppbv range) L
Carbon Dioxide Hellcobacter pytorl Infection {peptic uicers
" ]
Isotopa ratio "CO,MCO, | gastric cancer) 44
Liver diseass, acute rejection In lung transplant
Carvonyl suttide W, con prn e T &
Catbon Disulfide cs, Disulfiram treatmant for aicoholism T
Ammonia ! NH, Livar and renal diseases, exercise physiology 103
Formaidehyde 3' CH,0 Cancerous tumors (400-1500 ppbv) 57

Nitlc oxide synthase activity, inflam matory and

Nitric Oxide _?r' NO immune responses (e g. asthma) and vascular 83
smooth muscis response (8100 ppb|

Hydrogen Peroxide M@, | Airway Inflammation, axidative stress (15 ppbv) 7.8
Smoking responae, lipid paroxtdation, GO

Garbon Monoxide ) | cO vavcular smooth muscle respanse ar

Ethylens E’ €M, Onxidative strass, cancer e

Acetone B cHo | Kewals, diabates mettitus 73

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

Real-time exhaled human NH,; Breath Measurements

e Pressufa § 130 Torr — ——25ppmNH,in N,
F , | 33001 ——5% CO,, 1% H,0 and residual NH,
— —i5%H,0 5,
L) 5200
(=) 967 3%5km
: e 065 35 om l _5-;100
< L n
£ 9 °
a3 o
S g:-100
2 \.A O 200
o... 1240 1220 1200 1180 1160 1140 1120

903 L o857 '
Wavenumber fcm] Current [mA]

Simulated HITRAN high resolution spectra  No overlap between NH, and CO, abserption

@ 130 Torr indicating two NH, absorption  lincs was obscrved for the sclected 967.35 em'!

lines of interest NH, absorption line in the v, R-band. -
i
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Motivation for etection

Industrial and semiconductor processes

= SF, is used in semiconductor manufacturing for plasma etching of metal silicides,
mitrides and oxides

= SF, is an insulating material used as a dielectric in electrical transformers

» SFy is a tracer gas for leak detection

Line Selection Criteria for QEPAS:

1. High absorption strength

2, Well resolved spectral absorption features

3 Sclected hne far from nterfering gases such as CO, and H,0

1_ Low gas
_| Pressure

Due to the fast vibrational-translation relaxation rate of SF;, it is
possible to work at low pressures (<100 Torr) and take advantage
from the typically high quality factor Q of the QTF (>20,000) at these
conditions

- Breath data from NH, Rice sensor 12 e ™o
30 Max NH, concentrazon o 331 pb —_ iy l
T ;E‘: " 20 8
Y . | &
8 E l
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'z 2004 g a s | B
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% e | g5 | §
100+ >
3 104 o S 2 150 ol
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Point{-]

Aurway pressure (black), CO, (red), and Nil; (bluc)

profiles of a single breath cxhalation lasting 40scc

[
142400 142420 142440 142500 142520
Time [HH.MM:SS]

Successful testing of a 2nd generation breath
ammona monstor nstalled in a chinical

(Johns Hopkins, MD
and St Luke's Hospital, Bethichem, PA)

—

Minlmum detectable concentration of NH, ls:
~6 ppbv at 967.35 cm! (16; 1 s titme resolution)

THz absorption line selection for SF

10~

as |||
. onl 1T Working Conditions
2 e} | Aoci = 948,68 em !
§ cad | Vismp = 26-45V

03l fiamp = 5 mH2

044 frosuanon = 16,37970 kHz

034 Selected line Te {lock-in} = 100 ms
w0z h e~y Te (fabview) = 300 ms

01 " h

o4

a1 T ™ r * ™ o

SATE G480 G482 G4i< 0488 BadI  B40D D)

Wavenumber (cm '}

Main absorption lines for SF; in
the range 947cm!-950cm™!
_ corresponding to the vy band

vy 948,68 (from the HITRAN database).




QEPAS SF Sensor Platform
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Motivation for Sulfur Dioxide Detection

- Promtnent air pollutant

+ Annual SO, concentrations range from ~ 1 - 6 ppb

+ SO, 15 emitted from coal fired power plants (~73%)
and other industrial facilities (~20%)

« In atmosphere, SO, converts to sulfunc acid
and 1s a primary contnbutor to acid rain

« SO, reacts to form sulfate aerosols
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SF, QEPAS sensor performance assessment and linearity
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SO, Line Selection for a 7.24 um CW RT DFB-QCL

QEPAS Performance for Trace Gas Species (April 2016)
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Oil in Water Detection

¢ Produced water
— legislation: < 15 ppm
* injection water

— Economic reasons
target value: < 5 ppm or lower

Reservoir
100 ¢ Formation / Anompet Wter)

IQCLSW 2014, Policore, tialy: B, Londt et al, Vierma University of Technology, Ausria

Typical Oil & Gas Production Site near Houston, TX

This figure depicts the result of a sequence of four
fracking injections obtained by dircctional drilling ‘
which creatcs honzontal production m the target

stratum.

A proposed DOE-ARPA-E methane detection

project at 3 327 pm wall start in 2016 at various

Texas located wellpad sites (typically,10 m x10m

with a | m spatial resolution.) RICE

CH, Measurements performed with a DFB-QCL based QEPAS Sensor
installed in the Aerodyne Mobile Laboratory (Sept 7, 2013)

Atascocita Landfill, Humble, TX 77396
CH4 Porimotor Moasuromontsa

rprr— Retuen to

Lisalin Channaldew

A: 20.9689° North, 95.2334° West
B: 20.8384* North, 95.2508° West
C: 20.8547° North, 85.2462° West {Landfil)

M. Jadjah ct. al, Opt. Leners, 39, 957-960, 2014

A North Dakota Oil Facility in 2016.

CH, and N,0 Measurements performed with a DFB-QCL based QEPAS Sensor
installed in a mobile laboratory operated by Aerodyne, Inc. (Sept 7, 2013)

QEPAS Scavar Pietiarss

N;O mixing ratios

1 1948 110 11 1N 148 B
Tone:

- u-:::-— = Spetlickt on

» ERLLLNERD O 113 (AR BATVES
I.

. ) [umenpheric (144 sad 20

o3 ” 'y Firwaier |lousion ares andflls wiing 2 QCL-based
& 'AS scmser system daring DISCOVER-AQ 1013
LG Nkl a tiyws Loten Vel ¥ baar § pp ¥ o0l

B s = Motemmed ki Knbe Ay K P Semchos S P Pt

A T T Vo Syng Swva (eniden Robet ) (it sslfoch X T

Thne putisy - T

Comparison of proposed Rice CH, Sensor System and current
commercially available CH, Platforms

Skee Rice Picarro ABB-LGR! ABB-LGR1I Acrodync

Opt. Path length and MIRTDLAS: NIRCRDS: NIROA-ICOS:>  NIR OA-ICOS: > MIR TDLAS: 70-

method -9m >2006m 1000m 2008m 00 m

Sensitivity/sec <510 ppb 1-2 ppb Sppd 2ppb <l ppb
2ppb 20 ppb, temp.

Accuracy (drift) stabilized 1ppb stabilieed 2ppb Zppb

Cell Yohene, cc 60 3 S00 2800 2000

Pump Siee (10 sec fhush

time) ~1lpm ~9.51pm -~ 11 lpm ~ 45 lpm ~ 48 lpm

Cavity Mirror

Reectance 96.5%-93% >99.99% >99.99% >99.99% >99.99%

Power Consumption 2-20W 2080 W 70N 200 W 480 W

Weigit ~2-4kg ~20kg ~15kg ~40kg ~40kg

Cost ~20-25K USD -~ 40-50K USD -~ 25K USD ~ 40K USD ~ 100k USD

LS Departmacnt of Eneny Advanced Research Project Agency - Energy (ARPA-E), Methanc Observation Nemworks with %
fmovative Technology ta obtain Reduckions (MONTTOR} RICE
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Motivation for Carbon Dioxide Betéction

Schematic of single pass QEPAS CO, Detection

* Atmospheric Chemistry

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

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

* CO in Medicine and Biology
* Indoor Air Quality

* Beverage Carbonation

* Industrial process monitoring

= Hypertension and abnormality in heme metabolism

= CO in Medicine and Biology N

s Hypertension and abnormality in heme metabolis RiCE
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Optical power build wp cavity can provide: Standard single-pass QEPAS platform
CO, Detection

« RT CW DFB QCL, b=4.33 microns

* Low noisc current driver -3 narrow QC laser tinewidth 1 Ml

« Optical Power of -3 mW

* Gaa pressure in the enclosure ks 50 mbar

- Wavciength modulation approach and 1, detection

Development of a novel I-QEPAS based sensor design:
Initial performance evaluation of I-QEPAS based on CO, detection

At the same conditions of pressure and optical power,

Optical power bulld ap cavity can provide:

* Bow-tie cavity >4 high reflectivity ndrrors, R=99.9%

+ Electronic Control Loop + PZT driver lock of cavity resonant frequency to QCL frequency

P Patsumcn, O Scamarcm, FK Tetel & V Spagnolo, “Quartz-enhanced phetoscmstc spectroscopy s revarw”. Sarmor, |4, 6163620620141 gy

Optical properties of bow-tie cavity-I

Cavity response: ¢ Voltage amp_+ modulation dither applied to QCI,

e under vacuum Cavity length L = 174mm

« locking loop ON o
" FSR = c/L=1.725 GHz
i °
g T ‘ AV(FWHM)-= 1.15 MHz
1| "

F = FSR/ Av = 1505

Tire ) O
o4
A G = F/n=480
a3
€ J N
} 02 Mode matching 50%
/
01 \_— Intracavity optical power
Z enhancement factor = 240
00003 00004 00005

Optical properties of bow-tie cavity-II

Cavity response: * Yoltage ramp + modulation dither applied to QCL

* under vacuum
* locking loon ON @ The close-locked loop
acts on the PZT tuning
N N\ the cavity length
/2 10 mHz
@ it was not fast enough
= 7 to follow the fast
. & dither at f,/2 = 16 kHz
-5 % @ It maintains the optical
§ 2 cavity resonant with
° i the laser frequency at
§ L] the center of the fast
H B dither
= [5]

\ Thme span (0.05 ma 1 &)
Cavity response

Mechanical chopper at f;
Sinusoidal dither at f,/2 = 16 kHz

I-QEPAS Performance in locked mode and long term stability

os = |
50 ppb CO;in N, P=50 mbar ) ::;: )

LQEPAS signal (v}
o
S

%

L] 0 w0 “0 -] AL
500 L) 1500 c rotmn Govl
Mg L)  NEC= 300 ppt @ 20sec integration fime
Allan deviation (4sec lock-in time constant)

i [P NNEA =3.2x10"' cm 'W(Hz) 12

| . R
"’W’ M.H A factor ~240 bigher than I-QEPAS|

Identical to the intracavity optical
2t — power enhancement factor (240) J

Alan Oevazon ippb|

intmgraton bema {31 S Borm etal, Applaod Physs Letters, 104,091114(200-4)
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NNEA (cm-W-HZz'7?)
3 3
T T

"}

Computer Visuaization of an Intra-Cavity Quartz Enhanced Photoacoustic 10" .
Spectroscopy Optical Resonator 10
Bow-tic cavity resonator consists of 4 hegh reflectivity mirrors, R=99 9% Optical pathlength (m)
Elc:uomc Control Loop + PZT dnver for locking of the cavity resonant frequency to the
of the fr v Laser source
-’ ° 55 T Pasmoco, O Scamarca, F K. Titel & V. Spagnolo, “Quarts-ehanced photoscoustic spectroscopy. o remes”, Sarsors, 14, 6165-62061291 4) 55
Custom fabricated QTFs with new Shapes and Dimensions Comparison between fundamental and the first overtone QTF
optimized for mid-IR and THz QEPAS flexural modes for QTF#5 - Electrical Characterization
B =
'R i Companson between the QTF
| - d | and 1* overtone flexural
| 42 modes
o @ 7L0terr
v | T
| 27em | I Froqueasy (§x) 2,875 17,7889
| [ty fastar @ T 31,374
[ E] | b
| 5] | >
Crandard ohetnl ik " hmques were used (o -,U 3 e A~53hlgh_crp|cmcuncnusmcaswnd
ctch custom QTFs Chmmxum/gold layer was 1 | Q,~18987 : L when operating with the first overtone
deposited on both sides of the custom QTFs for Ko i | 2878 2880 17784 17782 flexural mode instead of the fundamental
clectrical contacts 40 {;.uu | Frequency (Hz) mode
New gencration of custom QTFs behave similarto Q1710 Gold coated electrode pattern was optimized for the fundamental vibrational mode, resulting}
s\nndn}rd QTFs i terms of their vibrational | in an enhanced piezo-charge collection for the 1= overtone flexural mode
mode(s i - 57
Comparison between fundamental and first overtone QTF In-plan§ view of designs of three types of tuning forks realized in
flexural modes for QTF#5 — QEPAS Characterization this work. The size scale is shown on the right bottom.

Fundamental 14 overtone
o 2f detection of a fixed H;O concentration

i o ’l

—— Overmne
F r e L}
i J :
l

1 7 1 1
d = { 1 op 1)
';

'| - nel o= na2 ney ozsn-i =t nw2
|._. arrez . s3a Il.ﬂ'ﬂl 75 AY,AUS Aums ZI‘TO
€ Comparison between the 1 overtone, e A S 1
{18KHz) and fundamental (3KHz) flexural oy [ H ° o ° o
13 114 9116 M8 1T 18 modes of the B-C QTF @ P=75 torr. [ —— . - =
Do, A The signat for the 3rd flexural mode is ~
| l" flexural mode 5 times higher.
eui S R S et 1
------- T The two vibrational modes differ
QTF prong < &
ktress Profile, 3 flexural mode in the stress profile.
- [ = A larger chq/yc is generated for
e the high order modes 0
| = e - |

F K Titd A Sampaclo, P Patemmca. | Dong. A, Geras, T Starscli. V' Spagmolo. Opiics Expres. 24, AS23-A692. 2016




Why QEPAS sensors have not been developed in the
THz range to-date?

Standard QTFs and are characterized by a very small
sensitive volume (~0.3 X0.3x3 mm32 ,

— TmmROn N
M N0 a0

(2

In QEPAS cxpenments, it is critical to N
avod laser illurmination of the QTF, since 2
the radiation blocked by the QTF prongs §
results i an  undesirable non-zero
background which ts associated with a
shifung fringe- like interference pattern.

[u——"
The narrow space (300 pum) between the QTF prongs is comparable
with the wavelength of THz sources, which has so far
represented the main limitation preventing the use of QEPAS
system in THz range.

Hence, larger sized QTFs are required for operating in the
THz regime.

Two-dimensional beam proﬁle of the THz-QCL acquired by means
of an IR pyrocamera after mirror PM#3 (see Fig. 2) when the
beam is focused out the N-QTF

10 .

a s

Iu i-

13 i

. -

s e 3w W@ a 1 ou e
oy et

(a) or between the two prongs (b). Both beam profiles are shown
together with an il i p: ing the position of the THz
beam (red spot) with respect the N-QTF.

THz QEPAS H,S Sensor employing QTF#5

Iatemmey (2 )

” b,
30 3% a8 a3 aE 8
o

Selected Line

(15510-154 11) rotational

97,114 (2,913  1.15x102 cmimol

Schematic of the QEPAS trace gas sensor using a THz Quantum
Cascade Laser (THz QCL) as the excitation source

Picture of the N-QTF including
the size of the main geometrical
PM ~ Parabolic Mirmor; ADM — Acoustic ~ parameters.

Datection Module, QTF ~ Quartz Tuning

Fork; PC — Personal Computer.

4. Sumpacio, P Patinusco, M. Gigho, M. S Visidla, )1, E. Beere, D. A .Ritche, G. Scamarcio, F K. Tiael, V Spagrolo; “improved tumififork
P Serwors, 16,439, 2016

NNEA results obtained with QEPAS sensor for the gas species reported
versus employed laser wavelength, in the UV-Vis, near-IR, mid-IR and

THz spectral ranges
a,
* GHOH
g 1074 wa
e -
I
B 10°4 ke B ]
21D a® %
5 MS
§ 1041 "o
g F oo
10 Z Neel2 I THe
2 4 6 8 10 75 100
Wavelength (pm)

The red symbol (*) marks the result of present work

Viewenzo Spagnola, Picro Patimaco, Riccardo Penmctia, Angelo Sampaolo, Gactano fisiaen 3. Vieello.and Frank K. Tiad: *THz
Quartz-cohanced sexwor for 1,8 trace gas deecsion” 23, 7574-7992, (115)

'Hz QEPAS H,S Sensor Performance Assessment and Linearity

QEPAS Paak Signal (mV)
w

QEPAS Signal (mV)

100 200 300 400 500

Concantration (ppm)

o 200 400 600 800
Frequency Span (MHz)
No signal changes with a few % of H,0

Allan Plot

0 o H
Absorption coefficient normalized to a 13ppm @ 30sec |
detection bandwidth (0.00556 Hz) i

and an optical power (240 uW):

Akan ceviation (ppm)

NNEA = 4.05x10-0 cm"W(Hz)12 7 g W
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THz QEPAS based Sensor for Methanol (CH,OH) Detection

i ;
Eib | g
[Ty

=21}

CP o FC i

iy "|<_ : :
T e luv o |
— LA 1 " Le-

integration tme (s)

Schematic of THz QCL-based QEPAS sensor. PM
parabolosdal

low-frequency modulstion (tnangular mamp), high-
frequency

PC - personal computer. @

o Gas 8 fork et

|

Allan devision wn ppm of the QEPAS signal a3 a
function of the integration time. The initial growth

mrror, C - power combiner; LM, HM
from 0.1 to 1s reflects delays duc 1o the signal

modulation. CEU - control electronics unit. sampling time (200 ma),

Spangolo ot af Appl. Phys. Lett. 103, 021105 (2013) RICE

Schematic diagram of the experimental setup.

1
DFB Laser Rl

Collimater
...

Summary, Conclusions and Future Work
sensitive, selecttve mud-IR trace gas sensor|

Development of robust, compact,
technology based on RT, CW high performance DFB ICLs & QCLs for environmental

monitoring and medical diagnostics
ICLs and QCLs were used 1n TDLAS and PAS/QEPAS based sensor platforms
Performance evaluation of seven larget trace gas species were reported. The mimimum
detection linut (MDL) with a | sec sampling time were
# C,H,. MDL of .24 ppbv at~3 36 pm, CH,. MDL of 13 ppbv at ~7.28 pm; N;O: MDL of 6
ppbv at ~7.28 pm
1-QEPAS demonstration resulted in a factor of 240 increase in detection sensittvity
= CO, MDL of 300 pptv at 50mbar was achteved for a 20 scc intcgration time
THz-QEPAS H,S sensing demonstration using a custom QTF resulted in a NNEA of|
10°1° cmr*W(Hz)"2. The MDL was 13 ppmv for a 30 sec integration ume
Novel implementation of QTF 1* overtone flexural | mode for QEPAS sensing
Development of “active” I-QEPAS system for CO and NO detection in the ppt range

Future development of trace gas sensors for monitonng of broadband absorbers
CyH,0), propane (C;Hy), b (C¢Hy), acetone peroxide-TATP (C¢H,,0,)

Schematic of the SO-QEPAS spectrophone

(b) (el 1d] of the f the SO-QEPAS where g is the QTF prong

goometnc
spacing, /15 the slit length. w is the sht width, £ 15 the acoustic resonator length, /11 1s the iner diameter, (i 1s

the outer dsameter. 715 the wasst thickness and 4 15 the waust leagth

Future devel of mud-IR el lly pump mlerband cascade opucal frcqucncw

Conductance spectra of a QTF before (black) and after
(red) modification by the PMMA microwire

16210 7 T r 74 T T v 608s10°
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3 1208° 3 ;I\' " liaue’
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8 141 T Y q38m10”°
g ! FRR
g J
- N
6 o // 1 1.5000°

Wl . T 7 , ,
34 e 31780 33600 33900 34200
Frequency (Hz)
70
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Companson of three QEPAS based sensors for H,S detection operating in the near-

IR, mid-IR and THz spectral ranges.
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Companies Offering Infrared Laser Based Sensors

* ThorLabs, Newton, NJ « Aerodyne Research Inc., Billerica,
A N MA
» Daylight Solutions Inc., ) )
San Diego, CA . :{IX&ICS Sciences Inc., Andover,
* N itors, Loerens}
Norway ! = « California Analytical Instruments,

Inc., Orange, CA

« Siemens, Goteborg, .
Sweden = Gasera Ltd., Turku, Finland

» Focused Photonics, = Vista Photonics Inc., Santa Fe,
Hangzhou, China NM

* Yol H = Southwest Sci Inc., Santa Fe,
Texas UsA, NM

* Cascade Technologies, * Spectra Sensors, Houston, TX
Sterling, UK * Boreal Laser Inc., Spruce Grove,

Alberta, Canada

A

RICE

Motivation for Sulfur Dioxide Detection
Protninent mr pollutant

-Emitied from cosl fied power plants (-73%)
and other industnal facilitics (-20%)

+In stmosphere SO; converts to sulfunc acid
=¥ pnmary coninbutors (o acud rain

+ SO, reacts to form sulfate acrosols

- Pamary SO, exposure for | hour is 75 ppb

. §O, exposure affects lungs and causes breathing

*Currenlly, reporicd annual average atmosphenc SO,
range from — | - 6 ppb

Spectre withan two Mud IR Atmosphanc Wawdows |

ocraes 13909 cov ke

Mt drtoctabe 30,
190 b 1 | 4 e resctusions
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