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= Development of robust, pact, highly itive & sel
mid-IR trace gas sensor technology based on high performance
interband cascade lasers (ICLs) & quantum cascade lasers (QCLs)
for medical diagnostics, environmental monitoring, atmospheric
chemistry and industrial process control

= Development of Laser Absorption Spectroscopy (LAS)

= Photoacoustic Spectroscopy (PAS) , Quartz-Enhanced

"“:“"f“j“;sp“""m"y (QEPAS) and I-QEPAS based trace Charles H. Townes (Columbia University) and Arthur L.
gai‘:u:: dgsel:.\p;em of trace gas sensors for monitoring broadband Schawlow (Stanford University) conceived the laser in
bsorbers, such as (C,H(0), propane (C;Hy), b 1960. Theodore Maiman (Hughes Aircraft Company)
(C¢Hg) & acetone peroxide-TATP (C¢H,,0,) demonstrated the first laser: a flash-pumped ruby laser in
ks n‘::’:ﬂ’;”: i’:;ig:m‘m“_ S 'Y the same year. Gordon Gould was a graduate student of
swards ARPACE, froem AERIS Tochaologes & Mazice-Thorlabs and DOD-SCOUT from JPL s acknowiedged RICE Prof. Townes, and first used the acronym “LASER.”

High-Power Lasers in Space A North Dakota Oil Facility in 2016.
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Typical Oil & Gas Production Site near Houston, TX Sporadic increased NH, Concentration Levels related to
Emissions by the Parish Electric Power Plant, TX

This figure depicts the result of a sequence of four 1

fracking injections obtamed by dircctional dniling

which creates honzontal production in the target I [ I

stratum 8! | 'V\\_ I, The Panish electric power plant 1s located near

A DOE-ARPA-E methane detection project at3 327 LIS ol ik the Brazos Ruver in Fort Bend County, Texas

pm started at an ARPA-E CSU site in 2017 Ny o Y | (~27 miles SW from downtown Houston) ~
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Laser-Based Absorption Spectroscpy

Key Characteristics of Mid-IR QCL & ICL Sources — July 2018

® Optimum Molecular Absorbing Transition
= OQvertone or Combination Bands (NIR)
®  Fundamental Absorption Bands (Mid-IR)
° 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
A Quartz Enhanced Photoacoustic Spectroscopy (QEPAS)
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* Band - structure engineered devices
Emission wavelength 1s determined bx' layer thickness — MBE or
MOCVD; QCLs mﬂwaZ wm spectral region and ICLs
can cover the 3 to 6 um spectral wfe
* Compact, rehable, stable, Imglx and commercially l\'-xhblc
* Fabry-Perot (FP), single mode (DFB) and multi-wavelength dev:

* Wide sp_ectrnl tuning ranges in the mid-IR
= 15 cm-! using injection current control for DFB devices
® 10-20 cm' using temperature contral for DFB devices
= =100 cm'' using current and temperature control for QCLs DFB Array
= ~525cm’ '(ZZ"%orcw)mmg-n:xtuml ting element and FP chips
with heterogencous cascade activ <F alse QCL DFB armay &
Ophical Frequency Comhs(OFCsJ >100 to <450 et with kHz 1o s
kI1z resolution and a comb spacing of > 10 GHz
* Narrow spectral linewidths
= CW 01-3MHz & <10kHz with froquency stabilization
* Pulsed: ~ 300 MHz
i i L d wers of & RT
temperature
= TEC QCL pulsed peak power of ~203 W with 10% wall plug efficiency
*  CWQCL powers of — 5 W with 23% wall plug efficiency at293 K
.
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> 600 mW CW DFB QCL at RT, wall plug efficiency 23% at 4 6 pm
> SmW CW, DFBICL at BT

“Curiosity” landed on Mars on August 6, 2012

HITRAN Line Selection for a CH, & C,H; Sensor
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(a) HITRAN based absorption spectea of C;t, (10 ppbv), CH, (2 ppmv), and H,0(2%) ina
narrow spectral range from 2996 cm !to 3002 cm ! at a pressure of 100 Torr and an absorption
length of 54.6 m. C;H,, CH,, and H,O lines are shown in green, bluc and red, respectively.
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(b) Plot of the ICL ermussion wavenumber as a function of the ICL dave current 2t 10 C

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

Sensor structure 3327um CW ICL
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Schematic of a mid-infrared dunl-gas scnsor for
simultancous detection of methance and cthane Laser driver wath

et dimensions of with dimensions of
using a single continuous-wave ICL 42%4 82 0em 45x36%20cm

Chemical Sensing Performance of CH, & C,H,

m B "‘.‘;“
i W )

(ppby) Cancerdraion (ppbv)

S BEB88. s 8 &

M results of levels of (a) four CH, samples (0, 300, 600, 900
ppbv) and (b) four C;H,samples (0, 30, 60, 90 ppbv). The inscts in (a) and (b) exhibit the
Allan deviation plots obtained from long-term measurements on 0 ppmv CH, and 0 ppbv
C,Hg samples for ~40 min, respectively, using the calibrated dual-gas sensor system




Optical CH, & CH Sensor: Gas Leakage Monitoring
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Cif, & CH, field test at the Freedom Encrgy CNG Both Cil, and Cfi, were measured at two locations at

Station, Pasadena, TX. for dual-gas monstonmg the Freedom Enerry CNG station in Merch 2016 Points
1 & 2 correspond 1o two different locatioas st the CNG
ststion, where the vehicde was matonary fin the
proximity of two different gas dispensing unats) Esch
location was tested for ~ 0.5 haur.

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

Size Riee Picarra ABB-LGR1 ABB-LGRII Acrodyne
Opt. Path lengthand MIRTDLAS: NIRCRDS: NIR OA-ICOS:> NIR OA-ICOS: > MIR TDLAS: To-
method -9m >2080m 1006m 2000m 100m

Senaitivityisec <S10pph  12ppb Sppb 2ppb <tppe
2ppb 20 ppb, temp.

Accuracy (drift) stabllised  2pph stabllzed 2ppb 2ppb

Cell Volne, ec 6 30 500 2000 2000

Pusmp Size (10 sec fhah

time) ~1ipm ~0Slpm - 1lipm - 451pm - 4Slpm

Cavity Mirror

Reficstance SAS%9I%  >9999%  >99.99% >99.99% >99.99%

Power Consumption  2-20W 00w T0W 200w 00w

Weight ~2-4kg -0k -15kg -dbkg - 40kg

Cost ~20-25KUSD - 40-SOKUSD - 25K USD - 40K USD ~ HOK USD

A
'US Department of Energy Advanced Ressarch Project Agency - Energy (ARPA-E), Mathane Observation Networks with a\
b asve TexJealogy 1o obiam Redactons (MONTTOR) RICE

Dogs in smell test still beat trace gas technologies in 2018

https /k2eanunc.com/201 7K 7/wsj-making-sense-of-a-dogs-olfaciory-powers!

Intracavity Quartz Enhanced Photoacoustic Spectroscopy (I-QEPAS)
and Nitric Oxide Detection Results

¢ Tuning fork placed tnside an high fincsse cavity
for optical power enhancement
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QCL based QEPAS Sensor for Hydrogen Peroxide (H,0,)

QEPAS Performance for Trace Gas Species (August 2018)

Wevenumber jem™)
Schematic of QCL based QEPAS sensor Simulated spectra (HITRAN) of H,0, at 296
ADM - acoustic detection module, CEU - control K and 130 Torr, slong with stmosphenc

clectronics unit; PC ~ personal computer, nterfering molecules of CH, and N,O: two
target wavelengths at 1294 1 and 1294 9 cm'!

AN H,0, Exposure limit is set at 1 are shown
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Visit by Frank Tittel to ThorLabs Booth at Photonics West
Feb. 2018

Imaging cancer with Photoacoustic Radar

Photaacoustic Tomographry can be tsed to nonrvasively image tissue deep beneath the skin of rats and other muammats.

03/17 Pheymes Today, A.
Mocls sacy ikt

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

Py dimensions
19 in, X17 in. X10 in.
weight < 2Kg

Future development of a Drone mounted [-QEPAS
Chemical Sensor System
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Volcanic gas & thermal emission measurements in collaboration with
by Prof. C. Oppenheimer, Cambridge University, Cambridge, UK

F K Tetol, Damean, Wovdmare, Clirs Oppenbwenes,
Lmo Grean, “Laser Alworptaan (5]
Voleano Manarng. * Opues end Phetorucs News,
Opcal Socaety of Amarica 17, 24-31 {3008

Summary, Conclusions and Future Developments

e 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 [-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,0), 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




