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* Phase Il Motivation: Optimization of QEPAS (QVR
L-PAS) based gas sensor technology using mid-IR
QC lasers

* Implementation of MPCVD based 8.3 pm QCL
technology

* Comparison of QEPAS (QVR L-PAS) to L-PAS
* Implementation of MBE based 10 um QCL
= Characterization of QCLs
* Current Status of Year 2 Research Directions

High power, cw 8.38 pm QCL grown by MOVPE

Year 2 Tasks - Contract # 14813

Preparation and charactenization of broadband high power (~ 100 mW at 36 K),
TE coolable Agilent-Harvard 8 38 um FP QCL for water background
characterization

*  Acquisttion of MOCVD grown cw TEC FP QC laser bars and associsted mspection and

processmg
* Denign and construction of submount -nd hermetic QCL. Immg
differens weilas

cvaluaie output spectrum
Freon concentration measurements at various conditions: pressure and
hurmdity
+  Scloction of target gas for B.38 pm FP QCL. Freon

*  Desgn nduuummmol‘ﬁmngnh-nllm; system

+  Implementation of amplitude modulation mode of operation for 8§ 38 jum FP

= Optimwin quartz resonator ilhemmation geometry for AM-11 MIR QEPAS (QVR L-PAS) mode

= Perform detailed mvestigations of the mfluence of pas pressure, temperature and humadity on
QC based QEPAS (QVR 1-PAS) sensor performance

* 1,0 background and H,0 mfluence on the SNR

Acquisition of a broadband UNINE lO pum FP QCL for optimum DIMP
quantification (centered at 1100 cnr?)
= Acguisition of MBE grown cw TEC FP heterogencous QC Lascr bar camiting al 8.4 and 9.6 ym.
= Characterzation of 10 pm FP QCL a1 different temperatures.
- ﬂm waterband performed for Freon m previous

RICE

Mechanical and solid works model of QCL positioning assembly
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Solid Works design of the QCL cooling assembly]
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3251B3 - 8.3 um QCLs performance
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FTIR spectra collected for QCL 3251B3up at 340 & 500mA
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Spectral Comparison of Freons with 8.38 um FP
QCL Emission Coverage based on PNNL Data Base

00040 4 0.025
00035 4 |

{40020 3
00030 =5,
Py
5
000251 0.015 2
] 2
E 00020 §
2 00015 0010
< 3
000104 5
0005 g
00005 5
/ [+]
[+

00000 - 0.000

T - R — i
1130 1140 1150 11680 170 HIBO 1180

Wavenumber [cm §

Amplitude Modulated 8.38um QCL
based QEPAS Sensor
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Electroluminescence spectra of 8.2-10.4 um gain
element with a heterogeneous cascade
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Schematic conduction band diagram of a heterogeneous QC structure
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Peak Optical power and bias as a function of a HR
coated QCL gain element
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Two extreme spectra obtained with a EC QCL architecture

QEPAS tuning fork detection module
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Other QTFs

Proposed design for updated ADM using 2 QTFs
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External cavity length
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< PZT controlled grating angle

(e of cavity alig
performed by means of lens positioning
using electrically controlled 3D transtation
stage

« 35 cm” wavelength tunability with
present gain chip

Wide Wavelength Tuning with Diffraction Grating
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Mid-IR NO Absorption Spectra Acquired with a Tunable TEC QCL

HITRAN 2000 samadsion

R, @05 W

i i I |_IL1L

|9"2.4 18428 1843.2 1843 4
Wavenumber [cm”|

Important facts of novel EC-QCL technology

Laser spectroscopy prowdcs supcnor
resoiution d to other tech
e.g. medium sized FTIR

Single laser mode operation is required

Wavelength tunability of single mode
(DFB) mid-IR semiconductor lasers is
~10 cnr!

14712 194715 1947 18 194721 1947 24

Demonstrated wavelength tunability of Wevenumbor e}

the Rice EC QCL is ~ 35 env! (limited by
the gain chip properties and not by the
designed EC configuration)

Gain chips, which can provide
tunability of >200 e’ are already
reported in the literature

Merits of QE Laser-PAS based Trace Gas Detection

* High sensitivity (ppm to ppb gas concentration levels) and
excellent dynamic range
« Immune to ambient and flow acoustic noise, laser noise and

etalon effects

« Significant reduction of sample volume (< 1 mm?)

« Applicable over a wide range of pressures
» Temperature, pressure and humidity insensitive

» 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 11 Trace Gas Species (May’06)
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Molecule (Hoat) equency, | Pressure, NNEA. Power, { NEC (v=ls),
e’ Torr | em*wiz' | mW ppmy
0 (N TI8L17 60 21107 | 58 0.18
HCN (air: 50% hum) ** | 653911 0 <26<10° | S0 o1
ClL (VD™ 652917 75 ~25<10° | 40 006
NHa (N)* 652876 0 S4x10° | 38 050
C;H; 652876 38 o1
CO; (exhaled air) 6513.35 90 10x107 52 890
CO; (%) = 399000 300 15107 [ 46 130
CH0(N)* 283248 100 TI<07 | 46 0.28
CO(Ny 2196.66 50 53x107 13 05
CO (propylenc) 219666 50 7410 | 65 014
N70 (alr+5%SF,) 219563 50 1507 | 19 0.007

* - Improved microrcsonstor
Improved microrcsonstor and doublc optical pass thrugh QTF
Without microresonator
NNEA ized noisc squivalent i
NEC - notsc equivalent concentration for available laser power and 113 lime constant.
For comparison: conventional PAS 2.2x10* em- -'W/VHz (1,800 Hz) for NH,*
* M E Webber, M. Pushbarily aad C. K. N Pasel Appl Opt 42, 2119-2126(2003)

QEPAS versus Traditional PAS

Parameter Traditional PAS QEPAS
f Hz 100 to 4000 Presently ~32 760
Q 2010 200 10 000 to 30 000
Q vs. pressure INCREASES DECREASES
(high spectral resolution | (high spectral resolution
is problematic) is achievable)
Sample volume >10 cm® <1 mm’
Sensitivity to Usually high None observed
ambient acoustic
and flow noise
Pathlength ~10cm (a) 0.3mm, (b) 5mm
involved

An example of QEPAS data: 6.25 ppm HCN in air

HCN absorption line:
6539.13 cm™!

Is time constant

Signal, V

50 mW laser power

4 \ . L
460 470 480 490 500
Diode laser current, mA




Year 1 Tasks and Deliverables (Contract # 14813)

» Development of NIR QEPAS (QVR L-PAS) based Gas Sensor
Architectures:
e Target gases: H,0 and HCN

. Selmélogld::}gs létrslp}.‘e)ﬁlng!:&nd of &N&AR hlgh power CW fiber coupled

Optimum TF selection and acoustic mlcro-rcsonalor design
Laser beam coupling to Absorption Detection Module (ADM)
Pressure dependence
Development of data acquisition and processing system
Gas handling and calibration
+ Evaluation and Optimization of NIR QEPAS (QVR L-PAS)
Performance Characteristics
« Assessment of achieved detection sensitivity (dependence on ADM
dcﬂgn & laser power)
n of ex| EPAS (QVR L- r performance
wuh NN?, ‘c})‘ m1_g;:¢|:c1':um¢:mal Q S(Q PAS) sensor perfc
* Year | Deliverables
s Performance characterization of a compact HON QEPAS (QVR L-PAS)
sensor
= Laboratory analysis of coupling efficiency of acoustic fields to TFs

RICE

Current Status and Year 2 Research Directions

«  QEPAS (QVR L-PAS) based Gas Sensors
® Compact and robust sensors based on QE L-PAS and QC-LAS

¢ QEL-PAS is immune to ambient noise. The measured noise level coincides with the
thermal noise of the TF
TF scnsmvxty is hmlled by thcmul cxmmnon of symmetric mode.
Best d jon cocfficient is 5.4 x 107 emv'W/NHz
Dramatic reduction of sample volume (~0.2 mm’) with QE L-PAS
A unique capability of QE L-PAS to exhibit high sensitivity at reduced (<100 Torr)
pressures combined with its high operation frequcncy (~33 kHz) allows 1o utilize

VT ion rate as a sel
e Detected trace gases at Rice: NH,, CH,, N,O C0,, CO,NO, H;0, andH,CO

«  Year 2 (2005) Research Directions
= QOptimization of ADM module: Investigate TFs with lower resonant frequencies and
different acoustic mlcm-rsonalor designs
a Comparison of experi ] per data with analytical PNNL TF model
® Development of pre-prototype HCN and H,0 sensors

Resonant Photoacoustic Spectroscopy
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Quartz-Enhanced Photoacoustic

Spectroscopy (QEPAS)
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Comparative Size of Absorbance Detection Modules (ADM)

J
{.

Optical multipass cell (100 m})
(=70 cm, 13000 cm?

T QEPAS ADM:
{-0°5 cm, 1~0.05 cm*

Resonant photoacoustic cell (1000 Hz)
1~60 em, 150 cm?

Continuous wave mid-infrared source characteristicd
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Performances vs ridge width

* 3 microns ¢ 7.5 microns
* 5 microns
J,, pulsed i@ 300K 2 05 kA/cm? 138 kA/em?
162 kA/cm?
Slope efficiency (cw): 252 mW/A 305 mWV/A
300 mW/A
Ty 180K (pulsed) 170 5K (puised)
163K (cw) 159 9K (pulsed) 140 7K (ew)
158 4K (cw)
Thermal resistance: 10 53 K/'W HT9K/W
891 KW
‘Thermal conductance: 1055 K/\Wem? 377 K/Wem?
748 K/Wem?

Prototype control electronics unit (CEU) for a diode laser base:
QEPAS gas sensor.

Required chemical sensor features

» Chemical selectivity
« Sensitivity at ppb level (ppm-ppt)
 No calibration (or as little as possible)

+ Immunity to environmental changes and
interferences (temperature and pressure
variations, vibrations, electrical noise)

 Compact size, low weight and power
consumption, no consumables

QEPAS Based HCN overtone spectrum
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Zero background

Noise determined by the
thermal TF motion

High sensitivity — sub-
ppm in overtone region

Much higher sensitivity
in terms of concentration
is feasible exploiting
MIR - fundamental
absorption bands




