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* Develop of robust, highly sensitive & selective
mid-IR trace gas sensor technology based on high performance
interband cascade lasers (ICLs) & quantum cascade lasers (QCLs)

PIERS 2018 for medical diagnostics, environmental monitoring, atmospheric
chemistry and industrial process control

= Development of Laser Absorption Spectroscopy (LAS)

= Photoacoustic Spectroscopy (PAS) , Quartz-Enhanced
Photoacoustic Spectroscopy (QEPAS) and I-QEPAS based trace

gas sensor systems

= Future development of trace gas sensors for monitoring broadband
absorbers, such as (C;H,0), propane (C;H,), b
(C4Hg) & acetone peroxide-TATP (C4H,,0,)

* Drone based sensor systems
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LASER is an acronym for: Light Amplification
by Stimulated Emission of Radiation
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Charles H. Townes (Columbia University) and Arthur L.
Schawlow (Stanford University) conceived the laser in
1960. Theodore Maiman (Hughes Aircraft Company)
demonstrated the first laser: a flash-pumped ruby laser in
Qg the same year. Gordon Gould was a graduate student of
RICE Prof. Townes, and first used the acronym “LASER.”

High-Power Lasers in Space

A North Dakota Oil Facility in 2016.

Typical Oil & Gas Production Site near Houston, TX

This figure depicts the result of a sequence of four
fracking jections obtained by dircctional dnlling
which creates honizontal production 1n the target
stratum.

A DOE-ARPA-E methane detection project at3 327
pm started at an ARPA-E CSU site 1n 2017 ~

Sporadic increased NH; Concentration Levels related to
Emissions by the Parish Electric Power Plant, TX

The Pansh clectnc power plant 1s located near
L} the Brazos River in Fort Bend County, Texas
{~27 miles SW from downtown Houston) Q
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Laser-Based Absorption Spectroscpy

® Optimum Molecular Absorbing Transition
® Overtone or Combination Bands (NIR)
» Fundamental Absorption Bands (Mid-IR)
M Long Optical Pathlength
Multipass Absorption Gas Cell (e.g Astigmatic Herriot -
Aerodyne, Aeris DoE Monitor Bow-Tie)
= 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
® Spectroscopic Detection Schemes
®  Frequency or Wavelength Modulation
= Balanced Detection
= Zero-air Subtraction
@ = Quartz Enhanced Photoacoustic Spectroscopy (QEPAS)
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Key Characteristics of Mid-IR QCL & ICL Sources — July 2018

* Band — structure engineered devices
mogo 0

*  Wide spectral tuning ranges in the mid-IR

* Narrow spectral linewidths

* Hij d owers of & I RT

Emission “l\clengﬂl 1s determined bz layer thickness -
MOCVD; QCLs

m the 3102
can cover the 3 to rl‘:a@e
= Compacl reliable, mble long lived, and commercially available
*  Fabry-Perot (FP), smglc mode (DFB) and multi-wavelength devices

pm spectral region and ICLs

* 15 cm'using injection current control for DFB devices
= 10-20 cmr' using temperature control for DFB devices
* 100 em*' using current and temperature control for QCLs DFB Armray
L —~525nn'(22%ofcn)mmgunm=mnl ungelemmllndFPdu
cade ac Wﬁm QCL DFB array &
g;wu[l?mqumy Combs(OFCl) >10010 SOan'wuthzlos
resolution and a comb specing of > 10 GHz

= CWOl- sz&<l0k}lz\\1mfmqum:y stabilization
= Pulsed: ~ 300 MHz

tem) !

TEC QCL pulsed peak power of ~203 W with 10% wall plug efficiency
LW QCL powers of = 5 W with 23% wall plug efficiency at 293 K.

> 600 mW CW DFB QCL at RT. wall plug efficiency 23% at 4 6 um

> SmW CW, DFBICL st RT
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“Curiosity” landed on Mars on August 6, 2012

HITRAN Line Selection for a CH; & C,HgSensor

.
5 O e e se A  ——mmen, |
ool Fomi | o o) 3

0.002
T 009 frscd o8 HO 300 15— 10 ppbv C ]

E’om w0057 u.m|§
001

)

4 A .d
°‘§um1mn¢mw|'n

{a) HITRAN based absorption spectra of C;H, (10 ppbv), CH, (2 ppmv), and H;0(2%) in &

narrow spectral range from 2996 cm 110 3002 cm ! st a pressure of 100 Torr and an absorplion
length of 54.6 m. C,H,, CH,, and H;O lines are shown in green, blue and red, respoctively.
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(b) Plot of the ICL emission wavenumber as a function of the ICL drive curentat 10* C

Laser Absorption Spectroscopy based CH, & C,H, Dual-gas Sensor

Sensor structure 3327um CWICL

54.6 m MPC with

Schematic of a mid-infrared dual-gas sensor for
simultancous detection of methane and cthane Laser cumrent dniver with  Temperaturccontroller

f ‘i dimensons of with dimensions of
using a singlc continuous-wave ICL 3 %48 X 20 em? 45%3 62 0cm

Chemical Sensing Performance of CH, & C,Hg
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A results of levels of (a) four CH, samples (0, 300, 600, 900
ppbv) and (b) four C;Hgsamples (0, 30, 60, 90 ppbv). The mnscts in (a) and (b} cxhibit the
Allan deviation plots obtained from long-term measurements on 0 ppmv CH, and 0 ppby

C;Hg samples for ~40 min, respectively, using the calibrated dual-gas sensor system .




Optical CH, & CHg Sensor: Gas Leakage Monitoring
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CH, & CH; field 1t at the Freedom Energy CNG
Station, Pasadena, TX. for dual-gas monitonng Freedom Energy CNG station in March 2016 Potnis
1 & 2 correspond 1o two different locations at the CNG

Both CH, and C;H, were measured at two locations at
the

station, where the vehicle was stationary (in the

proximity of twn different gas disponsing units). Each
Tocation was tested for ~ 0 % hour

Dogs in smell test still beat trace gas technologies in 2018

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

Shee Rice Picarro ABB-LGR! ABB-LGRIl Acrodyne
Opt. Pathlengthand ~ MIRTDLAS: NIRCRDS: NIR OA-ICOS:>  NIR OA-ICOS:> MIR TDLAS: T8.
method ~9m >2000m 1080m 20000 m
Scnsitivityfsce <S10ppb  1-2ppb Sppb 2ppe <1pph
2ppb 20 pph, temp,
Accurscy (drif) stablieed  Ippb stabiized 2ppb 2ppb
Cell Vohame, ec ] 3 ) 2008 2000
Pump Skee (16 sec flush
time) ~1ipm ~05lpm - 1lpm ~ 4S1pm ~4Sipm
Cavity Mirror
Reflectance IMI%-99%  >99.99%  >99.99% >99.99% >99.99%
Power Connunption  2-20W 200W TOW 200W H00W
Weight ~2-dkg ~20kg ~15kg ~40kg ~40kg
Cest ~20-25KUSD - 0-SOKUSD ~ 25K USD - 40K USD ~ 100K USD
Q
US Dopartmeni of Enevgy Advanced Ressarch Project Ageacy - Energy (ARPA-E), Mothume Observation Networks with
tanavave Tochnalogy to obtain Redecsions (MONITOR) RICE]
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Intracavity Quartz Enhanced Photoacoustic Spectroscopy {I-QEPAS)
and Nitric Oxide Detection Results

« Tuning fork placed inside an high finesse cavity
for optical power enhancement
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Intracavity QEPAS Current miniaturized model
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QCL based QEPAS Sensor for Hydrogen Peroxide (H,0,)

Absorption Coefficient (cm'™)

Schematic of QCL based QEPAS sensor: Simulated spectra (HITRAN) of H,0, at 296
ADM - acoustic detection module, CEU ~ control K and 130 Torr, along with h

electromes unit: PC = personal computer. mterfering molecules of CH, and N.O; two
target wavelengths st 1294 | and 1294 9 cm!

ppmv by OSHA

%3 H,0, Exposure limit is set at | arc shown.
| ICE

QEPAS Performance for Trace Gas Species (August 2018)
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For comparisen: cenveational FAS 2.2 X 109 cm ‘Wz for NH,




Visit by Frank Tittel to ThorLabs Booth at Photonics West

Feb. 2018
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First commercial QEPAS prototype

First commercial QEPAS prototype in collaboration with
ThorLabs-USA/Germany

-~
Electronic for
ADM

Prototype dimensions
19in. X17 in. X1Q in.

weight < 2Kg

Imaging cancer with Photoacoustic Radar

1317 Phymes Todsy, A.
Ay dind,

Future development of a Drone mounted I-QEPAS
Chemical Sensor System

Volcanic gas & thermal emission measurements in collaboration with
by Prof. C. Oppenheimer, Cambridge University, Cambridge, UK

F K. Tital, Duraen Wendmnann, Cirve Oppanhvesnar,

Lomo Guniws, “Lases Abmorpizen Specroscopy for

Velesno Monsormg, ™ Optaca snd Photanss Kews,
Optionl Socety of Amerwn 17, 2431 (2006}

Summary, Conclusions and Future Developments

* Development of robust, compact, sensitive, selective mid-IR
trace gas sensor technology based on RT, CW high performance
DFB ICLs & QCLs for environmental monitoring, atmospheric
chemistry, industrial process control and medical diagnostics

* Development and demonstration of I-QEPAS resulted in a factor
of 240 increase in the detection sensitivity

* Demonstration of THz-QEPAS H,S sensing using a custom QTF
resulted in a Minimum Detection Limit of 13 ppmv for a 30 sec
integration time.

¢ Future development of trace gas sensors for monitoring of
broadband absorbers: acetone(C;H;O), propane (C;Hg), benzene
(C¢Hg), acetone peroxide-TATP (C¢H,,0,)

* Development of a Drone mounted QEPAS sensor in collaboration
with Shell and Adamco, Houston, TX




