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There is an increasing need in many chemical sensing applications ranging from environmental science to

industrial process control as well as medical diagnostics for fast, sensitive, and selective trace gas detection
based on laser spectroscopy. The recent availability of novel pulsed and continuous wave (cw) quantum and

interband cascade distributed feedback (QC and IC DFB) lasers as mid-infrared spectroscopic sources ad-
dresses this need. A number of spectroscopic techniques have been demonstrated worldwide. For example,
the authors have employed infrared DFB QC and IC lasers for the detection and quantification of trace gases

and isotopic species in ambient air at ppmv, ppbv and even sub-ppbv levels by means of direct absorption,

cavity enhanced, photoacoustic and wavelength modulation spectroscopy.

Key Words: Chemical sensing of trace gases, Quantum and interband cascade lasers, Infrared absorption
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1. Introduction (especially bulk and waveguide PPLN based) have been shown
to be robust and compatt) The recent advances of quantum
Infrared laser absorption spectroscopy is an extremely effec-cascade (QC) and interband cascade (IC) lasers fabricated by
tive tool for the detection of molecular trace gases. The demon-band structure engineering offer an attractive new source option
strated sensitivity of this technique ranges from parts per mil- for infrared absorption spectroscopy with ultra-high resolution
lion by volume (ppmv) to the parts per trillion (pptv) level de- and sensitivity) The most technologically developed mid-in-
pending on the specific gas speciés.The usefulness of the frared QC laser source to date is based on type-I intersubband
laser spectroscopy approach is limited by the availability of con- transitions in InGaAs/InAlAs heterostructufes) More recently
venient tunable sources in the region of fundamental vibrationalinterband cascade lasers (ICLs) based on type-Il interband tran-
absorption bands from 3 to 4. Real world applications (see  sition have been reported in the 3 prd regioni2-14 Other
Table 1) require the laser source to be compact, efficient, reli-potential QCLs based on GaAs/AlGaAs material system were
able and operating at near room-temperatures. Existing optionseported as wef>16)
include lead salt diode lasers, coherent sources based on differ- DFB-QC lasers allow the realization of compact, narrow
ence frequency generation (DFG), optical parametric oscillatorslinewidth, mid-IR sources combining single-frequency opera-
(OPOs), tunable solid state lasers, quantum and interband cagton and substantially high powers (tens of mW) at mid-IR wave-
cade lasers. Sensors based upon lead salt diode lasers are tyfgngths (4 to 24um) at temperatures attainable with thermoelec-
cally large in size and require cryogenic cooling because thesdric cooling. The large wavelength coverage available with QC
lasers operate at temperatures of < 90 °K. DFG based sourcessers allows identification, detection, quantification and moni-
toring of numerous molecular trace gas species, especially those
Table 1 Wide range of gas sensing applications. with resolved rotational-vibrational spectra. The high QC laser
output power permits the use of advanced detection techniques
that significantly improve the detection sensitivity of trace gas
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QC laser operated at 82 °K in a liquid nitrogen Dewar was used Function
in an airborne sensor for atmospheric detection of &ht generator
N,0.1® The cw QC-DFB laser linewidth is < 1 MHz when a
ripple-free current source is uédtand can be a few 100's Hz
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An effective practical solution for non-cryogenic DFB-QC [3 generator pulser
laser based spectroscopy is to apply very short (5-50 ns) pumg g > Gated  10kHz |5 5
current pulses at a low duty cycle, typically <1 %. In pulsed |Z | integrator 1 [ RD
operation the minimum DFB-QC laser linewidth is typically ~ § b
150-350 MHz due to the frequency chirp related to the fast heat- § < inteGgar:ae[grz <

ing of the active area during the pump current pétseGas
concentration measurements are usually performed either at pres
sures of ~ 100 Torr or at atmospheric pressures where pressut
broadened absorption lines are ~ 3 GHz. Hence the pulsed mod
of DFB-QC laser operation has a clear advantage for compaci
field deployable sensors because it eliminates the need for cryo-
genic cooling. However, recent progress in the development of Fig. 1
both cw thermoelectrically cooled Fabry-Perot and DFB QC la-
serg223) significantly facilitates the design of chemical sensors The laser is pumped by 5 ns long current pulses at repetition
based on QCL technology. In addition, thermoelectrically cooled rates up to 1 MHz. Such short pulses resulted in a minimum QC
Fabry-Perot QC lasers have been used in widely tunable gratindaser linewidth, typically 290 MHz. A novel approach for wave-

Schematic of a pulsed thermo-electric cooled DFB
QC-laser based gas sen%or.

coupled cavity configuratior:26) length manipulation of the DFB-QCL pulses is used. A STC
waveform is synthesized by a computer-controlled digital-ana-

2. Chemical sensing based on direct IR absorption logue converter (DAC) or a ramp from an external function gen-
spectroscopy erator. The timing of consecutive STC updates was synchro-

nized to the pump current pulses. In this manner, the relative

2.1 Detection of trace gases with pulsed DFB QC lasers = wavelength of each laser pulse in a wavelength scan can be in-
The first work on spectroscopic chemical sensing with a pulseddependently and unambiguously controlled. Computer control
QC-DFB laser was reported in 1998. A technique of fast-tuning adds practical flexibility to the QC laser based sensor architec-

the optical frequency of the laser pulses by applying a subthreshture. The laser pulses can be detected using either a liquid nitro-
old current (STC) ramp was introduc@d? This approach uses  gen cooled or a thermoelectrically cooled HgCdTe (MCT) de-

short duration current pulses of 5 to 25 nsec, which are tunedector. For data analysis a linear regression technique similar to
through an absorption feature by use of a subthreshold currenthe one first developed in Ref. 31 for ethanol detection was used.
ramp. Wavelength modulation (WM) spectra of dilute®N  This technique is applied to perform the concentration calcula-

and CH, samples were acquired nelax 8um. A similar ap- tions and takes into account a non-negligible asymmetric laser
proach to detection was used in Ref. 28 and referred to as “quasiine shape. The flexibility provided by the digital frequency
cw’. control approach was also utilized for linearization of the wave-

An alternative approach to data acquisition with pulsed DFB- length scan and for wavelength modulation spectroscopy.
QC lasers is to use a fast detector and measure peak power of Specific examples of trace gas detection based on thermo-
every pulse with gated electronics. In this mode of measure-electrically cooled pulsed DFB quantum cascade lasers follow:
ment the detected signal is much higher than the detector noise
and does not depend on the repetition rate. Time-gating permits 2.1.1 13CO,/12CO, isotopic ratio measurements at 4
suppression of the scattered light that occurs earlier or later than A field-deployable, pulsed quantum cascade laser spectrom-
the informative signal. This approach was utilized in the appli- eter was reported in Ref 32. An instrument was designed to
cation of a pulsed DFB-QC laser to trace gas detection in ambi-measure th&C/12C isotopic ratio in the C&released from vol-
ent air2”) Another method relies on the linear frequency chirp canic vents. Specifi£CO, and3CO, absorption lines were
obtained from a QC laser when relatively long (> 100 ns) cur- selected around.@pum, where the P-branch 8iCO, overlaps
rent pulses are applied to map the spectral information into thethe R-branch of3CO, of the 0001-0000 vibrational transition.
temporal domai® This approach requires an IR detector and This particular selection makes the instrument insensitive to tem-
a an analog digital converter (ADC) with a temporal resolution perature variations. A dual-channel cell balances the two ab-
of ~ 1 ns or better. The ultimate spectral resolution is given bysorption signals. The basic sensor concept was demonstrated by
the equatiomv = C(dv/dt)¥2, whereC~1 is a dimensionless  measuring®0'2C1%0 and®02C180 concentrations in a 1 %
constant and dn/dt is the chirp réte. CO, mixture in N in the spectral region of 2320 din

A schematic of a typical pulsed QC-DFB laser based gas sen-
sor configuration usdaly the authors is shown in Fig. 1. A DFB 2.1.2 Ambient atmospheric carbon monoxide monitoring
QC laser designed for pulsed near-room temperature operation at 4.6um
is mounted on a thermoelectric cooling module inside a com- Carbon monoxide (CO) is a pollutant produced by the incom-
pact evacuated housing. The temperature of the DFB QC laseplete combustion of carbon-based fuels that are widely used for
can be varied from - 40 °C to above room temperature. In pracpower generation, industrial heating, petrochemical refining, and
tice, the laser temperature is usually kept < 6 °C because of aropulsion. The current US EPA-approved method for continu-
rapid decrease in laser power, an increase of threshold curremus monitoring of ambient CO is non-dispersive infrared (NDIR)
and the appearance of mode instabilities at higher temperaturesechnology, which is generally limited in sensitivity to > 1 ppm,
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requires sample gas pre-treatment, suffer from the potential ofsurement is shown in Fig. 2 (a) along with the best-fit line. From
interfering non target gas species and has response times on ttike fit residual shown in Fig. 2 (b) the single-point standard de-
order of 30 s. QC laser based CO sensors with < 100 ppb detecriation of the measured fractional absorbanae+s1.5x 104,
tion sensitivity in 1 sec now offer an attractive alternative for For a pathlength of 102 cm and the selected CO absorption line,
effective apportionment and control of CO emissions. this translates into a noise-equivalent detection limd [@O]

A pulsed, thermoelectrically cooled QC-DFB laser operating = 6.5 ppb.
at 4.6pm33was used to probe isolated absorption transitions in ~ The CO sensor was also applied to continuous monitoring of
the fundamental CO vibrational band. The QC-DFB laser wasthe CO concentration in ambient laboratory air detected by its
operated according to the procedures described in Ref. 27. Th&(3) absorption line. A noise-equivalent detection limit of 12
DFB QC laser was excited by ~ 5 ns long, ~ 2 A peak currentppbv was obtained with a 1 m optical pathlength and a 2.5 min
pulses at a repetition rate of 10 kHz. A sawtooth-modulated data acquisition time. This sensitivity corresponds to a standard
sub-threshold current was added to the excitation pulses in orerror in fractional absorbance o&310°. Two characteristic
der to tune the laser wavelength. The modulation frequencymaxima of CO concentration were observed during a typical
was set to 6.5 Hz so that ~ 1500 laser pulses were generateday, corresponding to morning and evening rush hour traffic on
during one period. With the appropriate settings of the QC lasera street adjacent to the Rice University campus as evident in
temperature and current, the laser frequency could be tuned ovefFig. 33% The short duration behavior of these broad maxima,
a 0.41 crmt region encompassing the R(3) absorption line at however, was closely connected with local meteorological con-
2158.3 cimt. This transition is interference free from atmospheric ditions such as wind.
species such as,;@ and CQ. The laser frequency scan was
calibrated using interference fringes from an uncoated ZnSe air- 2.1.3 Nitric oxide detection at 5.@m

gap etalon with a FSR of 0.03 @mAbsolute frequency assign- Detection of nitric oxide (NO) is important in many applica-
ment was performed by comparison of experimental absorptiontions that include industrial emission and process monitt¥ing
spectra of CO and J® with the HITRAN 2000 databa$®. atmospheric researéf,and medical diagnostié&3? In recent

The peak intensity of each pulse was measured using two gateglears stricter regulatory limits for the maximum allowable con-
integrators (one for each detector) with an integration window centrations of toxic pollutants in industrial exhaust gases were
set to ~15 ns, and subsequently digitized with a 16 bit data acimposed. This triggered a need for sensors capable of real-time
quisition card (National Instruments DAQCard-Al-16XE-50). concentration monitoring of NO at parts per million (ppmv) lev-
Air was automatically sampled in the gas cell via a computer- els to ensure regulatory compliance. An instrument suitable for
controlled valve and a pressure controller that ensured constandlirectin situ spectroscopic analysis of industrial exhaust gases
pressure of 95 Torr during the data acquisition process. Themust address specific environmental challenges including atmo-
laser line was found to have an asymmetric shape and a FWHMspheric analyte gas pressure, strong nonselective absorption by
of ~ 0.02 cmt comparable to the CO absorption line width of soot particles, high temperature, and overlapping absorption lines
0.018 cmt at 95 Torr air pressure. To extract the CO concentra- of different gas specig$)
tion from the spectral data we used the same procedure as de- Nelson et afVreported measurements of nitric oxide in air
scribed in Ref. 35. with a detection limit of less than 1 nmaitele < 1 ppbv) us-

An example CO absorption spectrum acquired using 500 la-ing a thermoelectrically cooled quantum cascade laser operated
ser sweep averages for each of an evacuated and air-filled medn a pulsed mode atZ pm (1897 cm') and coupled to a 210-

m path length multiple-pass absorption cell at a reduced pres-

Gy ‘ sure (50 Torr). The sensitivity of the system is enhanced by
0.002 operating under pulsing conditions which reduce the laser line
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Fig. 3 Three test runs of continuous CO monitoring in am-
015 oa Thme o T o o bient laboratory a#?”) These test runs started on Fri-
Laser detuning, cm”' day, 9 March, 2001 (diamonds), on Tuesday, 13
March, 2001 (open circles) and on 14 March, 2001
Fig. 2 (a) Typical example of CO absorption detected in (triangles) respectively. Interval between consecu-
ambient air; (b) fit residual. tive measurements was 5 min.
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width to Q01 cmi! (300 MHz) HWHM, and by normalizing 10T
pulse-to-pulse intensity variations with temporal gating on a i
single HgCdTe detector. A detection precision df20ppb 8
HzY2is achieved with a liquid-nitrogen-cooled detector. This
detection precision corresponds to an absorbance precision of 1
x 105 HzY2 or an absorbance precision per unit path length of 5
x 1010 cnrtHZ Y2,

Absorption, %

2.1.4 Ammonia detection at 2J0m 20

High sensitivity detection of NHis of significant interest in :
the control of the N@chemistry, industrial safety and medical 0
diagnostics, especially for kidney related diseases and therapy.
A compact transportable ammonia sensor based on a
thermoelectrically cooled pulsed QC-DFB laser operating at ~ Frequency, cm’
10 microns was described in Ref. 35. The laser was scanned
over two absorption lines of the Nifundamental, band. This
sensor was successfully applied to continuous long-term moni-
toring of NH; concentration levels present in bioreactor vent
gases at the NASA Johnson Space Center, Houston, TX,. A sen-
sitivity of better than 0.3 ppmv was achieved with a 1 m optical
pathlength, which was sufficient to quantify expected dynamic
ammonia levels of 1 to 10 ppmv.

1259.0 1259.5 1260.0 1260.5 1261.0

Fig. 4 An example of an absorption spectrum of room air
obtained with a cw cryogenically cooled DFB-QC
laser based gas sensor. The assignment of the stron-
ger spectral lines is showny¥0 - 1, 11, 13; MO -
2,3,10;CH-6, 7, 8, 14; K%0 - 9; HDO - 12; and
CG; in the reference zero-air that appears as a nega-
tive absorption - 4, 5.

rent pulsed® The CH, and NO concentration levels present in

2.2 Detection of trace gases with CW QC-DFB lasers the ambient air were determined by fitting the envelopes of the
Gas sensing with a cw DFB QC laser was first reported in stronger absorption lines with a Voigt function. The area under
Ref. 42 . a fitting curve was compared with that predicted from the
HITRAN database. A detection limit of 2.5 ppbv for C&hd
2.2.1 CH; and NO detection at 7.8m 1.0 ppbv for NO was determined.

The direct absorption approach with cw QC-DFB lasers was Detection of more complex organic molecules with congested
further developet? and the first successful application of a unresolved rotational-vibrational spectra sets a spectroscopic
single-frequency DFB-QC laser to the analysis of trace gases irchallenge. Traditionally the spectral recognition of such species
ambient air was reported in Ref. 31. In these experiments, as performed by acquiring medium-resolution absorption spec-
DFB-QC laser designed for cw operation at cryogenic tempera-tra in a wide spectral region and then identifying absorption bands
tures in the 7.@um spectral region was used. To avoid fast boil- rather than isolated lines. This approach cannot be realized with
off of liquid nitrogen and related frequency and alignment drifts, DFB-QC lasers because of their limited wavelength tunability.
the laser was operated at a reduced duty cycle (typically 10 % tdHowever, some molecules present an intermediate case; namely,
25 %). Current was supplied in pulses of 120 toiZ38uration while the individual optical transitions are not resolved, there is
at a 0.8 to 1 KHz repetition rate. The lasing characteristics un-still a sufficiently structured absorption spectrum allowing rec-
der such long pump current pulses are essentially the same as imgnition of the species. The feasibility to detect and quantify
real cw operation, because the temperature of the laser activeuch volatile organic compounds (VOCs) was investigated in
region reaches equilibrium on a nanosecond time scale. EaclRef. 31 using ethanol gBls0H) as an example.
current pulse resulted in a frequency scan covering ~2 cm
Absorption in air was detected in a 100 m multipass cell at a 2.2.2 Nitric oxide detection using widely tunable external
reduced pressure of 20-40 Torr. A “zero-air” background sub- cavity QC laser at ~ 52m
traction techniqu®) was used in order to suppress the influence  An external cavity (EC) quantum cascade laser configuration
of H,O and CQ interference effects. Spectra of ambient air and with a thermoelectrically cooled gain medium fabricated using
pollutant-free “zero air” were acquired alternatively. The zero- a bound-to-continuum design and operating in continuous wave
air signal (as a function of a data point number) was subtractedat ~ 52 um was realized in 200%) The EC-QCL architecture
from the ambient air sample signal and normalized to the zero-as depicted in Fig. 5 employs a piezo-activated cavity mode track-
air signal. This procedure resulted in an absorption spectrum oing system for mode-hop free operation suitable for high resolu-
the ambient air sample. In most measurements, pure air with aion spectroscopic applications and multiple species trace-gas
addition of 5 % CQ@was used as the so-called “zero-air’ gas. detection. The performance of the EC-QCL exhibits coarse single

A typical absorption spectrum of ambient air is shown in Fig. mode tuning over 35 crthand a continuous mode-hop free fine
4. Four strong methane lines, two strong nitrous oxide lines andtuning range of ~.2 cn! shown in Fig. 6.
several water lines corresponding to different isotopic species
fall into the spectral range covered by a frequency scan of 2 3. Trace gas detection based on photoacoustic spectros-

cm® centered at 1260 chn The spectrum depicted is the result copy using QC and IC lasers
of averaging over 6,000 individual scans for both ambient air
and zero-air. The acquisition and averaging of 6,000u200 Photoacoustic spectroscopy (PAS), based on the photoacoustic

long scans with 50 Megasamples per second at 1 kHz repetitioreffect, in which acoustic waves result from the absorption of
rate required ~ 30 seconds. Optimized software could permitlaser radiation by a selected target compound in a specially de-
faster data acquisition by utilizing a larger fraction of the cur- signed cell is another effective method for sensitive trace gas
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Fig. 5 Schematic diagram of the EC QCL laser and the associated measurement system. QCL — quantum cascade laser, TEC —

thermoelectric cooler, CL —collimating lens (1" diameter, /0.6, Ge AR-coated|8¥)2nounted on a motorized 3D
translation stage, LB —laser beam, GR — diffraction grating (150 gr/mm blazed fon}.2P — pivot point of the rota-

tional movement, M — mirror (mounted on the same platform with GR), W - \@iaBow (thickness 4mm, tilted ~

RM — removable mirror, PD —photodetector (Hg-Cd-Zn-Te, TE-cooled, Vigo Systems, PDI-2TE-6), L1, L2 — ZnSe lenses.

pulses (2 mW average power) and close to room temperature

104 g(gm@p:g,?,';’;;m _ ;‘gﬂiﬁlﬂi‘;sﬁu'a‘b" with Peltier cooling. Temperature tuning resulted in a wave-
: R (205) S length range of 3 crhwith a Ilnewldth of 9.2 cm. .ThIS sensor
08 : e AN used a 42 cm long PAS cell with a radial 16-microphone array
g™ [ V) for increased detection sensitivity. In addition the cell was placed
& sl ' £, g’ between two concave reflectors resulting in 36 passes through
g ' wmj ’\‘. the cell (with an effective pathlength of 15 m). The laser beam
=) e i e was mechanically chopped at a resonant cell frequency of 1.25

0.4+ 1| { Wavenumber fom ']

kHz, which resulted in PAS signal enhancement by a Q factor of
70 1. Detection of ammonia concentrations at the 300 ppbv level
with a SNR of 3 was achieved at a pressure of 300 Torr.
Ammonia and water vapor photoacoustic spectra were ob-
i . tained using a cw cryogenically cooled QC-DFB laser with a 16
1o A e 1960 mW power output at 8.5 microns as reported in Ref. 49. A PAS
Wanantmbe e | cell resonant at 1.66 kHz was used. Measured concentrations
ranged from 2,200 ppmv to 100 ppbv. The microphone PAS
ent diffraction grating angles of the external cavity signal was processed by a lock-in amplifier and normalized to
guantum cascade laser. The narrow laser linewidth ~the intensity measured by a HgCdTe detector. A detection limit
allows resolving two spectral peaks separated by ~ 0f 100 ppbV ammonia (~ Thoise-equivalent absorbance) at
0.006 cmt (see inset). standard temperature and pressure was obtained for a 1 Hz band-
width and a measurement interval of 10 min. Hence the sensi-
detection. In contrast to other mid-IR absorption techniques, tivity obtained is comparable with that achieved by the direct
PAS is an indirect technique in which the effect on the absorb-absorption techniques described in section 2, but the required
ing medium and not the direct light absorption is detected. Lightscan times are longer in this PAS study.
absorption results in a transient temperature effect, which then
translates into kinetic energy or pressure variations in the ab- 3.2 Quartz enhanced photoacoustic spectroscopic techniques
sorbing medium via non-radiative relaxation processes that can A recently introduced novel approach to photoacoustic detec-
be detected with a sensitive microphone. PAS is ideally a back-ion of trace gases utilizing a quartz tuning fork (QTF) as a sharply
ground-free technique, since the signal is generated by the abresonant acoustic transducer was first reported in Z602Ad-
sorbing gas. In real PAS experiments background signals carvantages of the technique called quartz-enhanced photoacoustic
originate from nonselective absorption of the gas cell windows spectroscopy (QEPAS) compared to conventional resonant
(coherent noise) and an outside acoustic (incoherent) noise. PA®hotoacoustic spectroscopy include QEPAS sensor immunity to
signals are proportional to the pump laser intensity and there-environmental acoustic noise, a simple absorption detection
fore PAS is most effective with high-power laser excitation. A module design, and its capability to analyze small gas samples,
sensitivity of 8 ppmv was demonstrated with only 2 mW of down to 1 mm in volume. The measured normalized noise
modulated diode laser power in the Qkertone regioA® The equivalent absorption coefficient for,8 is 1.9x 10° cm?
implementation of DFB- QC laser excitation in the fundamental W/ HzY2in the overtone region at 7306.75 tia the best among
absorption region has the potential of considerably improved the tested trace gas species to date indicative of fast vibrational-

0.2+

0.0+

Fig. 6 Nitric oxide absorption spectra measured at differ-

sensitivity. translational relaxation of initially excited stab8sAn experi-
mental study of the long-term stability of a QEPAS-based am-
3.1 Photoacoustic spectroscopic techniques monia sensor indicated that the sensor exhibits very low drift,

In 2001, D. Hofstetter et &l:*®reported PAS measurements which allows data averaging over > 3 hours of continuous con-
of ammonia, methanol and carbon dioxide using a pulsed QC-centration measurements.
DFB laser operated at 3-4 % duty cycle with 25 ns long current
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3.2.1 Formaldehyde detection using an interband cascade 4.1 Cavity ringdown spectroscopy
laser at 3.53m The first CRDS measurements with a QC-DFB laser were

A novel continuous-wave mid-infrared distributed feedback reported in 20069 The authors used a cw laser generating 16
interband cascade laser was utilized to detect and quantify formmW atA = 8.5um. The measured ringdown time of the empty
aldehyde (HCO) using quartz enhanced photoacoustic spectros-three-mirror cavity was 0.9@s. An acousto-optic modulator
copy®? The sensor architecture is depicted in Fig. 7. The laserwas used to interrupt the cavity injection for ringdown time
was operated at liquid-nitrogen temperatures and provided ameasurements. The system was tested on dilutganriktlires.
single-mode output power of up to 12 mW &3um (28325 A noise-equivalent sensitivity of 0.25 ppbv and an estimated 1.0
cm?). The noise equivalent ¢ detection sensitivity of the sen-  x 10° cmr! detectable absorbance limit were reported.
sor was measured to be X108 cnt!W/Hz Y2 for H,CO in
ambient air, which corresponds to a detection limit of 0.28 ppmv  4.1.1 NO detection using CRDS at 5ifh
for a 1 s sensor time constant and 4.6 mW laser power delivered NO is the major oxide of nitrogen formed during high-tem-

to the absorption detection module. perature combustion as well as an important nitrogen-contain-
ing species in the atmosphere (NO is a precursor of smog and
4. Sensors using a high-finesse optical cavity acid rain) as mentioned in sub-section 2.1.3. NO is also involved

in a number of vital physiological processes, and its detection in

Sensitive laser absorption spectroscopy often requires a longexhaled breath has potential applications (e.g. as a biomarker
effective pathlength of the probing laser beam in media beingfor a number of lung diseases like lower-airway inflammation
analyzed. Traditionally, this requirement is satisfied using an or asthma) in noninvasive medical diagnostics.
optical multipass cell as described in section 2. Such an ap- A spectroscopic gas sensor for nitric oxide detection based on
proach has a number of shortcomings, especially for compacta cavity ringdown technique was reported in Ref. 56. A cw quan-
gas sensors. Multipass cells tend to be bulky requiring a largeum-cascade distributed-feedback laser operating atrb.®as
footprint. For example, a commercial 100 m pathlength multipassused as a tunable single-frequency light source. Both laser-fre-
cell (offered by Aerodyne, Inc.) has a volume of 3.5 liters. Such quency tuning and abrupt interruptions of the laser radiation were
gas absorption cells also require costly large-aperture mirrorsperformed by manipulation of the laser current. A single
sometimes with aspheric surfaces. An alternative way to obtainringdown event sensitivity to absorption of 2,208 cmr! was
a long optical path is to make the light bounce along the sameachieved. Concentration measurements of ppbv levels of NO in
path between two parallel ultralow-loss dielectric mirrors. An N, with a 0.7-ppb standard error for a data collection time of 8 s
effective optical pathlength of several kilometers can be obtainedwas achieved.
in a very small volume. The light leaking out of such an optical
cavity can be used to characterize the absorption of the intracavity 4.2 Cavity enhanced absorption spectroscopy
medium. Presently a variety of techniques exists to perform A gas analyzer based on a continuous-wave mid-IR quantum
high-sensitivity absorption spectroscopy in a high finesse opti- cascade laser operating at ~ fir2 and on off-axis integrated
cal cavity (for example, see Ref. 17). One of the most advancedtavity output spectroscopy (ICOS) has been developed to mea-
method is the so-called “Noise-Immune Cavity-Enhanced Opti- sure NO concentrations in human bredihA compact sample
cal Heterodyne Spectroscopy” (NICE-OHMS) technigflelt cell, 5.3 cm in length and with a volume of ~ 80%cmihich is
has the potential to provide shot-noise limited sensitivity with suitable for on-line and off-line measurements during a single
an effective pathlength determined by the cavity ringdown time. breath cycle, was designed and tested. A noise-equivalent (sig-
The first implementations of this technique in combination with nal-to-noise ratio of 1) sensitivity of 10 ppbv of NO was achieved.
a DFB-QC laser is reported in Ref. 54. However, this approachThe combination of ICOS with wavelength modulation resulted
is technically sophisticated and therefore not suitable for mostin a 2-ppbv noise-equivalent sensitivity. The total data acquisi-
practical chemical-sensing applications. Two simpler methodstion and averaging time was 15 s in both cases.
are cavity ringdown spectroscopy (CRDS) and integrated cavity In 2005 a nitric oxide sensor based on a thermoelectrically
output spectroscopy (ICOS). cooled, cw DFB QCL laser operating a#5pum (1835 crmt)
and off-axis ICOS combined with a wavelength-modulation tech-
nique was developed to determine NO concentrations at the sub-
ppbv levels that are essential for a number of applications, such
Power Meter as medical diagnostics (specifically in detecting NO in exhaled

Cryostat

- human breath) and environmental monitoring, The sensor em-
ploys a 50-cm-long high-finesse optical cavity that provides an
effective path length of 700 m. A noise equivalent minimum

GC Laser detection limit of 07 ppbv with a 1-s observation time was
Current Botrompel 1l achieved®)
Driver ki Lock-In :
1 7 id IR 5. Conclusions
Function f [ ? T Detec(or )
Generator Reference f |
T Progress to-date in terms of performance optimization of vari-
A Y .
S ous cw and pulsed single frequency QC and IC laser based trace
BC 6062E ¥ gas sensors that use different sensitivity enhancement schemes

and achieve minimum detectable absorbance$t(1009) lim-
Fig. 7 Shematic of a QCL or ICL based QEPAS sensor ited by laser, optical and detector noise sources have been de-
platform. scribed. Compact, sensitive, and selective gas sensors based on
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