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Abstract—There is an increasing need in many chemical
sensing applications ranging from industrial process control to
environmental science and medical diagnostics for fast, sensitive,
and selective gas detection based on laser spectroscopy. The recent
availability of novel pulsed and CW quantum cascade distributed
feedback (QC-DFB) lasers as mid-infrared spectroscopic sources
address this need. A number of spectroscopic techniques have
been demonstrated worldwide by several groups. For example,
the authors have employed QC-DFB lasers for the monitoring and
quantification of several trace gases and isotopic species in am-
bient air at ppmv and ppbv levels by means of direct absorption,
wavelength modulation, and cavity enhanced and cavity ringdown
spectroscopy.

Index Terms—Infrared spectroscopy, quantum cascade lasers,
trace gas detection.

I. INTRODUCTION

I NFRARED laser absorption spectroscopy is an extremely
effective tool for the detection of molecular trace gases. The

demonstrated sensitivity of this technique is at the parts per tril-
lion level. The usefulness of the laser spectroscopy approach is
limited by the availability of convenient tunable sources in the
region of fundamental vibrational absorption bands from 3 to
20 m. Real world applications require the laser source to be
compact, highly efficient, and preferably working at room tem-
perature. The existing options include cryogenically cooled lead
salt diode lasers [1], [2] and coherent sources based on differ-
ence frequency generation (DFG) [3]. Sensors based upon lead
salt diode lasers are typically large in size and require consum-
ables because these diodes operate at temperatures of90 K.
DFG-based sources (especially PPLN based) have been shown
to be very robust, compact, and suitable for many atmospheric
monitoring applications. However, DFG sources generate inher-
ently low IR power, and spectral coverage of PPLN based de-
vices is limited to wavelengths shorter than 5m, which re-
stricts the number of detectable molecules.

The advance of quantum cascade (QC) lasers fabricated by
band structure engineering offers an attractive new option for
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IR absorption spectroscopy. The most technologically devel-
oped system to date is based on intersubband transitions (type-I
QC) in InGaAs–InAlAs heterostructures [4]. QC lasers are usu-
ally fabricated as a single-mode waveguide, and a distributed
feedback (DFB) structure can be implemented by etching the
top cladding layer. QC-DFB lasers are of particular interest to
gas-sensing applications, because they emit single-frequency
radiation that is suitable for high-resolution spectroscopy. Other
QC systems such as type-I GaAs–AlGaAs [5] and type-II (inter-
band) lasers [6], [7] have not yet reached the level of robustness
required by real-world chemical sensing applications.

Compared to Pb-salt diode lasers, QC-DFB lasers allow
the realization of compact narrow-linewidth mid-IR sources
combining single-frequency operation and substantially higher
powers (tens of milliwatts) at mid-IR wavelengths (3.5 to
24 m). The large wavelength coverage available with QC
lasers allows numerous molecular trace gas species to be
monitored. QC lasers are the only semiconductor lasers able to
emit mid-IR radiation at room temperature and above [4], [8].
The higher power of QC lasers permits the use of advanced
detection techniques that significantly improve the SNR of
trace gas spectra and decrease the sensor size. For example,
in cavity enhanced spectroscopy (CES) and cavity ringdown
spectroscopy (CRDS) an effective absorption pathlength of
hundreds of meters can be obtained in a laptop-size device [9],
[10]. Recent work with QC-DFB lasers described in this review
has demonstrated the usefulness of these devices for sensitive,
highly selective, real-time trace gas concentration measure-
ments based on absorption spectroscopy with sensitivities of
several parts per billion by volume (ppbv).

Unipolar QC-DFB lasers are inherently capable of operating
at high temperature of the active region, considerably exceeding
room temperature. However, the power dissipation in these de-
vices is higher than in diode lasers and often surpasses 10 W. In
CW operation, the temperature of the active region is100 K
higher than that of the substrate temperature. Until recently, this
has made it impossible to realize CW operation of QC lasers
without cryogenic cooling. The latest technological progress in
QC laser engineering resulted in devices that can be operated in
a CW mode with thermoelectric temperature control [11], [12].

CW operation of QC-DFB lasers can be employed presently
to achieve the best detection sensitivity when cryogenic con-
sumables and a large instrumental footprint are not primary
practical issues. For example, a CW QC-DFB laser operated
at 82 K in a liquid nitrogen Dewar was used in an airborne
sensor for atmospheric detection of CHand N O [13]. The
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CW QC-DFB laser linewidth is as narrow as 1–3 MHz when a
ripple-free current source is applied [14]–[16] and a few kilo-
hertz when a frequency stabilization feedback loop is employed
[17]. In fact, all the spectroscopic methods developed for
mid-IR Pb-salt diode lasers including fast frequency scanning
with modulated injection current can be applied with the
added advantage of reliable and reproducible single-frequency
operation and high power up to 150 mW [4].

A solution for noncryogenic QC-DFB laser-based spec-
troscopy is to apply very short (5–50 ns) pulses of the pump
current at a low duty cycle, typically 1%. In pulsed operation
the minimum QC-DFB laser linewidth is typically250 MHz
due to the frequency chirp related to the fast heating of the
active area during the pump current pulse.1 Such linewidth is
acceptable for most gas sensing applications. Concentration
measurements in gases are usually performed at pressures of

100 torr and above, when pressure broadened absorption
lines are wider than 500 MHz. At this time the pulsed mode
of QC-DFB laser operation has a clear advantage for mobile
sensors because it eliminates the need for cryogenic cooling.

II. CHEMICAL SENSING BASED ON DIRECT IR ABSORPTION

SPECTROSCOPY

A. Detection of Trace Gases With CW QC-DFB Lasers

Gas sensing with a CW QC-DFB laser was first reported
in [18]. The laser was scanned via a sawtooth current ramp
(5–11 kHz) and the absorbance of the sample was measured
directly. It was possible to sweep the laser rapidly over a fre-
quency range of up to 2.5 cm. Absorption spectra of pure NO
and NH gases at low pressure were acquired at 5.2 and 8.5m,
respectively.

The direct absorption approach with CW QC-DFB lasers was
further developed in [19] and the first successful application of
a single-frequency QC-DFB laser to the analysis of trace gases
in ambient air was reported in [20]. The schematic of the CW
QC-DFB laser based gas sensor used in [20] is shown in Fig. 1.
In these experiments, a QC-DFB laser designed for CW oper-
ation at cryogenic temperatures in the 7.9-m spectral region
was used. The laser was placed in a liquid nitrogen Dewar, and
no active temperature stabilization was applied. To avoid fast
boil-off of liquid nitrogen and related frequency and alignment
drifts, the laser was operated at a reduced duty cycle (typically
10% to 25%). Current was supplied in pulses of 120-235-s du-
ration at a 0.8-1-kHz repetition rate. The lasing characteristics
under such long pump current pulses are essentially the same as
in real CW operation, because the temperature of the laser active
region reaches equilibrium on a nanosecond time scale. Each
current pulse resulted in a frequency scan covering2 cm .
Absorption in air was detected in a 100-m multipass cell at a re-
duced pressure of 20–40 torr. A “zero-air” background subtrac-
tion technique [21] was used in order to suppress the influence
of interfering effects. Spectra of ambient air and pollutant-free
“zero air” were acquired alternatively. The zero-air signal (as a
function of a datapoint number) was subtracted from the am-
bient air sample signal and normalized to the zero-air signal.

1We recently observed a linewidth of 150 MHz in pulsed, near room-temper-
ature operation of a� = 15:5 �m QC-DFB laser from Alpes Lasers.

Fig. 1. Schematic of a CW QC-DFB-based gas sensor [20].

This procedure resulted in an absorption spectrum of the am-
bient air sample. In most measurements, synthetic air with an
addition of 5% CO was used as so-called “zero-air” gas. The
resulting weak CO lines of apparently negative absorption in
the acquired spectra aided in the spectral calibration of wave-
length scans.

A typical absorption spectrum of ambient air is shown in
Fig. 2, which was obtained with a QC-DFB laser using the setup
depicted in Fig. 1. Four strong methane lines, two strong nitrous
oxide lines, and several water lines corresponding to different
isotopic species fall into the spectral range covered by a fre-
quency scan of 2 cm centered at 1260 cm. The spectrum
depicted is the result of averaging over 6000 individual scans
for both ambient air and zero-air. The acquisition and averaging
of 6000 200- s-long scans with 50 megasamples per second at
1-kHz repetition rate required30 s. Optimized software could
permit faster data acquisition by utilizing a larger fraction of the
frequency scans.

The CH and N O concentration levels in the ambient air
were determined by fitting the envelopes of the stronger absorp-
tion lines with a Voigt function. The area under a fitting curve
was compared with that predicted from the HITRAN database.
To estimate the sensitivity of this gas sensor, a part of the spec-
trum containing no absorption lines was selected and the fitting
procedure was applied to find an absorption feature similar to
a CH absorption line. The typical peak absorbance of such a
feature did not exceed3.5 10 , or 8 10 fractional ab-
sorption. For the strongest absorption lines in this part of the IR
spectrum, a detection limit of 2.5 ppbv for CHand 1.0 ppbv
for N O was established.

Detection of more complex organic molecules with con-
gested unresolved ro-vibrational spectra sets a specific
challenge to QC-DFB laser-based chemical sensors. Tradi-
tionally the spectral recognition of such species is performed
by acquiring medium-resolution absorption spectra in a wide
spectral region (thousands of wavenumbers) and then identi-
fying absorption bands rather than isolated lines. This approach
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Fig. 2. An example of an absorption spectrum of room air obtained with a gas
sensor depicted in Fig. 1. The assignment of the stronger spectral lines is shown:
H O— 1, 11, 13; NO—2, 3, 10; CH—6, 7, 8, 14; H O—9; HDO—12; and
CO in the reference zero-air that appears as a negative absorption—4, 5.

cannot be realized with QC-DFB lasers because of their limited
tunability. The laser frequency usually changes with the heat
sink temperature with a coefficient of 0.05 to 0.15 cm/K.
The maximum demonstrated spectral range covered by a
single-frequency QC-DFB laser is 30 cm , achieved in
pulsed operation when the heat sink temperature varied from
50 to 300 K [4]. However, such a wide spectral coverage can be
realized only for selected devices. One of the limiting factors is
a mismatch between the active region peak-gain and the DFB
structure mode, due to their different temperature dependence
[22]. Another limitation for current-tuning of a CW laser is
that at a certain current level higher order transverse modes
can reach a lasing threshold, and also the maximum current for
a particular laser chip must not be exceeded. In practice, the
tunability of a QC-DFB laser in a chemical sensor is usually
limited to 1–3 cm .

The feasibility of detecting and quantifying volatile organic
compounds was explored in [20] using ethanol (CH OH) as
an example. Fig. 3 shows the ethanol vapor absorption spectra
(for ethanol at 1 torr partial pressure with ambient air added to
a total pressure of 36.6 torr) acquired with the QC-DFB laser
in a 0.43-m-long gas cell. Air was added to provide the same
pressure broadening conditions as in successive multipass cell
experiments; absorption by the air components was negligibly
small compared to absorption by the ethanol vapor. The rovibra-
tional structure is reasonably well resolved, unlike in the C—H
and O—H stretch spectral region ( 3 m). This is due to
the smaller Doppler width and the much smaller density of vi-
brational states at 1200 cm compared to 3000 cm . The re-
solved spectral features (they do not represent individual rovi-
brational transitions but clusters of absorption lines) clearly dis-
tinguish the absorption of ethanol from other species. However,
the high density of the unresolved pressure-broadened spec-
tral lines makes the technique of individual line fitting with a
Voigt profile (local approach) inapplicable. Instead, some kind
of global approach should be used in order to take advantage
of the whole spectral fingerprint. The technique used in [20] is
principally based on finding the correlation between previously
acquiredreferencespectra and a sample spectrum (test spec-
trum) under the same line-broadening conditions (i.e., if the air

Fig. 3. Ethanol absorption spectra obtained in a 0.43 m long gas cell. Partial
pressure of ethanol is 1 torr, room air added to a total pressure of 36.6 torr.

Fig. 4. Test spectrum derivative as a function of the reference spectrum
derivative [20]. The test sample of room air is taken 7 min after evaporating
a few drops of ethanol near the multipass cell. The fitted line slope yields
k = 9:82� 10 , corresponding to an ethanol concentration of 12.1 ppm.

pressure and temperature are the same). Each data point value
from the test spectrum was plotted as a function of the cor-

responding reference spectrum point(a numerical derivative
of both spectra was taken beforehand, see [20] for details), and
the slope of the best fit [1-D linear regression (1DLR)]
yielded the ethanol concentration in the air sample as shown
in Fig. 4. The loops of outlying points occur because of strong
absorption lines of HO, N O and CH. Spectra of all these
molecules are well known, and therefore a 1DLR approach was
generalized to the multidimensional linear regression (MLR) in
order to acquire the concentrations of all the species in a single
fitting procedure. The test spectrum was considered as a linear
combination of four reference spectra of the absorbing species

(1)

where is the th datapoint of the test spectrum, gives the
contribution of each absorbing component to the resulting spec-
trum, corresponds to CH OH, CH , N O and H O,
respectively, and is the intensity of the th reference spec-
trum at the frequency of theth datapoint. The resulting con-
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centrations were found to be mutually consistent and in agree-
ment with the 1DLR (ethanol concentration) and concentrations
of H O, N O, and CH extracted from the same spectra by the
conventional single-line fitting approach. Hence, high-resolu-
tion IR absorption data acquired in a limited 1–3 cmrange
with a QC-DFB laser can be successfully used for quantifica-
tion of multiple trace gas components, including complex or-
ganic compounds.

Non-DFB multimode QC lasers (Fabry–Pérot devices) may
find application in differential absorption lidar (DIAL) systems
[23]. There exists a wide-ranging interest in extending DIAL-
based chemical sensing from the detection and quantification
of major species to the characterization of dilute contaminants,
e.g., organic chemical vapors that do not possess spectrally
resolved vibrational transitions. In general, the 8–12-m
wavelength spectral region is the most desirable wavelength
range for performing sensitive, selective detection of organic
species. Several QC lasers could be simultaneously used in a
DIAL system to probe the broad absorption features at selected
wavelengths. A pseudorandom code modulation is proposed to
distinguish signals produced by different lasers [23].

B. Detection of Trace Gases With Pulsed QC-DFB Lasers

One of the most attractive features of QC lasers is their
ability to be operated at quasi-room temperature. This option is
presently restricted to pulsed QC-DFB devices, which results in
a number of specific performance issues. The most fundamental
of them are reduced average power (peak power is essentially
the same as in a CW mode, but the duty cycle is1%) and
laser line broadening caused by frequency chirping during the
pump current pulse. The first work on spectroscopic chemical
sensing with a pulsed QC-DFB laser was reported in 1998 [24],
preceding the first CW QC-DFB laser-based publication [18].
The authors introduced a technique of fast-tuning the optical
frequency of the laser pulses by applying a subthreshold current
(STC) ramp. Wavelength modulation spectra of diluted NO
and CH samples were acquired near m. The laser was
excited by a 1-MHz train of 11-ns-wide current pulses. The
laser linewidth was estimated to be 720 MHz. Detection was
performed with a slow HgCdTe detector in essentially the same
manner as in CW experiments. A similar approach to detection
was used in [25] and referred to as “quasi-CW.”

An alternative approach to data acquisition with pulsed
QC-DFB lasers is to use a fast detector and measure the
peak power or integrated energy of every pulse with gated
electronics. In this mode of measurement, the detected signal is
much higher than the detector noise and does not depend on the
repetition rate. Time-gating permits suppression of the scattered
light that occurs earlier or later than the informative signal.
This approach was utilized in the first successful application of
a pulsed QC-DFB laser to the trace gas detection in ambient air
[26].

A schematic of the pulsed QC-DFB laser based gas sensor
configuration used in [26] is shown in Fig. 5. A QC-DFB laser
designed for pulsed near-room temperature operation at8 m
was mounted on a three-stage thermoelectric cooling module
inside a compact evacuated housing (7575 75 mm ). The
temperature of the QC-DFB laser could be varied from40 C

Fig. 5. Schematic of a gas sensor based on a pulsed QC-DFB laser [26].

to above room temperature. In practice, the laser temperature
was usually kept below 6 C because of a rapid decrease in
laser power, an increase of threshold current, and the appear-
ance of mode instabilities at higher temperatures. The optical
configuration of this sensor was similar to that used for CW QC
laser-based trace gas detection [20]. The laser was pumped by
5-ns-long current pulses at a 20-kHz repetition rate. Such short
pulses were shown to ensure the minimum linewidth for this
laser, namely 290 MHz. In this work, a novel approach to the
wavelength manipulation of a QC-DFB laser pulses was used.
An STC waveform was not supplied as a ramp from a func-
tion generator but instead was synthesized by a computer-con-
trolled digital–analog converter. The timing of consecutive STC
updates was synchronized to the pump current pulses. In this
manner, the relative wavelength of each laser pulse in a wave-
length scan was independently and unambiguously controlled.
Computer control adds flexibility to the device architecture, pro-
viding arbitrary modulation waveforms that can be applied to
the QC laser. The absolute wavelength position of a scan is de-
termined by the laser substrate temperature.

The laser pulses were detected using a liquid nitrogen cooled
photovoltaic HgCdTe detector (which, if necessary, can be re-
placed by a thermoelectrically cooled detector). The detector
signal was measured using a gated integrator and a 12-bit data
acquisition card connected to a laptop computer. An integration
window of 15 ns was set to integrate the signal at the peak of the

35-ns FWHM detector response. The useful signal was sepa-
rated in time from any interfering scattered light due to a 330-ns
delay of the laser pulse in the multipass cell. For data analysis
a linear regression technique similar to the one used in [20] for
ethanol detection was employed. This technique enables rapid
calculations and takes into account a nonnegligible asymmetric
laser line shape. The flexibility provided by the new digital fre-
quency control approach was utilized for linearization of the
wavelength scan and for a novel scheme of wavelength mod-
ulation spectroscopy in an independent run of measurements.
The sensor was used to measure CH, N O and HDO concen-
trations in ambient air, and a precision of 9, 4, and 120 ppbv was
achieved for each of these species, respectively.
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A compact mobile ammonia sensor based on a thermoelectri-
cally cooled pulsed QC-DFB laser operating at10 m was de-
scribed in [27]. High-sensitivity detection of NHis of interest
in the control of deNO chemistry, industrial safety, and med-
ical diagnostics of kidney related diseases. The optical configu-
ration of this sensor was similar to that described in [26], but the
multipass cell was replaced with a simple 50-cm-long double
pass gas cell, and no zero-air was employed. The laser housing
was improved by replacing the previous beam-shaping optical
system consisting of two off-axis parabolic mirrors and a lens
with a single aspheric lens. The laser was scanned over two ab-
sorption lines of the NHfundamental band. The sensor was
completely automated and only required the liquid NDewar of
the detector to be refilled every 12 h. This sensor was applied to
measurements at NASA-Johnson Space Center, Houston, TX, to
continuous long-term monitoring of NHconcentration levels
present in bioreactor vent gases. A sensitivity of better than 0.3
ppmv was estimated which was sufficient to quantify expected
ammonia levels of 1–10 ppmv.

A further improvement of the pulsed QC-DFB based sensor
configuration was reported in [28]. The laser beam was split into
two channels, one being used to probe the gas absorption and the
other as a reference to measure the laser pulse energy. The sub-
sequent normalization eliminated pulse-to-pulse energy fluctu-
ations as an error source, which was the predominant cause in
[27]. Such an automated sensor was used for continuous moni-
toring of CO in ambient air detected by its R(3) absorption line
at 2158.300 cm ( m). A noise-equivalent detec-
tion limit of 12 ppbv was experimentally demonstrated with a
1-m optical pathlength. This sensitivity corresponds to a stan-
dard error in fractional absorbance of 310 .

The design and performance of an optical mid-IR CO
sensor intended for continuousin vitro monitoring of cell
culture activity at ambient atmospheric pressure is presented
in [29]. The typical production rate of CO, for example from
vascular smooth muscle cells, is 1 to 10 pmol/min/10cells.
Instrumentation forin vitro measurement of gas production
should have sensitivities on the parts per billion (ppbv) level
so that the dynamics of gas production can be followed with
laboratory-scale cell sample populations. Because of the low
production rate from biological tissues, measurements of CO
concentrations have been limited to gas chromatography and
radioisotope counting techniques. Although these methods are
highly sensitive, they cannot measure CO directly, requiring
several time-consuming intermediate steps (15 min), and may
be affected by interferences from water, oxygen, and carbon
dioxide. The sensor described in [29] used the same QC-DFB
laser at m [28] as a spectroscopic source and a
two-channel configuration with a 1-m optical pathlength inside
a cell culture container. All the measurements were carried
out at atmospheric pressure, and hence it was not possible
to periodically acquire a baseline with an evacuated sample
container. In order to keep the baseline (which included weak
unwanted interference fringes from optical elements) stable
during multihour measurements, the slow drifts of the laser
frequency were actively compensated by computer-controlled
corrections to the STC. A constant CO production rate of 44
ppbv/h was observed, taking into account the 0.5-L volume

of the cell culture container. This corresponds to a net CO
production rate of 0.9 nmol/10cells/h, which is in agreement
with previous measurements obtained with similar cells and
treatment regimes [30].

Multimode pulsed Fabry–Pérot QC lasers can be used in ana-
lytical applications that do not require or would not benefit from
high spectral resolution. One example is a spectroscopic anal-
ysis of liquids, where the spectral lines are broad. Such an appli-
cation was demonstrated in [31] to quantify phosphate in Diet
Coke samples. A fiber-coupled injection cell with a pathlength
of 100 m in the aqueous sample was used. The results were in
good agreement with the values found by ion chromatography.

III. SENSORSUSING A HIGH-FINESSEOPTICAL CAVITY

Sensitive laser absorption spectroscopy often requires a long
effective pathlength of the probing laser beam in media being
analyzed. Traditionally, this requirement is satisfied using an
optical multipass cell. Such an approach has a number of short-
comings, especially for compact gas sensors. Multipass cells
tend to be bulky. For example, a commercial 100-m pathlength
cell (New Focus Model 5612, now offered by Aerodyne, Inc.)
has a volume of 3.5 L. Such gas absorption cells also require
costly large-aperture mirrors sometimes with aspheric surfaces.
Light scattering or beam clipping on input apertures create in-
terference fringes that limit sensitivity. An alternative way to
obtain a long optical path is to make the light bounce along
the same path between two parallel ultralow-loss dielectric mir-
rors. In this case, the effective optical pathlengthis given by
the expression , where is the mirror spacing
and is the reflection coefficient of each mirror. An effec-
tive optical pathlength of several kilometers can be obtained
in a very small volume , where is the laser beam
cross-sectional area. The light leaking out of such an optical
cavity can be used to characterize the absorption of the intra-
cavity medium. Presently a variety of techniques exists to per-
form high-sensitivity absorption spectroscopy in a high-finesse
optical cavity (see, for example, [10]). One of the most advanced
is the so-called “Noise-Immune Cavity-Enhanced Optical Het-
erodyne Spectroscopy” (NICE-OHMS) technique [32]. It has
the potential to provide shot-noise-limited sensitivity with an
effective pathlength determined by the cavity ringdown time.
The first implementations of this technique in combination with
a QC-DFB laser is reported in [33]. However, this approach
is technically sophisticated and probably not suitable for most
practical chemical-sensing applications. We shall consider two
other, simpler methods in more details.

A. Cavity Ringdown Spectroscopy With QC-DFB Lasers

Cavity ringdown spectroscopy (CRDS) was first introduced
in [9]. This work was carried out with a high-power pulsed laser.
A short light pulse injected into a high-finesse optical cavity
produces a sequence of pulses leaking out through one of the
mirrors (cavity ringdown) due to consecutive reflections. The
intensity of pulses in such a pulse train decays exponentially
with a time constant

(1)
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Fig. 6. Two situations of laser radiation filtering by the optical cavity (ideal-
ized one-dimensional consideration). (a) The laser linewidth is much broader
than the cavity mode spacing. In this case, the cavity throughput does not
depend on the laser linewidth but is solely defined by the cavity finesse. (b) The
laser linewidth is less than the cavity mode spacing. The cavity throughput is
determined by the ratio of the cavity mode width to the laser linewidth.

where is the absorption coefficient of the intracavity medium
and is the mirror reflectivity. This technique is simple and
immune to laser power fluctuations. Unfortunately, it cannot be
directly utilized with pulsed QC lasers. The energy of the first
pulse in the ringdown sequence is times less then the
exciting laser pulse. The mirrors for CRDS experiments typi-
cally have a reflecivity . This makes the measure-
ments with 1-nJ IR pulses (available energy mW
10 ns) practically impossible.

The approach described in [9] corresponds to the frequency-
domain picture shown in Fig. 6(a). The laser line represented by
the dashed curve is much broader than the cavity mode spacing

. The cavity throughput can be made much higher
if the laser linewidth . This condition can be satis-
fied if a narrow-line cw laser is used. When the laser frequency
coincides with one of the cavity modes as shown in Fig. 6(b),
the cavity throughput is approximately , where

is the spectral width of the cavity mode. After the cavity is
filled with radiation, the laser emission can be interrupted and
the ringdown decay measured in the same manner as is done
with a pulsed laser. This CW modification of CRDS was intro-
duced in [34].

The first work on CRDS measurements with a QC-DFB laser
was published in 2000 [35]. The authors used a CW laser gen-
erating 16 mW at m. The measured ringdown time
of the empty three-mirror cavity was 0.93s. An acoustooptic
modulator was used to interrupt the cavity injection for ring-
down time measurements. The system was tested on diluted am-
monia mixtures, and a noise-equivalent sensitivity of 0.25 ppbv
achieved. An estimated 1.010 cm detectable absorbance
limit was reported.

In [14], a spectroscopic gas sensor for NO detection based on
a cavity ringdown technique is described. NO is the major oxide
of nitrogen formed during high-temperature combustion as well
as an important nitrogen-containing species in the atmosphere
(NO is a precursor of smog and acid rain). NO is also involved
in a number of vital physiological processes, and its detection
in human breath has potential applications (e.g., as a marker for
diseases like asthma or inflammatory processes) in noninvasive
medical diagnostics. A CW QC-DFB laser operating at 5.2m
was used as a tunable single-frequency light source. The tech-

nique used in [14] was similar to the scheme first reported by
Romaniniet al. [34] and later applied in [35] for CRDS with a
CW QC-DFB laser. It consists of the following features.

1) The laser frequency is slowly scanned across the absorp-
tion line of interest.

2) One of the cavity mirrors is dithered back and forth to en-
sure periodic, random coincidences of the laser frequency
with a cavity mode.

3) Once such a resonance occurs and the cavity is filled, the
laser beam entering the cavity is abruptly interrupted or
set off-resonance, and the decay rate of the exiting light
is measured.

From (1), the absorption coefficient can be determined as

(2)

where is the decay constant of the cavity when evacuated.
The sensor schematic is shown in Fig. 7. It depicts a simpler

design than the first CRDS experiment with a QC-DFB laser de-
scribed in [35]. In that work, a variable temperature cryostat for
laser frequency tuning was used with the inherent complexity
and additional cost of an acoustooptic modulator to interrupt
the QC laser beam. In our work [14], both frequency tuning and
the laser emission interruption were realized by manipulation
of the QC laser pump current. No active temperature control
was applied to the QC-DFB laser located in a liquid nitrogen
optical cryostat. The laser current was supplied by a low-noise
home-built current source and monitored using the 0.5-re-
sistor denoted by in Fig. 1. The laser frequency was tunable
from 1922.9 to 1920.8 cm when the pump current changed
from 300 (lasing threshold) to 660 mA. At higher current levels,
the laser emission was multimode. The tuning range permitted
NO detection by accessing absorption lines at 1921.599 and
1921.601 cm [R(13.5) components of the fundamental ab-
sorption band]. Absorption lines of water vapor and COwere
also observed. The -cm long, linear high-finesse optical
cavity was formed by two concave mirrors with a 6-m radius of
curvature. The measured ringdown time of the evacuated cavity
was s, corresponding to kHz. The laser
linewidth was estimated to be MHz.

When a certain level of the detector signal was reached
signaling that a TEM cavity mode is coupled to the laser, a
triggering circuit (TC) opened a metal–oxide semiconductor
field-effect transistor (MOSFET) to shunt the laser current,
thereby reducing it to a subthreshold value. At the same time,
the TC triggered an analog–digital converter, and the detector
signal showing the cavity ringdown was digitized for30 s
and stored in computer memory. The MOSFET was kept
open for 35 s, so that the laser radiation would not interfere
with measurements of the cavity decay constant. This trig-
gering-and-acquisition process was repeated and consecutive
ringdown transients were stacked in the A/D memory until a
desired number of transients was acquired. The results were
post-processed to fit each transient with an exponential decay
function yielding a ringdown time. An inverse ringdown time
plotted as a function of the laser current provides the absorption
spectrum. An example of the NO absorption in a mixture with



588 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 38, NO. 6, JUNE 2002

Fig. 7. Schematic of a CRDS-based gas sensor [14].r : current monitor resistor;r : current-limiting resistor. Two wedged ZnSe windows shown near the
reference cell were used to form an etalon for fine frequency calibration.

Fig. 8. CRDS spectrum of NO in N, unresolved lines at 1921.599 cm
and 1921.601 cm . The solid line shows a Voigt fit, which resulted in NO
concentration of 622 ppbv.

pure N is presented in Fig. 8. A noise-equivalent sensitivity
was estimated to be 0.7 ppbv for an 8-s data acquisition time. It
was not possible to use this sensor directly for measurements of
NO concentration in exhaled air (10 ppbv) because of a strong
CO interference, which can be avoided if the appropriate NO
absorption line is chosen (such as the R(7.5) components at
1903.123 and 1903.134 cm).

B. Cavity Enhanced Absorption Spectroscopy

A simpler (as compared to CRDS) way to exploit a high-
finesse optical cavity for increasing the sensitivity to absorp-
tion was suggested in [36] and [37] published in 1998. Essen-
tially the same technique was called “integrated cavity output
spectroscopy”(ICOS) in [36] and “cavity enhanced absorption”
(CEA) in [37]. This method consists of detecting the time-inte-
grated signal upon exiting the high-finesse optical cavity, aver-
aged over many cavity modes and corresponds to the schematic

in Fig. 6(a). The condition can be satisfied with either
a broad-band pulsed laser source or by dithering of one of the
cavity mirrors to generate random jittering of the cavity modes.
In [37], the authors also used the geometry involving many
transversal cavity modes in order to achieve a denser cavity
transmission spectrum. It can be shown that the output signal

in case of perfect spatial coupling is given by

(3)

where is the laser intensity. For weak absorption ,
this equation converts to

(4)

yielding the same effective pathlength of as
CRDS. Hence, the absorption measurements are performed in
essentially the same way as with a conventional multipass cell,
except that the ICOS signal does not decrease exponentially
with .

The described approach that we shall refer to as CES was
demonstrated with a CW QC-DFB laser in [38]. The laser oper-
ated at m with a maximum output power of 80 mW.
This particular CES sensor was designed for NO detection
in human breath samples. A direct performance comparison
was carried out between a sensor configuration where the
optical cavity was replaced with a 100-m pathlength multipass
cell. It was found that, regardless of the effective pathlength
of m, CES spectra resulted in a lower absorption
sensitivity because of baseline noise of1% (averaging 10QC
laser scans). These baseline fluctuations are intrinsic to CES
and result from the mode structure of the cavity transmission
spectrum. In a single laser scan the quasirandom intensity fluc-
tuations are 100% [Fig. 9(a)]. The averaging of scans with
cavity mirror dithering results in a decrease of the fluctuation
magnitude that is inversely proportional to [Fig. 9(b)].
This yields a minimum detectable 1% variation of 1% with
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Fig. 9. Transmitted intensity through the high-finess optical cavity filled with
50 torr of ambient air [38] for (a) a single scan and (b) 10averaged scans. A
linear current ramp for frequency scanning was applied to the QC-DFB laser.
Observed absorption lines were: (1): H2O at�1920.9 cm , (2): CO2 at 1920.1
cm , (3): H2O at 1919.7 cm and 1919.5 cm .

the longest practical averaging of 10scans. Therefore, in our
studies to date, we find that CES appears to be a less sensitive
technique than CRDS. However, experimentally CES is simpler,
can realize a higher dynamic range [38], and is certainly effective
in applications that require moderately sensitive, compact chem-
ical sensors based on QC-DFB lasers. Some improvement in a
CES baseline noise can be achieved with a recently developed
off-axis technique [39].

IV. PHOTOACOUSTICTRACE GAS DETECTION

Photoacoustic spectroscopy (PAS), based on the photo-
acoustic effect, in which acoustic waves result from the
absorption of laser radiation by a selected target compound in a
specially designed cell is another effective method for sensitive
trace gas detection. In contrast to other mid-IR absorption
techniques, PAS is an indirect technique in which the effect
on the absorbing medium and not the direct light absorption
is detected. Light absorption results in a transient temperature
effect, which then translates into kinetic energy or pressure
variations in the absorbing medium via nonradiative relaxation
processes, which can be detected with a sensitive microphone.
There are two modes of operation for PAS; either the exciting
light can be modulated at a frequency away from any cell
resonance or adjusted to coincide with an acoustic resonant
frequency. The in-resonance mode is usually employed with
the low-power pump lasers. PAS is ideally a background-free
technique, since the signal is generated by the absorbing gas. In
real PAS experiments, background signals can originate from
nonselective absorption of the gas cell windows (coherent noise)
and an outside acoustic (incoherent) noise. PAS signals are
proportional to the pump laser intensity and therefore PAS has
mostly used high-power laser sources. However, a sensitivity of
8 ppmv was demonstrated with only 2 mW of modulated diode
laser power in the CHovertone region [40]. An implementation
of a QC-DFB laser in the fundamental absorption region has a
potential of considerably improved sensitivity.

Ammonia and water vapor photoacoustic spectra were ob-
tained using a CW cryogenically cooled QC-DFB laser with a
16-mW power output at 8.5m as reported in [41]. A PAS cell
resonant at 1.66 kHz was used. The QC-DFB was frequency
scanned using temperature tuning, and for real-time concentra-
tion measurements the laser temperature was fixed to measure

absorption at a certain wavelength. Measured concentrations
ranged from 2200 ppmv to 100 ppbv. The laser beam was
modulated by use of a mechanical chopper with a 50% duty
cycle. The microphone PAS signal was processed by a lock-in
amplifier and normalized with the intensity measured by a
HgCdTe detector . The mode stability was monitored by a ZnSe
Fabry–Pérot etalon (5-cm-long, 3-GHz free spectral range). A
detection limit of 100 ppbV ammonia (10 noise-equivalent
absorbance) at standard temperature and pressure was obtained
for a 1-Hz bandwidth and a measurement interval of 10 min.
Hence, the sensitivity obtained is comparable with that achieved
by the direct absorption techniques described in Sections II–IV,
but the required scan times are longer for PAS.

Recently, Hofstetteret al. [42], [43] reported PAS mea-
surements of ammonia, methanol, and carbon dioxide using
a pulsed QC-DFB laser operated at 3%–4% duty cycle with
25-ns-long current pulses (2-mW average power) and operation
close to room temperature with Peltier cooling. Temperature
tuning resulted in a wavelength range of 3 cmat a linewidth
of 0.2 cm .This sensor used a 42-cm-long PAS cell with a
radial 16-microphone array for increased detection sensitivity.
In addition, the cell was placed between two concave reflectors
resulting in 36 passes through the cell (with an effective
pathlength of 15 m). The laser beam was mechanically chopped
at a resonant cell frequency of 1.25 kHz, which resulted in
PAS signal enhancement by a factor of 70. A pyroelectric
detector recorded the QC laser power to normalize the PAS
signal. Detection of ammonia concentrations at the 300 ppbv
level with a SNR of 3 was achieved at a pressure of 400 mbar.

V. NONLINEAR SPECTROSCOPYWITH QC-DFB LASERS

High power and the potentially narrow spectral linewidth
of QC lasers open up the possibility to use these devices in
nonlinear laser spectroscopy. The first experimental demonstra-
tion of nonlinear light–matter interaction involving a QC-DFB
laser2 as a light source was reported in [44]. In this paper it
was demonstrated that a free-running QC-DFB laser operated
in a rapid scan mode has sufficient beam quality, power, and
linewidth to produce sub-Doppler saturation features in a
simple Lamb-dip geometry. A 30-mW laser beam was focused
into the cell using a 150-mm focal length lens, and a Lamb dip
was observed in absorption spectra of20 mtorr NO gas. The
observed Lamb dip width was limited by the laser linewidth to
4.3 MHz, which is a factor of 30 below the Doppler limit.

There is an even greater potential to exploit nonlinear laser
spectroscopic methods if the QC laser is locked to a high-fi-
nesse optical cavity. The intensity of the resonant laser field is
increased in an empty cavity formed by two lossless dielectric
mirrors times, where is the reflection coefficient of
each mirror. We can assume laser and mirror parameters from
[14], namely that the laser power mW,
MHz, , and suppose a mirror spacing
cm. The cavity mode width
kHz, and the resonant fraction of the laser radiation is

(this fraction can be increased with smaller

2Another example of the nonlinear interaction is passive modelocking of QC
lasers [4], but this effect occurs inside the laser medium and is beyond the scope
of this review.
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mirror separation; perfect spatial coupling is assumed). With
these assumptions, the intracavity power can be estimated to be

W. This power can be focused in-
side the cavity by the proper choice of the cavity geometry and
provide an adequate power density level for various nonlinear
optical effects. An observation of a cavity-enhanced Lamb-dip
measurement using a QC laser was demonstrated in [33].

VI. CONCLUSION

Compact, sensitive, and selective gas sensors based on
mid-infrared CW and pulsed QC-DFB lasers have been demon-
strated to be potentially capable of numerous applications
since 1998. These include such diverse fields as environmental
monitoring (atmospheric chemistry, CO, CO, CH , and H CO
are important in global warming and ozone depletion studies,
volcanic plume emissions), industrial emission measurements
(e.g., fence line perimeter monitoring in the petrochemical
industry, combustion sites, waste incinerators, down gas well
monitoring, gas-pipe and compressor station safety), urban
(e.g., automobile traffic, power generation,) and rural emis-
sions (e.g., horticultural greenhouses, fruit storage, and rice
agro-ecosystems), chemical analysis and control for manufac-
turing processes (e.g., semiconductor, pharmaceutical, food),
detection of medically important molecules (e.g., NO, CO,
CO , NH , C H and CS), toxic gases, drugs, and explosives
relevant to law enforcement and public safety, and spacecraft
habitat air-quality and planetary atmospheric science (e.g.,
such planetary gases as HO, CH , CO, CO and C H ).

To date, QC laser-based chemical sensors primarily use
InGaAs/InAlAs type-I QC-DFB devices. There are two lim-
itations inherent to this kind of lasers for chemical sensing.
First, they cannot access the spectral region of C-H and O-H
stretch vibrations near 3000 cm. This shortcoming can
be overcome by developing QC lasers based on alternative
materials and structures. For example, the 3000-cmregion
is accessible by type-II lasers [6], [7], but no single-frequency
devices of this kind are available. Another issue is the limited
tunability of each QC-DFB laser, which restricts the feasi-
bility of multi-component chemical sensing. This requirement
can be addressed by separating the gain medium from the
wavelength-selective element. In [45], a QC laser tunability
of 35 cm at a fixed temperature was demonstrated in an
external cavity configuration with a diffraction grating. This is
about a ten times wider range than that the typically achieved
for QC-DFB lasers by means of current tuning. Recently an
ultrabroad-band laser medium based on a number of combined
dissimilar intersubband optical transitions was reported [46].
This medium provided an optical gain from 5 to 8m, which
corresponds to a 750-cm bandwidth.

Progress to date in terms of performance optimization of var-
ious CW and pulsed single-frequency QC-DFB laser sources,
different sensitivity enhancement schemes, and minimum de-
tectable absorbances (10to 10 ) limited by laser, optical,
and detector noise sources by several research groups, including
the one of the authors have been described. On-line, autonomous
concentration measurements of20 gaseous compounds and
several isotopomers in ambient air have been realized in the first
three years of QC laser-based chemical sensors.
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