Recent Advances and Applications of Motivation: Wide Range of Gas Sensing Applications

Semiconductor Laser based Gas Sensor

RICE Technology * Urban and Industrial Emission Measurements
* Industnial Plants
F.K. Tittel, Yu. Bakhirkin, A.A. Kosterev o mpusiion Souegs I Propescs tcayemly fre devecilon)
M.McCurdy, S.G. So, G. Wysocki & R.F.Curl + Rural Emission Measurements
Rice Quantum Institute, Rice University, Houston, TX » Agriculture and Animal Facilities
http:iiece rice edw/laserscy/ * Environmental Gas Monitoring

= Atmospheric Chemistry (eg ecosystems and arrborne)
= Volcanic Emissions

£Motivation: Wide Range of Chemical Sensing - Chemical Analysis and Industrial Process Control

« Fundamentals of Laser Absorption Spectroscopy = Chemical, Phar ical, Food & Semiconductor Industry
+ Selected Applications of Trace Gas Detection * Toxic Industrial Chemical Detection
+ LAS with a Multipass absorption Cell (NH,, H.CO) « Spacecraft and Planetary Surface Monitoring
= Quartz Enhanced Laser-PAS (H,CO) « Crew Health Maintenance & Advanced Human Life Support Technology
* OA-ICOS NO based Sensor Technology + Biomedical and Clinical Diagnostics (eg, breath analysis)
* Outlook and Conclusions = Forensic Science and Security
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Existing Methods for Trace Gas Detection
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Fundamentals of Laser Absorption Spectroscopy

Baer-Lambert's Law of Linear Absorption
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C - total number of mokcules of absorbing gas’atm'cm?
|molecule cnt? -stm')

S - molecular line intensity [cm molecule™|

£{v- v,) - normalized spectral Imeshape funciion |cm|.

(Gaussusn, Lorentnan, Voigt)

Optimum Molecular Absorbing Transition
*  Ovenione or Combination Bands (NIR)
Fundamental Absorption Bands (MID-IR)

Long Optical Pathlengths

= Multipass Absorption Cell
Cavity Enhanced. Cavity Ringdown &
Intracavity Spectroscopy
Open Path Monitonng (with retro-
reflector)
Evanescent Ficld Monitonng (fibers &
waveguides)

Spectroscopic Detection Schemes
Frequency or Wavelength Modulation
Balanced Detection
Zero-air Subtraction
Photoacoustic Spectroscopy

Mid-IR Source Requirements for Laser Spectroscopy

IR Laser Sources and Wavelength Coverage

REQUIREMENTS IR LASER SOURCE

Sensitivity (% to ppt) Power

Selectivity Single Mode Operation and Narrow
Linewidth

Mutti-gas Components, Multiple Tunable Wavelengths

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 and Interband Cascade Laser: Basic Facts

Band - gi d devices (emissi length is
determined by layer thickness - MBE or MOCVD) QCLs operate
ﬁ'&r;\ 4 10 160 pm (lmited by the CB offset on the short wavelength
SN

= Unipolar devices

* Cascading (cach electron creates N laser photons and the number of

periods N determunes laser power)
+  Compact, reliable, stable. Jong lifetime, ial availabil

Fabry-Perot (FP} or single mode (DFB)
Broad spectral tuning range in the mid-IR (4-24 um for QCLs Dt i Aows Py s
ﬁJ-Smfor}‘gui Bl Dem ¢ # o TRl

= 1.5 cmr' using current -

= 10-20 em’! using temperature

= > 150 con'! using an extemal grating ekement

W | linewidth cw, 0.1 - 3 MHz & <10Khz with

Tequency stabilization
Linewidth is ~ 300 MHz of pulsed QCLs (chirp from heating)
High ontput powers at TEC/RT temperatures

= Pulsed peak powers of 1 6 W, agh temperature operation ~ 425 K

= Average power levels. 1-600 mW

= - 50 mW, TEC "W DFB 4 5 and 10 mcrons (Alpes &LUnine)

= >600 mW (CW FP) and =150 mW (CW DFB) a1 298 K
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HITRAN Simulation of Absorption Spectra (3.1-5.5 & 7.6-12.5 pm)
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Motivation for NH, Detection

« Monitoring of gas separation processes
= Spacecraft related gas monitoring

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

+ Semiconductor process monitoring & control

* Monitoring of industrial refrigeration facilities

= Pollutant gas monitoring

= Atmospheric chemistry

* Medical diagnostics (kidney & liver dysfunctions)

Representative Trace Gas Detection Limits
Species | cnr! ' , :’,:,:'s”;,’,"po 1005 o0

NH, 967 50 20 Limit of Detection
NO, 1600 80 40 Loy
HONO 1700 200 80 " om
co 2180 120 50 time: 1-100 s
N,O 2240 100 50

HNO, 1720 200 80

o, 1050 | 500 200

NO 1905 | 200 100

CH, 1270 | 400 200

S0, 1370 310 120

CH, 960 360 140
HCHO 1765 350 100

H,0, 1267 1000 400

Infrared NH, Absorption Spectra
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Fundamentals of Laser Absorption Spectroscopy

Pulsed QC Laser Based Gas Sensor
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Boor-Lambart's Law of Assorption Optimum Molecular Absorbing Transition

TS sa{v) P L
a{v) - sbsorption coeflicent fert! amr'f: L
path length [am]

v - frequency {ent]. P,- pertial pressure (atm)
)
f, a(v)
— A -

afv)=C ST fvev)

[molecule e -atm!|
S - malecular line miensity [cm-molecule |

g{v- v,| - normahzed spectral Imeshane function [cm|.

{Gaussun, Lorentzian, Vosgt)

{Cwenone or Combznation Bands (NIR)
Fundamemal Absorption Bands (MID-IR)

Long Optical Pathlengths

Multipass Absorption Cell

Cavity Enhanced, Cavity Ringdown &
Intracavity Spectroscopy

Open Path Momtonng (with retro-
reflector)

Evanescent Field Monitonng (fibers &
wavepuudes)

- otal mumber of molecutes of sbsorbing gasatmcny  SPECITOsCOIc Detection Schemes

Froquency or Wavelength Modulation
Balanced Detection

Zero-air Subtraction

Photoacoustic Spectroscopy
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Ammonia Absorption Spectrum @ 993 cm-1

12 [ 67ppm, precision: 0.3 ppm ]
: Im pathlength
10 [ 95 Tomr 7

y=Cfi-x)+ b
where:
y-absorption
C-concentration
i-pulse number
X-peak shift
behascline shift

Absorption, %

Frequency, cm™

RICE

A Kosterev et ol Applond Optms 41, 373 2002

CW RT DFB QC laser based NH, Sensor @ 9 pm (1113 cm'!)
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' i 21" absomption cell (53 34 cm)
source

Wavelength Modulation Spectroscopy of NH,

* QCL Drive Current :

Quas1 CW + {55 MANNANNN, MANANAN |

Modutation
Wavelength modulation | e U

o2
41

Tl ny | .-xw © Calibration with a
§ i .WWM\“ ! 1038 ppm NH;:N, mixture
5 o i, | 1o extrapolated sensitivity
LR V an 82 ppb.m/VHz

?lo = 0.045 MV

r wa e wwe = Improvement by a factor of

Wevenumber (cm!) 3 compared to direct
absorption spectroscopy

Motivation for Precision Monitoring of H,CO

* Pollutant due to incomplete fuel
combustion processes

* Potential trace contaminant in industrial
manufactured products

* Precursor to atmospheric O, production

* Medically important gas

Mid-IR DFG Based H,CO Sensor

Advanced DFG System for H,CO Detection

o DFB.OL
A=0B8 pm  ie
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123 W @ 1.00m

W@ 138 um RICE

Lens  PPLN Lans Ge-liter

=2831.6417 cm!
Laser, = 1560 nm haw
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H,CO Detection in Ambient Air at 3.53 um

1.00005
1.00000
o 099995 1
o
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1
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H,CO and O, Concentrations at Deer
Park, TX for July 20-31, 2003
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Fundamentals of Laser Absorption Spectroscopy

From conventional PAS to QEPAS

Ml_
e i
Gea, Liquid of Solid
—0
Bear-Lambert's Law of Linear Absorption
Vvimlg e BVIPL

afv) - shsorption coefficient {enr! atnr'). L

Overtone or Combsnation Bands (NIR)
Fundzmental Absorption Bands (MID-IR|

path leagth [cm]
+ - frequency [amr!). P,- pertial pressure [stm) Mulupass Absorption Cell
J— Cavity Enhanced, Cavity Ringdown &
Iy

Intracavaty Speciroscopy
| itk = Open Path Monitonng (with retro-reflector)
| J\ = Evanescent Ficld Montoring (fibers &

B \ waveguides)

a(v)=C ST glv-v)

Snectrescopic Dejection Schemes
€ - otal number of malecules of absorbing pasatmcm? gwmgm\z‘::lmmh Modulation
lmolecule-co-atm] . Zero-air Subtraction

§ - molecular lme mtensky |am molecule!| Photoacoustic Spect: oy

§{v- v, - normalized spectral Iimeshape fisaction [cm].
{Gaussmn, Lorentzian, Vorgt)

Comparative Size of Absorbance Detection Modules (ADM)

Optical multspass cell (100 m):
1~70 em, 1-~3000 cm?®

-—< L :

Resonant photoacoustic cell {1000 Hz). ~T QEPAS ADM
{~60 cm, I~50 cm* 1~0:5 em, 1-0.05 cm?

Laser beam, g>>1000

power P « T~ CellisOPTIONAL!
L

—T T L,
i 7
SWAP RESONATING ELEMENTIl ectize volume

Modulated
(PoriA)atf
or f12
QaP
fv
o Femw cm%&’iﬁlcmphone
NNEA = —m2 [?] Resonant at f
vaf <2 quality factor 0 ?
" RICE

HITRAN Based Simulation of a H,CO-H,0-CH,
Spectrum in Tuning Range of a 3.53um IC Laser

00s

m- ——HCo
—Ho .

oo ?u H,CO: 10 ppb
— * H,0: 3%
§°°3' ® CH,: 2ppm
=
] ® Optical path: 1060 m
‘é 0.02 "

g Total pressure: 30 Torr
< 4
< o0
000
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HITRAN Based Simulation of a H,CO-H,0-CH,
Spectrum in Tuning Range of a 3.53um IC Laser

QCL based Quartz-Enhanced Photoacoustic Sensor

Absomtion (%)
o

005
® H,CO: 10
0044 ,CO: 10 ppb
*H,0: 3%
003 * CH,: 2ppm

® Optical path: 100 m

® Total pressure: 30 Torr

JPL 1C Laser ruming range ot 73 K

28315 24320 28315 28330 2835
-1
Wavenumber (cm’ )

g JPL RICE

IQEPAS baned HUO signmd s 153 i (MIL48 emr')

ot 4

“
dutuning fam’}

® [H.COJ: 13.27 ppm

® QEPAS NNEA Sensitivity:
1.1x10%m! WAHz
NEC (1=13): 0.28 pprn ( $ mW)
For comparison:
QEPAS Sensitivity for N, :
5.4x10%cm ' W/ Y Hz
NEC (v=13): 0.50 ppmv (38 mW)

M Horsyemat 81, Apeed Prysce B 7D, T8, 304

IC Laser based Formaldehyde Calibration
Measurements with a Gas Standard Generator

Merits of QE Laser-PAS based Trace Gas Detection

2f QEPAS Lock-in signal (mV})

® H.CO absorption
frequency: 2832.5 cm™!

® Lock-In time constant:

44 10s
® QEPAS paramciers
34 - Resonance frequency:
32.760 KHz

24 - Q-factor: 17336

- Pressure: 200 Torr
14 - Gas Flow: 75 scem

- IC laser power: 6 mW
0

)
- T T T ¥ T T T
] 5 10 15 20 25 30 g JPL
Tima (min} RICE

High sensitivity (ppm to ppb gas concentration levels) and excellent
dynamic range

Immunity to ambient and flow acoustic noise, laser noise and etalon
effects, which allows applications that involve harsh operating
environments

Required sample volume is very small. The volume is ultimately limited
by the lgiap size between the TF prongs, which is < | mm?® for the
presently used QTF.

No spectrally selective elements are required

Applicable over a wide range of pressures, including atmospheric
pressure

Sensitive to phase shift introduced by vibrational to translational (V-T)
relaxation processes and hence the potential of concentration
measurements of spectrally interfering species

Ultra-compact, rugged and low cost compared to LAS that requires a
multipass absorption cell and infrared detector(s)

Potential for optically multiplexed concentration measurements

QEPAS Performance for 10 Trace Gas Species (Dec’05)

Molecule (Host) quency. | Pressure, | NNEA. T Power, | NEC (=),

om Terr em” W/Hz mw ppmv.

H,0 (N~ T8I & T1x10° | S8 018
HCN (irs 50% hum) ** | 6539.11 0 <2600 | %0 01
CiH (ND** 652917 75 25107 | <0 006
NH3 (N)* 6528.76 60 5.4x10" 8 0.50
CO; (exhaled air) 651425 %0 T0m107 | 52 390
[Comn s | 499000 | 300 Ts07 | 46 130
CH,O(N) * 8248 100 T1a0° | 46 08
CoONy 2196.66 50 5307 | 1B 05
CO (propyienc) 3196.66 E} 7ax10" | 63 014

N (alr+5%SFq) 219563 50 150" | 19 0.007

* - Improved microrcsonator

** . Improved microresonator end double optical pass through QTF

*** . Without microresonator

NNEA ized noise equivals i i

NEC - noise equivalent concentration for available laser power end t=13 lime constant.

For comparison: conventional PAS 2.2x10-* cm-'W/\Hz (1,800 Hz) for NH,*
* M E Webber, M. Pashianily and C. K. N Paiel Appl Ope. 42, 2119-2126(2003) R[CE

Fundamentals of Laser Absorption Spectroscopy

Absorber
= i
Oas, i or Solic
Lambert’ Optimum Melccular Abserbiog Transition
of Linsar Absorption
e 'L.'.,(v, B L *  Ovenone or Combinanon Bands (NIR)
Hvimlg ' *  Fundamental Absorption Bands (MID-IR)

v} - sbsorption coefficient [onr atrl L
path length [cm|

v+ froquency [cr'}; P,- pertual pressure (atm] Multipass Absorption Cell

Cavity Enhanced, Cavity Ringdown &

v Ingracavity Spectroscopy
//\_[am *  Open Path Monitoring (with retro-reflector)
| *  Evanescent Field Monitoring (fibers &
T v waveguides)

alv)=C S(T) glv-vy)

. Frequency or Wavelength Modulation
*  Balanced Detection

= Zero-air Subtraction

. Photoacoustic Spectroscopy

£ - total number of malecules of absorbing passtmcm?
[mokecule o atm!]

S - molecular Ime miensity [cm - molecule!|

(v v, - normshzed spectral lmeshape function [cm|.
(Gaussian, Lorentzizn, Vorgt)




Off-Axis Integrated Cavity Output Spectroscopy (ICOS)
Based Gas Sensor

« Novel compact gas ceH design of kength: 3 8 - 5.3 cm end cell vohumes <

80cm';

= Law loss memvors (ROC 1m)~60-250 ppet, R~99 975, L, =170-800 m 3 LGR

= Rapid eNO concentration measurements durmg # single breath cycle.are I :‘3 I G w
feasible ~ ' RIC

i

2f NO Absorption Signal at 1835.57 cm!
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18 a8s 000 005 010 [ 10 2 0 P
Detuning (cm ) NO measurement numbers

NO:N, mixture @ 100 Torr Noise equivalent sensitivity:
Effective L= 700 m 0.7 ppbv ( 10)
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External Cavity QCL Based Spectrometer
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» PZT controlled EC-length

= PZT controlled grating angle

* Opti n of cavity alk it
performed by means of lens positioning
using electrically controiled 3D translation
stage

TEC - CW-DFB QCL based Nitric Oxide OA-ICOS Sensor

Laser Housing Removable
(Top View) Mirror

1COS Cell
i g
Etalon
Laser
urrent
_ Driver MCT
Detector |
4 Ramp b |Lw ndu]
Gencrator Amplifier |
n
Function | Lock-in
Gencrnmr_ jl'Ampllﬂer
@ t RICE
ICOS vs. CRDS
= Extremely high sensitivity
possible ~ 101! eyt
demonstrated m NIR
+ Time resotved measurements, fast

detector needed

Single transverse mode, on-axis

propagation — critical alignment

+ Laser must be locked to the cavity
mode

« High throughput in resonance for
a narrow hine (~kHz) laser

= Insensitive to the source power
fluctuations

RICE

Mid-IR NO Absorption Spectra Acquired with a Tunable TEC QCL
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Important facts of novel EC-QCL Technology

« Laser spectroscopy provides superior

resolution compared to other
eg FTIR FTIR :resolution 0 08 em”’

Single mode operation of the laser is
required

Wavelength tunability of single mode
(DFB) mid-IR semiconductor lasers is
~10cm-1 194712 1047.15 194718 194721 194]
Wavenumber [em|

fl

Demonstrated wavelength tunability of
the Rice EC QCL is ~ 35 cm-1 (limited
by the gain chip properties and not by the
designed EC configuration)

Gain chips, which can provide i
tunability of >200 cm! are already
reported in the literature

Sensor control and data processing

» Computer control of a laser-based spectroscopic sensor
using PC (Windows, LabView) is convenient but not
reliable and often does not allow to achieve the
optimum sensor performance

Reliable systemns such as NI Real-Time devices are
expensive, in part because of their multifunction
abilities

» Dedicated electronic modules for autonomous sensor
control and data processing are reliable, small, and
consist of inexpensive part

- Today’s technology such as DSP and FPGA offers

convenience and flexibility of design e

Dedicated DSP-based electronics for trace gas sensing
using a pulsed QC laser

Concept of a ultra-miniature QEPAS gas sensor

Pulsed laser requires high speed pulsed pr ing system for mini detection
limits

RICE

Conclusions and Future Directions

* Laser based Trace Gas Sensors

» Ultra compact (~ 0.2 mm), robust & low cost sensors based on QE L-PAS

« QEL-PAS is immune to ambient noise. The measured noise level coincides with the
thermal noise of the QTF
Best to date demonstrated QEPAS sensitivity is 2.1 x 102 cm'W/VHz for H,O:N,
QEPAS exhibits a low 1/f noise level, allowing data averaging for more than 3 hours
Detected 14 trace gases to date: NH,, CH,, N,0, CO,, CO, NO, H,0. COS, HCN, C,H,,
C,H,, C,H,0H, SO,, H,CO and several isotopic species of C, 0. N & H
« Applications in Trace Gas Detection

* Environmental & Spacecraft Monitoring (NH,, CO, CH, C,H,, N,0, CO,and H,CO)

* Medical Diagnostics (NO, CO, COS, CG,, NH;, C;H,)

= Industrial process control and chemical analysis (NO. NH,, H,0)
* Future Directions and Collaborations

= QE L-PAS based applications using novel ther ically cooled cw and broadly

Jength tunable and interband cascade lasers
Investigate QTFs with lower resonamt frequencics
igal litud dulation QEPAS ial and limitati

New target gases, in particular VOCs and HCs
Devell of optically i d gas sensor networks based on QE L-PAS

NASA Atmospheric & Mars Gas Sensor Platforms

Aircraft laser absorption spectrometers

Tunable laser sensors for
earth’s stratosphere




OA-ICOS based CO Concentration Measurements at 2196.66 cm''
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