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ABSTRACT We present three different detection schemes for
measuring carbon monoxide (CO) in direct absorption using
a thermoelectrically cooled, distributed-feedback pulsed quan-
tum cascade (qc) laser operating between 2176 and 2183 cm−1.
The laser emission has overlap with the strong R(8)1 ro-
vibrational transition in CO at 2176.2835 cm−1. Firstly, by uti-
lizing the frequency chirp of the qc-laser with long laser pulses,
a minimal detectable absorption of 1.2×10−5 cm−1 is achieved
at an acquisition rate of 3 Hz. Additionally, with short laser
pulses and slow frequency scanning a minimal detectable ab-
sorption 8.2×10−7 cm−1 is reported, with an acquisition time
of 60 s. Finally, a novel amplitude modulation technique is de-
veloped to facilitate real-time measurement of CO in exhaled
air. The application of this detector to detection of CO in a single
breath as a potential non-invasive diagnostic tool is shown.

PACS 07.07.Df; 42.62.Be

1 Introduction

Tunable infrared laser-based absorption spec-
troscopy has proved to be a sensitive, specific and fast tech-
nique for application to environmental monitoring, medical
diagnostics and process control, etc. [1, 2]. Among the var-
ious laser sources used in such applications: lead-salt diode
lasers, distributed feedback (DFB) diode lasers and VCSELs
(vertical cavity surface emitting lasers), there is an increased
interest for pulsed and continuous wave (cw) quantum cas-
cade (qc) lasers. Both pulsed and since recently cw lasers can
operate at room temperature [3, 4] and single mode [5].

Various methods of trace gas sensing have been applied
to qc-lasers including frequency modulation detection [6],
direct absorption spectroscopy using long-path multipass
cells [7], photoacoustic detection [8], cavity ring-down spec-
troscopy [9], cavity-enhanced absorption spectroscopy [7],
off-axis integrated cavity output spectroscopy [10], and re-
cently quartz-enhanced photoacoustic detection [11].

QC-laser-based trace gas detection can make an important
contribution in life sciences, in particular medical diagnos-
tics. Non-invasive, selective and fast monitoring of various
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trace gas components from exhaled air at pppv levels (part per
billion volume), such as NO, CO, NH3, OCS and H2CO, is
a challenge not only to modern medicine, but also to laser-
based spectroscopy.

The application to breath monitoring of qc-lasers [12] and
other infrared laser sources [13, 14] has been successfully
demonstrated previously. Furthermore, detection of ambient
CO has been demonstrated using qc-lasers [15, 16].

In this paper we report on the development of a quantum
cascade laser absorption spectroscopy based carbon monox-
ide (CO) detector utilizing a thermoelectrically cooled, DFB
pulsed qc-laser at a wavelength of 4.6 µm. Different configu-
rations using direct absorption spectroscopy are compared in
order to improve the detection sensitivity and selectivity on
a second time scale.

CO is known as an industrial hazard and pollutant re-
sulting from the incomplete burning of natural gas and other
carbon containing fuels. One of the most common sources of
exposure in the workplace is the internal combustion engine.
Excessive exposure to CO results in human tissue being de-
prived of oxygen, underlining the importance of sensitive and
continuous monitoring of ambient CO, both atmospheric and
in the workplace.

From a medical perspective, CO is produced endoge-
nously in humans and exhaled via the lungs [17]. Next to nitric
oxide (NO), CO appears to be an important cellular signaling
molecule [18] and a promising non-invasive tool for lung in-
flammation assessment [17]. Elevated CO concentrations in
breath have been reported in asthma [19] and diabetes [20]
and in hemolytic diseases the diagnostic potential of CO is
widely accepted [21]. Therefore, detection of expired CO may
be a useful tool for non-invasive medical diagnostics.

The presently used techniques for measuring CO in
breath, including electrochemistry [22] and gas chromatog-
raphy [23], are not well suited for on-line detection, as is
desirable in medical diagnostics. Most CO measurements
from exhaled breath of patients are performed with handheld
electrochemical units. These devices are primarily designed
for high (ca. 5 ppmv) concentrations in breath, while typi-
cal values for healthy volunteers are about 1–3 ppmv or even
lower. Gas chromatography is more sensitive but requires
a pre-concentration step. The latter is time-consuming and
may cause artifacts, due to pollution of the sample, adsorption
and diffusion effects, making breath samples un-interpretable.
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Here, we will show the potential of the qc-laser-based detector
for on-line CO monitoring from a single breath.

2 Experimental schemes

The qc-laser system used in the present work
consists of a laser housing with Peltier cooler and driver
electronics (Alpes Lasers), and a temperature controller
(Newport 3150). A short focus ZnSe collimating lens of
1-inch diameter and two steering mirrors were used to dir-
ect the beam to a multipass cell (Foxboro Analytical) with
a path-length of 20 meters and a volume of 6 liters. After
the absorption cell the laser beam was focused by a 1-inch
diameter CaF2 lens on a fast liquid N2-cooled detector

FIGURE 1 Schematic representation of the experimental
setup. (a) direct absorption with long laser pulses. The 5 ns gate
is scanned over the 100 ns qc-laser pulses with a 3 Hz sawtooth
waveform from a function generator. (b) direct absorption using
short pulses. The reference and the signal laser beam are focused
on a single detector. The gate of gated integrator 1 samples the
reference laser pulse. Gated integrator 2 is delayed by 67 ns, so
that it samples the signal laser pulse. (c) Direct absorption with
amplitude modulation. The two choppers modulate the intensity
of the reference and the signal beam at different frequencies. The
output of a single gated integrator is connected to both lock-in
amplifiers where the intensities of the reference and the signal
beam are extracted separately

(KV-104, Kolmar Technologies) connected to a home-made
preamplifier.

2.1 Direct absorption with long laser pulses

For the detection of CO we used direct absorption
spectroscopy with long (100 ns) laser pulses. When a long
current pulse is applied to the qc-laser a frequency chirp of
the laser frequency is induced [24]. The frequency range of
this chirp is linearly correlated with the duration of the current
pulse. Over 100 ns a frequency scan of ∼ 20 GHz is possible.
Combined with a fast infrared detector this allows detection
of an absorption feature (the absorption line of CO is 4 Ghz
wide at 1 atm), as shown in Fig. 2. At pulse lengths of 100 ns
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FIGURE 2 Typical example of a long pulse used as a fre-
quency scan. During the pulse the laser frequency changes
which allows observation of an absorption feature. The
average of the intensity over 512 laser pulses is displayed
for pure nitrogen (solid line), and for a mixture of 10 ppm
CO in nitrogen (dashed line). The bottom curve shows the
CO absorption obtained by subtracting the two laser pulses

we operated the laser at a repetition frequency of 10 kHz. The
detector signal was sent via the preamplifier to a gated inte-
grator (Stanford Research Systems, SRS250), see Fig. 1a, to
enable interleaved sampling of the laser pulses. Interleaved
sampling used an integration time window (gate) of the inte-
grator much narrower than the qc-laser pulse (5 ns vs. 100 ns).
The 5 ns gate was then scanned over the 100 ns qc-laser pulses
with a 3 Hz sawtooth waveform from a function generator
(Wavetek 185). In this way each qc-laser pulse was sampled at
a different time and frequency and a complete frequency scan
was obtained 3 times per second.

To measure CO the temperature of the heat sink of the
qc-laser was adjusted such that the laser frequency had over-
lap with the strong R(8)1 ro-vibrational transition in CO at
2176.2835 cm−1 [25]. A frequency scan of 10 ppmv of CO in
nitrogen at 100 mbar was analyzed with at Voigt fit on a lin-
ear baseline. The error in the area of the fit (2.4%) translated
to a minimal detectable absorption of 1.2 ×10−5 cm−1. The
error is mainly limited by uncertainty in the baseline under
the absorption line caused by an irregular shape of the qc-
laser pulse. To provide long laser pulses the required voltage
applied to the laser was near the maximum recommended
value, which caused the appearance of additional laser modes.
This multi-mode laser emission and oscillations in the detec-
tor electronics caused the irregular shape of the qc-laser pulse,
making a reliable baseline difficult to obtain.

2.2 Direct absorption with short laser pulses

To minimize the multi-mode nature of the qc-laser
emission and decrease the laser linewidth, the laser voltage
was lowered to just above threshold and the pulse length
was reduced to 20 ns. In addition, the laser beam was di-
vided into a signal and a reference beam with a wedged ZnSe
beam splitter to prevent interference as shown in Fig. 1b. The
reference beam provided a zero-absorption reference spec-
trum of the laser power, and the signal beam measured the
laser power absorption inside the multipass cell. Both the sig-
nal and the reference beam travel through ambient air. The

pathlength difference in ambient air is approximately 20 cm.
Absorption over this distance at atmospheric pressure at rela-
tively high ambient CO concentrations (1–1.5 ppm) [26], is
smaller than our minimal detectable absorption. Furthermore,
the broad shape of the CO absorption line at atmospheric pres-
sure leads to little influence during fitting of the relatively
narrow CO absorption inside the multipass cell. Therefore,
this small pathlength difference was not considered in further
analysis.

Due to a difference in the optical path length of about
20 m, the signal pulse arrived on the detector with a delay of
67 ns compared to the reference pulse. Both pulses were de-
tected on the detector and their intensities were measured by
two gated integrators (delayed to each other by 67 ns). The
maximum trigger rate of these gated integrators was 20 kHz,
limiting the maximum pulse repetition rate of the laser. The
average output of the gated integrators was sent to a 12 bits
DAQ-card (National Instruments) for data storage. A fre-
quency scan over the CO-absorption peak was obtained every
60 s by applying a triangle waveform from the function gener-
ator to the temperature controller, thereby changing the tem-
perature of the laser heat sink.

A typical example is shown in Fig. 3. As expected, the
presence of additional laser modes is greatly reduced in short-
pulse mode and by operating the qc-laser just above threshold.
Short-pulse direct absorption results in a minimal detectable
absorption of 8.2 ×10−7 cm−1, corresponding to an estimated
detection limit of 20 ppbv at 50 mbar. This estimate is exper-
imentally tested in the measurement shown in Fig. 4, where
a noise equivalent detection limit of 40 ppbv is observed. The
discrepancy between the estimated and the experimentally ob-
served detection limit can be explained by scan-to-scan fluctu-
ations in the baseline, and the influence of temperature drifts
of the laser over longer time periods.

Using the direct absorption technique with short pulses
and slow frequency scanning, we achieved a suitable detec-
tion limit for breath analysis. In addition to a high sensitiv-
ity, also a suitable time resolution is needed to measure the
CO concentration in a single breath. Due to the slow ther-
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FIGURE 3 Typical example of a frequency scan with
short pulses. A frequency scan of 500 ppbv CO in nitrogen
at 200 mbar is shown (circles), along with the best Voigt fit
(line) on a parabolic baseline, and the residual (squares).
The error in the area of the Voigt fit (1.3%) translates to
a minimal detectable absorption of 8.2×10−7 cm−1

mal response of the laser heat sink, which determines the
scan speed of the laser, it is not possible to combine slow
frequency scanning with time resolved measurement of a sin-
gle breath. Therefore, the experimental setup was adapted as
shown in Fig. 1c.

The problem of low time resolution is specific to this type
of laser. Normally pulsed qc-lasers can be scanned and mod-
ulated very fast using the bias-tee circuitry. With this qc-laser
however, it was necessary to keep the laser frequency stabi-
lized at the center of the absorption peak at 2176.2835 cm−1 in
order to achieve a suitable time resolution for our experimen-
tal setup.

In order to verify that the laser is at the center of the ab-
sorption peak a small calibration cell filled with pure CO (at
10 mbar) was inserted into the reference beam. This allows
correction of the laser heat sink temperature when the laser
frequency drifts. Without the need for frequency scanning of

FIGURE 4 Measurement of different CO concentrations
in nitrogen. A detection limit of 40 ppbv at 50 mbar was
obtained experimentally

the laser, the time resolution of the detector is now suitable for
real-time measurement of a single breath.

With the insertion of the calibration cell for frequency ref-
erence, it became clear that the detection of the signal and
reference laser beam was not completely without mutual in-
terference on the detector. Although both pulses were opti-
cally separated, the voltage output of the preamplifier showed
an overshoot from the reference laser pulse which overlapped
in time with the detection of the signal laser pulse. This over-
lap caused a fraction of the absorption in the reference beam
to be visible in the frequency dependence of the signal beam
intensity. As well as introducing additional noise, this cross-
interference increased drift in the signal beam intensity, due
to the strong frequency dependence of the laser light transmis-
sion through the calibration cell.

To solve the problem of mutual interference between the
signal and the reference beam, we applied amplitude mod-
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ulation on the intensity of both beams. As can be seen in
Fig. 1c, two independent choppers with different modulation
frequencies were inserted in the beams, respectively 560 Hz
and 1200 Hz. By using additional amplitude modulation both
signals could be isolated in the frequency domain via lock-
in detection. The delay and width of the integration gate of
a single gated integrator were set such that it contained both
pulses, thus measuring the sum of the signal and the reference
laser pulse intensities. The output of the gated integrator is
now a combination of two sinusoidal signals, with frequencies
determined by the rotation frequencies of the two choppers, as
shown in Fig. 5. The output of the gated integrator was con-
nected to two lock-in amplifiers (EG&G 5110), which were
provided with a reference frequency from the corresponding
chopper controller.

To examine the effect of adding amplitude modulation
to the setup, we performed a series of absorption measure-
ments using slow frequency scanning. A frequency scan was
obtained every 60 s by slowly scanning the heat sink tem-
perature using a temperature controller (Newport 3150). To
minimize the multi-mode behaviour of this laser we op-
erated it just above threshold. As expected, no significant
improvement in detection limit was observed by adding
amplitude modulation to the setup. Using slow frequency
scanning, we observed a minimal detectable absorption of
7.2 ×10−7 cm−1, corresponding to an estimated detection
limit of 14 ppbv at 200 mbar. This estimate was tested in
a dilution experiment, where a noise equivalent detection

FIGURE 5 Frequency spectrum of the boxcar output. The
reference beam is modulated at 560 Hz, while the signal
beam is detected at 1270 Hz. The modulation frequencies
can be chosen freely, taking care that second harmonics,
such as the one at 1120 Hz, do not influence the measure-
ment

FIGURE 6 Schematic representation of the gas system used for real-time measurements of CO in exhaled air. The volunteer exhaled into the mouthpiece,
where the respiratory flow was recorded using a digital volume sensor (DVS). Subsequently a portion of the breath was sampled by a mass-flow controller
(MFC) (Brooks Instruments) set to 6 l/min. The remaining exhaled air was vented to the ambient air. During inhalation ambient air purges the multipass cell
at 6 l/min. The pressure is regulated at 50 mbar by a pressure controller (PC) in combination with a large capacity pump

limit of 27 ppbv at 200 mbar was observed. More impor-
tantly, the frequency scans showed that the reference and
signal beam can now be detected on a single detector without
cross-interference.

2.3 Real-time monitoring of CO in breath

To demonstrate the potential for breath monitor-
ing a real-time measurement of CO in exhaled human air was
performed. The breath measurements were performed with-
out frequency scanning in which case the minimal detectable
absorption is 7.2 ×10−6 cm−1, corresponding to a detection
limit of 175 ppbv at 50 mbar. The integration time of the lock-
in amplifier was set to 0.2 s. A schematic representation of the
gas system used for the single breath measurements is shown
in Fig. 6.

Samples of inspired an expired air for CO monitoring were
continuously drawn into the multipass cell at a high flow rate
(6 l/min at atmospheric pressure). The respiratory flow was
monitored using a digital volume sensor (Triple V, Jaeger).
The volume of the multipass cell was 6 liters, the pressure
inside 50 mbar, resulting in a ventilation rate of 3 s. These
conditions made it possible to perform real-time measurement
of a single exhalation. Figure 7 shows the exhaled CO from
a volunteer when breathing normally for several minutes fol-
lowed by a period of breath-holding.

We showed that a multimode, pulsed qc-laser can still be
used effectively in trace gas detection without fast frequency
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FIGURE 7 Fast breath measurement using the amplitude
modulated scheme without frequency scanning. The up-
per panel shows the respiratory flow at the digital volume
sensor. When negative flowrates are indicated by the DVS
the subject is inhaling. During inhalation ambient air is
pumped through the multipass cell, giving rise to a non-zero
background concentration. During exhalation, indicated by
a positive flowrate, the subjects breath fills the multipass
cell. The lower panel shows the CO concentration in the ab-
sorption cell. A period of normal breathing is followed by
a period of breath-holding

scanning or modulation. We have demonstrated that the rela-
tively straightforward technique of direct absorption can be
considered for detecting CO at ppbv levels. Utilizing a direct
absorption scheme with short pulses, we achieved a minimal
detectable absorption of 8.2 ×10−7 cm−1, which is suitable
for measurement of CO in breath. We were able to achieve
the time resolution necessary for single breath measurement
by stabilizing the qc-laser on the center of the CO absorption
feature. Sensitivity and time resolution of this setup can be im-
proved by using multipass cells with longer pathlengths and
smaller volumes.

We have developed a novel use of the amplitude modu-
lation technique that separates the signal from the reference
beam in the frequency domain and can be applied to various
other experimental schemes where separation in time of the
two beams is not possible.
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