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We demonstrate the application of a commercially available widely tunable continuous-wave external
cavity quantum cascade laser as a spectroscopic source for the simultaneous detection of multiple gases.
We measured broad absorption features of benzene and toluene between 1012 and 1063 cm−1 (9.88 and
9:41 μm) at atmospheric pressure using an astigmatic Herriott multipass cell. Our results show experi-
mental detection limits of 0.26 and 0:41ppm for benzene and toluene, respectively, with a 100m path
length for these two gases. © 2010 Optical Society of America
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1. Introduction

The advent of quantum cascade lasers (QCLs) in
1994 [1] opened a new era in spectroscopic measure-
ment and remote sensing of atmospheric gases.
Despite their young history, QCLs have successfully
been applied in various gas-sensing applications,
partly because of the wide range of available emis-
sion frequencies [2,3]. QCLs are especially useful
for detecting atmospheric pollutants and trace gases
[4]. For example, transmission spectroscopy using
QCLs has been used for atmospheric monitoring [5],
cigarette smoke analysis [6], NO detection [7], NO2
detection [8], vehicle emission analysis [9,10], and
breath analysis [11].
The majority of gas-sensing applications require

narrow laser linewidth and broadly tunable emis-
sion. There has been significant progress since the
first demonstration of an external cavity QCL
(EC-QCL), showing that grating-tuned external cav-

ity configurations meet all of these requirements
[12,13]. A variety of grating-tuned midinfrared
EC-QCL systems have been reported with tunability
of the order of approximately 100 cm−1 ([13–16] and
references therein) and even ultrabroadband, tun-
able over 750 cm−1 [17].

Recent advances in QCL technology have extended
the temperature range of these systems to achieve
continuous-wave (cw) operation at room tempera-
ture. QCL operation in cw mode was first demon-
strated at 80K in 1995 with a laser producing an
output power of 2mW [18]. Room temperature cw
QCL operation was achieved in 2002 by introducing
a buried heterostructure, providing improved heat
dissipation [19]. This laser was able to produce
powers of up to 17mW at a temperature of 292K.
Progress in the field has led to cryogenic-free cw
EC-QCL operation with broad, mode-hop-free
tunability and high output power ([20–22] and refer-
ences therein). There is great interest in develop-
ing gas sensors based on cw EC-QCLs to detect mul-
tiple atmospheric trace gases, which exhibit broad
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absorption features within a reasonable spectral
range, simultaneously.
Results from various air quality monitoring cam-

paigns in urban areas emphasize the presence of
trace gases in the atmosphere, including benzene
and toluene [23]. Benzene and toluene have been
shown to affect human and environmental health
through their toxic properties [24] and through their
role in photochemical smog and tropospheric ozone
formation [25]. Hence, there is considerable interest
in developing analytical tools to quantitatively moni-
tor such contaminants at trace concentration levels.
Devices that can measure these compounds in situ,
over an open path, and in real time are especially
useful, considering that standard methods typically
use off-line analyses (e.g., gas chromatography [23]).
Jeffers et al. [26] described a number of previous stu-
dies demonstrating the ability to measure benzene
gas with laser spectroscopy using various absorption
regions, detection schemes, and experimental condi-
tions. Some of the methods used in these previous
studies are not ideally suited to measuring multiple
gas species at atmospheric pressure, and are limited
by narrow laser tuning ranges. Here we describe the
suitability of a low-cost, commercially available cw
EC-QCL system for simultaneous detection of ben-
zene and toluene.

2. Experiment

The experimental setup (Fig. 1) consists of three
main parts: the laser system, the multipass cell,
and the detection and data acquisition systems.
A midinfrared room temperature laser source cw

EC-QCL (Daylight Solutions, TLS-CW-MHF) was
used in this study. The laser is broadly tunable from
1012 to 1063 cm−1 with �0:5 cm−1 absolute accuracy.
This frequency range is in a window that has mini-
mal interference from atmospheric water and CO2
absorption. The system integrates thermoelectric
cooling technology (TEC) for laser temperature con-
trol with a water recirculator. The laser chip operates
at a temperature of 15 °C and provides a maximum
output power of approximately 20mW.
The laser can be scanned over the entire tuning

range using a grating inside the laser head. Scan time

over the entire tuning range of the laser is 1–26 s with
six different preset tuning rates. Fine tuning or coarse
modulation of up to 1 cm−1 at 100Hz can be achieved
using a piezoelectric transducer (PZT) installed in the
drive train to mechanically modulate the grating, as
specified by the lasermanufacturer.Higher frequency
modulation, of up to 0:01 cm−1 at 2MHz, can be
achieved using an internal bias tee. Both modulation
methods can be used simultaneously. As a result of a
manufacturing problem with the antireflective coat-
ing on the laser chip, the mode-hop-free region did
not span the entire tuning range of the laser. The
mode-hop region is largely localized in the longer
wavenumber region, as illustrated in Fig. 2. Grating
calibration was verified with measured spectra of
100% CO2. Uncertainty in output frequency and rep-
eatability were found to be approximately 0:028 cm−1

and 0:012 cm−1, respectively, likely due to grating
angle jitter between scans.

A sample of a known concentration of toluene in
nitrogen was supplied to the multipass cell from a
precision gas standards generator (KIN-TEK, 491M).
A sample of 5ppm benzene in nitrogen was supplied
to the multipass cell from a standard gas mixture
(Praxair). Further dilution and mixing of standard
gases was carried out using mass flow meters to ob-
tain different concentration levels of benzene and/or
toluene in the multipass cell.

Both the astigmatic Herriott multipass cell and
the detection scheme have been described elsewhere
[27]. Briefly, two astigmatic protected gold mirrors
(Aerodyne Research) were aligned to reflect the beam
192 times through the multipass cell, corresponding
to a path length of approximately 100m. The signal
was detected using a two-stage TEC infrared detec-
tor (Boston Electronics Corp., PDI-2TE-10.6).

The voltage/signal output from the detector was di-
gitized by a 16 bit, 250kS=s data acquisition board
(National Instruments, NI PCI-6061) and passed
into a personal computer, where it was analyzed with
LabVIEW software. The software incorporated QCL
control, absorption spectrum acquisition, and data
filtering and averaging.

Sample spectra were recorded with a gas mixture
and then subtracted from the corresponding back-

Fig. 1. Experimental layout: cw EC-QCL, infrared laser; LD, laser driver; MC, multipass cell; L1 and L2, lenses; M, mirror; BS, beam
splitter; D, detector; AF, analog low-pass filter; SP, signal processing.
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ground spectrum to obtain real-time absorption spec-
tra. Typically, a set of about 25 spectrawere averaged,
with a total integration time of approximately 30 s at
a scan rate of 0:375 cm−1=s. All spectra were recorded
at atmospheric pressure and room temperature.

3. Results

Individual spectra were obtained for benzene and to-
luene at various path-integrated concentration levels
between0.5 and5ppm, as shown inFig. 3. Theoretical
spectra for benzene and toluene [28] are also shown in
Fig. 3. The observed spectra are in good agreement
with the theoretical spectra for both benzene and to-
luene.Previous studieshavealsousedmidinfrared la-
ser absorption spectroscopy to measure benzene and
toluene [29–31].However, direct comparison of our re-
sults to these studies is not possible because ourmea-
surements used integrated peak intensity rather
than line strength. Although these previous studies
provide useful information, theywere limited to high-
er gas concentrations and required systems operating
below atmospheric pressure. Furthermore, these
previous studies were restricted by narrow laser
wavelength ranges, eliminating the possibility of de-
tecting multiple gases with a single laser.
A major advantage of using the cw EC-QCL is the

ability to detectmultiple gas species over awide range
of absorption frequencies with a single laser. This re-
sult is illustrated in Fig. 4, where we show data from
tests using samples that contained amixture of equal
amounts of benzene and toluene in nitrogen. Again,
the data in Fig. 4 show good agreement with a theo-
retical spectrum [28].
We calculated the detection limit of this method to

be 0:26ppm for benzene and 0:41ppm for toluene,
based on the value of 3 s=m [32]. Here, s is the stan-
dard deviation of a set of blank measurements, i.e.,
background subtracted spectra of pure nitrogen gas.
The standard deviation was determined from the

Fig. 2. Intensity output of the cw EC-QCL over the entire tuning
range (scanned at a rate of 8:5 cm−1=s). Mode-hop-free and mode-
hop ranges are indicated with MHF and MH, respectively.

(a)

(b)

Fig. 3. Observed (thin curves) and theoretical [28] (thick curve)
spectra of (a) benzene and (b) toluene in nitrogen at atmospheric
pressure.

Fig. 4. Observed (thin curves) and theoretical [28] (thick curve)
spectra of a mixture of 1ppm benzene and 1ppm toluene in nitro-
gen at atmospheric pressure.
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data at the wavelength of the peak absorptions of the
analytes. The slope of the calibration curve, m, was
determined from a set of measurements with differ-
ent analyte concentrations. This procedure was per-
formed within a time interval in which both spectra
and background structures do not change signifi-
cantly. Similarly, the limit of quantitation was found
to be 0:9ppm for benzene and 1:4ppm for toluene,
based on the value of 10 s=m [32]. Waschull et al. es-
timated a detection limit for the ν14 benzene band
(centered at 1038 cm−1) to be 1ppm with a 45m op-
tical path length through air [29]. We estimate that
the limit of quantitation can be improved by about a
factor of 2 by reducing intensity fluctuations of the
emitted laser light and etalon effects associated with
the poor quality of the antireflective coating. Sensi-
tivity could, in principle, also be improved by imple-
menting wavelength modulation spectroscopy into
an cw EC-QCL spectrometer, as demonstrated by
Karpf and Rao [8] and by Hancock et al. [33]. How-
ever, at atmospheric pressure, molecular absorption
lines usually extend over several gigahertz. In our
particular case, the linewidths of the monitored ben-
zene and toluene transitions are of the order of
∼1 cm−1 (half-width at half-maximum). Modulation
frequency and depth of the EC-QCL are limited by
the mass of the grating and are specified with
100Hz and 1 cm−1, respectively. However, the maxi-
mum achievable modulation parameters that deliv-
ered reproducible results were reported in Ref. [8]
to be 130Hz and 0:04 cm−1, respectively. Further im-
provements in laser and external cavity design may
lead to better modulation parameters and the possi-
bility or using wavelength modulation spectroscopy
with samples at atmospheric pressures.
We also note that the ν14 absorption band for ben-

zene has the smallest integrated intensity of all four
infrared active benzene fundamentals. Parts-per-
million and subpart-per-million detection limits for
different bands of benzene are briefly described by
Jeffers et al. [26]. Thus, the detection limit could
be improved further with future development of tun-
able lasers in the 2500–3500 cm−1 region [34].
The results from this study indicate that thismeth-

od has the potential to measure many other atmo-
spherically relevant gases. For example, absorption
peaks for other benzene, toluene, ethylbenzene, and
xylene (BTEX) compounds, namely, ethylbenzene
(1031 cm−1),m-xylene (1043 cm−1), o-xylene (1024and
1053 cm−1), and p-xylene (1024 cm−1) all fall within
the tuning range of this cw EC-QCL. The method de-
scribed here may prove useful for in situ, real-time
measurements of gas concentrations for atmospheric
pollutant source monitoring and environmental
simulation chambers where gas concentrations are
often at low parts-per-million levels [35,36].

4. Conclusions

The work described here demonstrates the applica-
tion of a widely tunable cw EC-QCL as a source in
a multigas spectroscopic detection system. Our mea-

surements are among the first to simultaneously de-
tect BTEX species using a low-cost, commercially
available cw EC-QCL. Simultaneous detection of
two BTEX gases, benzene and toluene, with a detec-
tion limit of 0:26ppm for benzene, was achieved at
room temperature and atmospheric pressure. The re-
sults encourage us to make further developments to
improve the detection limit by implementing wave-
length modulation spectroscopy techniques and to
extend multigas measurements to include xylenes.
Our use of this laser to monitor multiple gases in
situ, in real time, and over long path lengths makes
this a promising method for future air quality mon-
itoring and volatile organic compound detection.

This research was supported by the Natural
Sciences and Engineering Research Council of
Canada, the National Research Council of Canada
(NRC), and the Development Bank of Canada.

References
1. J. Faist, F. Capasso, D. L. Sivco, C. Sirtori, A. L. Hutchinson,

and A. Y. Cho, “Quantum cascade laser,” Science 264, 553–
556 (1994).

2. C. Gmachl, F. Capasso, D. L. Sivco, and A. Y. Cho, “Recent
progress in quantum cascade lasers and applications,” Rep.
Prog. Phys. 64, 1533–1601 (2001).

3. A. A. Kosterev and F. K. Tittel, “Chemical sensors based on
quantum cascade lasers,” IEEE J. Quantum Electron. 38,
582–591 (2002).

4. A. Kosterev, G. Wysocki, Y. Bakhirkin, S. So, R. Lewicki, M.
Fraser, F. Tittel, and R. F. Curl, “Application of quantum
cascade lasers to trace gas analysis,” Appl. Phys. B 90,
165–176 (2008).

5. A. A. Kosterev, F. K. Tittel, R. Kohler, C. Gmachl, F. Capasso,
D. L. Sivco, A. Y. Cho, S. Wehe, and M. G. Allen, “Thermoelec-
trically cooled quantum-cascade-laser-based sensor for the
continuous monitoring of ambient atmospheric carbonmonox-
ide,” Appl. Opt. 41, 1169–1173 (2002).

6. Q. Shi, D. D. Nelson, J. B. McManus, M. S. Zahniser, M. E.
Parrish, R. E. Baren, K. H. Shafer, and C. N. Harward,
“Quantum cascade infrared laser spectroscopy for real-time
cigarette smoke analysis,” Anal. Chem. 75, 5180–5190 (2003).

7. L. Menzel, A. A. Kosterev, R. F. Curl, F. K. Tittel, C. Gmachl, F.
Capasso, D. L. Sivco, J. N. Baillargeon, A. L. Hutchinson, A. Y.
Cho, and W. Urban, “Spectroscopic detection of biological NO
with a quantum cascade laser,” Appl. Phys. B 72, 859–863
(2001).

8. A. Karpf and G. N. Rao, “Absorption and wavelength modula-
tion spectroscopy of NO2 using a tunable, external cavity
continuous wave quantum cascade laser,” Appl. Opt. 48,
408–413 (2009).

9. W. H. Weber, J. T. Remillard, R. E. Chase, J. F. Richert,
F. Capasso, C. Gmachl, A. L. Hutchinson, D. L. Sivco, J. N.
Baillargeon, and A. Y. Cho, “Using a wavelength-modulated
quantum cascade laser to measure NO concentrations in
the parts-per-billion range for vehicle emissions certification,”
Appl. Spectrosc. 56, 706–714 (2002).

10. D. Weidmann, A. A. Kosterev, C. Roller, R. F. Curl, M. P.
Fraser, and F. K. Tittel, “Monitoring of ethylene by a pulsed
quantum cascade laser,” Appl. Opt. 43, 3329–3334 (2004).

11. M. R. McCurdy, Y. Bakhirkin, G. Wysocki, R. Lewicki, and F.
K. Tittel, “Recent advances of laser-spectroscopy-based
techniques for applications in breath analysis,” J. Breath
Res. 014001 (2007).

948 APPLIED OPTICS / Vol. 49, No. 6 / 20 February 2010



12. G. P. Luo, C. Peng, H. Q. Le, S. S. Pei, W. Y. Hwang, B. Ishaug,
J. Um, J. N. Baillargeon, and C. H. Lin, “Grating-tuned
external-cavity quantum-cascade semiconductor lasers,”
Appl. Phys. Lett. 78, 2834–2836 (2001).

13. G. Totschnig, F. Winter, V. Pustogov, J. Faist, and A. Muller,
“Mid-infrared external-cavity quantum-cascade laser,” Opt.
Lett. 27, 1788–1790 (2002).

14. G. P. Luo, C. Peng, H. Q. Le, S. S. Pei, H. Lee, W. Y. Hwang, B.
Ishaug, and J. Zheng, “Broadly wavelength-tunable external
cavity mid-infrared quantum cascade lasers,” IEEE J. Quan-
tum Electron. 38, 486–494 (2002).

15. R. Maulini, A. Mohan, M. Giovannini, J. Faist, and E. Gini,
“External cavity quantum-cascade laser tunable from 8.2 to
10:4 μm using a gain element with a heterogeneous cascade,”
Appl. Phys. Lett. 88, 201113 (2006).

16. R. Maulini, M. Beck, J. Faist, and E. Gini, “Broadband tuning
of external cavity bound-to-continuum quantum-cascade
lasers,” Appl. Phys. Lett. 84, 1659–1661 (2004).

17. C. Gmachl, D. L. Sivco, R. Colombelli, F. Capasso, and A. Y.
Cho, “Ultra-broadband semiconductor laser,” Nature 415,
883–887 (2002).

18. J. Faist, F. Capasso, C. Sirtori, D. L. Sivco, A. L. Hutchinson,
and A. Y. Cho, “Continuous-wave operation of a vertical tran-
sition quantum cascade laser above T ¼ 80K,” Appl. Phys.
Lett. 67, 3057–3059 (1995).

19. M. Beck, D. Hofstetter, T. Aellen, J. Faist, U. Oesterle, M.
Ilegems, E. Gini, and H. Melchior, “Continuous wave opera-
tion of a mid-infrared semiconductor laser at room tempera-
ture,” Science 295, 301–305 (2002).

20. G. Wysocki, R. Lewicki, R. F. Curl, F. K. Tittel, L. Diehl, F.
Capasso, M. Troccoli, G. Hofler, D. Bour, S. Corzine, R.
Maulini, M. Giovannini, and J. Faist, “Widely tunable
mode-hop-free external cavity quantum cascade lasers for
high resolution spectroscopy and chemical sensing,” Appl.
Phys. B 92, 305–311 (2008).

21. A. Mohan, A. Wittmann, A. Hugi, S. Blaser, M. Giovannini,
and J. Faist, “Room-temperature continuous-wave operation
of an external-cavity quantum cascade laser,” Opt. Lett. 32,
2792–2794 (2007).

22. R. Maulini, I. Dunayevskiy, A. Lyakh, A. Tsekoun, C. K. N.
Patel, L. Diehl, C. Pflugl, and F. Capasso, “Widely tunable
high-power external cavity quantum cascade laser operating
in continuous-wave at room temperature,” Electron. Lett. 45,
107–108 (2009).

23. F. Murena, “Air quality nearby road traffic tunnel portals:
BTEXmonitoring,” J. Environ. Sci. (China)19, 578–583 (2007).

24. “Interaction profile for: benzene, toluene, ethylbenzene, and
xylenes (BTEX),” Agency for Toxic Substances and Disease
Registry (2004).

25. J. H. Seinfeld and S. N. Pandis, Atmospheric Chemistry and
Physics: From Air Pollution to Climate Change (Wiley, 2006).

26. J.D.Jeffers,C.B.Roller,K.Namjou,M.A.Evans,L.McSpadden,
J. Grego, and P. J. McCann, “Real-time diode laser measure-
ments of vapor-phase benzene,” Anal. Chem. 76, 424–432
(2004).

27. J. Manne, W. Jager, and J. Tulip, “Sensitive detection of am-
monia and ethylene with a pulsed quantum cascade laser
using intra and interpulse spectroscopic techniques,” Appl.
Phys. B 94, 337–344 (2009).

28. S. W. Sharpe, T. J. Johnson, R. L. Sams, P. M. Chu, G. C.
Rhoderick, and P. A. Johnson, “Gas-phase databases for quan-
titative infrared spectroscopy,” Appl. Spectrosc. 58, 1452–
1461 (2004).

29. J. Waschull, B. Sumpf, Y. Heiner, and H. D. Kronfeldt, “Diode
laser spectroscopy in the ν14 band of benzene,” Infrared Phys.
Technol. 37, 193–198 (1996).

30. J. Berger and V. V. Pustogov, “Monitoring of benzene in the
10 μm and 14 μm region,” Infrared Physics & Technology
Infrared Phys. Technol. 37, 163–166 (1996).

31. W. D. Chen, F. Cazier, F. Tittel, and D. Boucher, “Measure-
ments of benzene concentration by difference-frequency laser
absorption spectroscopy,” Appl. Opt. 39, 6238–6242 (2000).

32. D. A. Skoog, F. J. Holler, and T. A. Nieman, Principles of In-
strumental Analysis (Brooks/Cole: Thomson Learning, 1998).

33. G. Hancock, J. H. vanHelden, R. Peverall, G. A. D. Ritchie, and
R. J. Walker, “Direct and wavelength modulation spectroscopy
using a cw external cavity quantum cascade laser,” Appl.
Phys. Lett. 94, 201110 (2009).

34. J. Cousin, W. Chen, D. Bigourd, M. Fourmentin, and S. Kassi,
“Telecom-grade fiber laser-based difference-frequency genera-
tion and ppb-level detection of benzene vapor in air around
3 μm,” Appl. Phys. B 97 919–929 (2009).

35. K. H. Kim, Z. H. Shon, M. Y. Kim, Y. Sunwoo, E. C. Jeon, and
J. H. Hong, “Major aromatic VOC in the ambient air in the
proximity of an urban landfill facility,” J. Hazard. Mater.
150, 754–764 (2008).

36. H. Takekawa, H. Minoura, and S. Yamazaki, “Temperature
dependence of secondary organic aerosol formation by photo-
oxidation of hydrocarbons,” Atmos. Environ. 37, 3413–3424
(2003).

20 February 2010 / Vol. 49, No. 6 / APPLIED OPTICS 949


