Widely Tunable, High Power, Mode-hop Free, CW
External Cavity Quantum Cascade Lasers at 5.3 & 8.5um
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_ * Motivation: Tunable mid-infrared lasers

+ Extemnal Cavity Quantum Cascade Lasers
= CW,RTEC-QCL.a@ 7~ § 3pm
*Performance charactenitics
ESPECIFOSCONIC Measurements
= [igh power, CW, RT EC-QCL @ 7« 8 Sum
*Perfrmance charactenistics
ASPRCITOSCONIC Measurements

* Summary and Future Directions
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Wide Range of Trace Gas Sensing Applications ’{é;

« Urban and Industrial Emission Measurements
= Industrial Plants
* Combustion Sources and Processes (e.g..fire detection)
= Automobile, Aircraft and Marine Emissions
* Rural Emission Measurements
= Agriculture & Forestry, Livestock
« Environmental Monitoring
» Atmospheric Chemistry
« Volcanic Emissions
- Chemical Analysis and Industrial Process Control

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

- Spacecraft and Planetary Surface Monitoring
= Crew Health Maintenance & Life Support
+ Applications in Medicine and Life Sciences
» Technologies for Law Enforcement and National Security
» Fundamental Science and Photochemistry
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Spectroscopic techniques for frace-gas detection

Mid-IR Source Requirements for Laser Spectroscopy

Multipass cell spectrescony
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LASER SOURCE / Cavity Hing Down Specimscopy (CRDS)

sty Enhanced Spectroscopy

h pectrECopy &

Quarntz |.nhanced Photnacoustic Spectroscopy
(QLPAS)

REQUIREMENTS IR _LASER SOURCE
Sensitivity (% to ppt) Wavelength, Power
Selectivity (Spectral Resolution) Single Mode Operation and Narrow
Linewidth
Multi-gas Components, Multiple Tunable Wavelength
Absorption Lines and Broadband
Absorbers
Directionality or Cavity Mode Beam Quality
Matching

Rapid Data Acquisition Fast Time Response

Room Temperature Operation No Consumables

Field deployable Compact & Robust




Quantum Cascade Laser: Basic Facts

| lasers {I-V i

« Multiok
ipt

it defined by band-
and onergy
« Laser wavelengths cover the Mld-IR ranoo ~3- 24um)
= High efficiency (C
* High laser power ( >500 mw cw, >5W puk for pulud)
« High sp ) purity - si with DFB
cavity {200 cm™' lunabllny -> pulsad mode)
« High reliability, long lifetime
+ Capable of room temperature operation (Pulsed: up to +150°C; CW: up to RT)
+ Compact

{~10 cm"? tunability) or external

T Hotstarter atpl Aol Prys Leg:
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Tunable external cavity QCL based spectrometer, 2006
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=
= Fine wavelength tuning
= PZT controlled EC-length
* PZT controlled grating angle
= QCL current control
« Motonzed coarse grating angle tuning
= Vacuum tight QCL enclosure with build-in 3D lens
positioner (TEC laser cooting + chilled water
cooling) %‘l
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Quantum Cascade Laser: Basic Facts

* Semiconductor hurs {HI-V matariais)
. Mum L ucture

defined by band-
ing and of energy
 Laser wavelengths cover the Mld-IR rann- (~3- 24um)
« High efficiency (C:
* High laser power { >500 mW cw, >5W poak for pulud)
* High spectral purity - single frequency with DFB structure (~10 cm! tunabiiity) or external
cavity (>200 cm' tunabliity - pulsed mode)
+ High reliability, long lifetima
= Capable of room temperature operation (Pulsed: up to +150°C; CW: up to RT)
= Compact
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Wide Wavelength Tuning of a2 5.3um EC-QCL

« Coarse wavelength tuning of

Wavenumber [cm’] .
2000 1980 1960 1540 1920 1900 1880 1860 1840 1320 155 cm is pedormed by
o

varying diffraction grating
angle
= Max. CW power ~11mW
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2. Access to Q(3/2) transition of
B NO at 1875 8 cm-1 for LMR
spectroscopy
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High resolution spectroscopy with a 5.3um EC-QCL
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Breath Biomarkers in Humans

As many as 400 different molecules in breath,
many with well defined biochemical pathways
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QCLs for Absorption Spectroscopy

EC-QCL emitting at A = 8.5 ym

QCLs, ICLs:

* Pulsed (DFB - RT)
* Easily achievable RT operation

Mulupass cel) spectroscopy

T

* High peak power
+ Lower elalon effecls
- Broadened lasor bnewsdth [cherp)

- Lumiled apphcabilily due lo pulsed Cavity Ring Down Spectroseopy (CRDS)
operabion Lavity Enhanced Spectroscopy
* CW (DFB - LN and RT) —
+ Superkr |aser linewidth
(g spectroscopic selectmity) Photoacousiic Spectroscopy ¢.g.
~ LN cooling / Quanz 3 ic B
- Lumled avaitabikly for RT opesation f EPAS
cal power) (QEPAS)

et
* CW(EC-LN and RT) a; Arme b
= Wida frequency tumng range
- Stil under development
- Limted ovailabikty
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Pecop UP to 50mW (cw) B 155-- } - 1= > Z
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AR coating: j‘ “g
Rag= 2 x 104 # |
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Wavenumber jem ‘|
1X0 1278 1250 1225 1200 178 1150 1525 1100

|2‘ 3328182n CW_|_+420mA, Ta30C |

Tunability 182 cm’"!
@8.4 pm (7.77um - 9.05um)
15.3 % of the center wavelength
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QCL based Quartz-Enhanced Photoacoustic Gas Sensor

QEPAS characteristics:

* High sensitvity (ppm lo ppby|

* Excellont dynomic range

* Immune to environmental noise

* Ulre-small sample volume (< 1 mm?)

= Sensilvity i kmited by the fundamantal
thermal TF noise

* Compact, rupged end low cost

* Potential for lrace gas sensor networks

Motivation for Monitoring of
Freon 125 and acetone

* Freon 125 (C,HFs)
= Refrigerant (leak detection)

s Safe simulant for toxic chemicals e.g.
chemical warfare agents

¢ Acetone (CH;COCH,)
= Recognized biomarker for diabetes

R Lewcki. G Wysocki, AA Koaterey F K. Titiel .QEPAS based detection of krosdband t,g{(
absorbeng molecubes using & widely tunable, cw quantum cascade laser o1 8 5 um >
submwtied 10 Opbics Express. Apel 2007 RICE

Spectroscopy of Broadband Absorbers with
Widely Tunable EC-QCL at A = 8.5 um

EC-QCL in Laser Spectroscopy

QEPAS concentrabion measurement of
a Freon 125 and acetone moduwe

QEPAS conceniration measurement of
Freon 125 (5ppm mixiure in N,)
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Summary & Future Directions

Wltilglé tunable, continuous wave and thermoelectrically cooled
EC-QCLs operating at 5.3um and 8.5pm were demonstrated
Mode-hop free wavelength tuning enables high resolution
(<0.001cm") spectroscopic applications
PZT actuated mode tracklnq system allows employing gain chips
operating at both shorter and longer wavelengths without
modification of its mechanical construction (chips with lower
efficiency AR coatings can be used)
Wavelength tunability up to 15% of the center wavelength was
demonstrated
Output optical power up to 50 mW
The main limitations in the scanning speed {fimited by the
mechanical resonances of the EC-QCL construction), which will be
addressed in future EC-QCL designs.
The novel broadly wavelength tunable guantum cascade lasers
enable new applications in laser based trace gas sensing

= Sensitive concentration measurements of broadband absorbers, in

particular VOCs and HCs
= Multl-species detection A
&
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