
1. Introduction

The innovation and the recent technological advances of 
continuous wave (cw) external-cavity (EC) quantum cascade 
lasers (QCLs) with mode-hop-free (MHF) frequency tuning 
capability operating in the mid-infrared (mid-IR) molecular 
fingerprint region covering the spectral range 4 to 24 µm have 
transformed the way to access strong fundamental rotational–
vibrational transitions of numerous molecular species [1, 2, 3].  
Now-a-days, the cw EC-QCLs are becoming very popu-
lar mid-IR light sources for high-resolution fundamental 
molecular spectroscopy and chemical sensing applications 
because of their high output powers, room-temperature 

operation, wide tunability, intrinsic narrow linewidth, and 
compactness [3–8]. However, when such widely tunable cw 
EC-QCL technology is coupled with high-finesse optical 
cavity-enhanced absorption spectroscopy techniques such as 
cavity ring-down spectroscopy (CRDS) [9–11], the detec-
tion limits of ppbv (parts per billion by volume) down to the 
pptv (parts-per-trillion by volume) levels are easily achieved 
[12, 13] and the new methodology will allow for simultane-
ously monitoring of multiple species in a variety of environ-
ments in real-time.

The laser-based CRDS is a highly-sensitive direct optical 
absorption technique that exploits the measurements of decay 
rate of light circulating in a high-finesse optical cavity. The 
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Abstract
We report on the performance of a widely tunable continuous wave mode-hop-free  
external-cavity quantum cascade laser operating at λ ~ 5.2 µm combined with cavity ring-
down spectroscopy (CRDS) technique for high-resolution molecular spectroscopy. The 
CRDS system has been utilized for simultaneous and molecule-specific detection of several 
environmentally and bio-medically important trace molecular species such as nitric oxide, 
nitrous oxide, carbonyl sulphide and acetylene (C
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scheme provides long effective path lengths of the order of 
several km in a small cavity volume and thus improved sen-
sitivity of detection. In CRDS, one can easily calculate the 
number density of a molecular species in an absolute scale 
from the knowledge of the molecular absorption line strength 
without need for secondary calibration standard. Additionally, 
the CRDS measurements are performed in the time-domain 
and thus it is insensitive to laser intensity fluctuations, which 
enables the technique to reach a shot-noise-limited sensitivity 
[14]. Therefore the application of CRDS technique with an 
EC-QCL light source offers an attractive new option for mid-
IR high-resolution absorption spectroscopy. The aim of the 
present study was thus to exploit the new-generation widely 
tunable EC-QCL technology coupled with an optical cavity-
enhanced cw-CRDS detection technique for high sensitive, 
selective, and quantitative optical measurements of multiple 
trace molecular species by probing rotationally resolved ro-
vibrational transitions in the mid-IR spectral region. The MHF 
laser frequency tuning along with extremely narrow linewidth 
of ~0.0001 cm−1, the new-generation EC-QCL technology 
makes feasible the simultaneous detection of numerous molec-
ular species probing their respective rotationally resolved 
absorption line, employing a single QCL within a relatively 
small spectral range of ~0.05 cm−1. In this study, we have 
specifically targeted some unique panels of molecular species 
within the tuning range of the QC laser which are important 
for various real-world applications involving environ mental 
sensing and atmospheric chemistry (e.g.  acetylene (C2H2) and 
nitrous oxide (N2O)) as well as non-invasive biomedical diag-
nostics (e.g. nitric oxide (NO) and carbonyl sulphide (OCS)). 
In the medical field, exhaled NO is considered to be an impor-
tant biomarker for asthma and other respiratory diseases [15, 
16]. On the other hand, OCS has been proposed as a marker 
for liver related diseases [16, 17]. However, one breath mol-
ecule may be linked with multiple diseases and conversely, 
one particular disease or metabolic disorder can be marked 
by more than one breath molecular species. Furthermore, in 
the field of environ mental science, the monitoring of C2H2 
and N2O in ambient air is of immense importance because 

both play an important role in atmospheric chemistry and 
photochemistry [18–23]. Therefore, simultaneous and mole-
cule-specific real-time detection of these particular molecular 
species with high-sensitivity are of increasing interest and still 
remains a challenge.

In this article, we report the simultaneous monitoring of 
multiple chemical species using the high-resolution CRDS 
technique coupled with a cw EC-QCL system operating at 
λ ~ 5.2 µm. We subsequently demonstrate its application for 
high-resolution rotational–vibrational spectroscopy along 
with simultaneous detection of multiple trace molecular spe-
cies such as NO, OCS, N2O and C2H2 with high sensitivity 
and specificity in ambient air as well as in human breath by 
probing their Doppler-limited or pressure-broadened ro-vibra-
tional transitions in the mid-IR region within the tuning range 
of the present QC laser.

2. Experimental arrangement

The schematic of the EC-QCL-based CRDS setup is depicted 
in figure  1. The light source consists of a water-cooled cw 
EC-QC laser (TLS-41053, Daylight Solutions, USA) which 
operates in the centre wavelength λ ~ 5.2 µm (1923.07 cm−1) 
in the mid-IR spectral region. The cw EC-QCL system can 
continuously be tuned from 1832–1974 cm−1, allowing a MHF 
range of 1847–1965 cm−1 with output powers  ⩾80 mW over 
this tuning range. An optical isolator (FIO-5-5.3, Innovation 
Photonics) was used at the laser output to prevent optical 
feedback from back-reflected light. The output of the QCL 
beam from the isolator was then passed through an acousto-
optic modulator (AOM) (AGM-406B11M, IntraActionCorp.). 
The AOM was employed as a fast optical switch and the 
first-order deflected beam from the AOM was utilized for 
the ring-down experiments. The zeroth-order AOM output 
was directed to a wavemeter (621B, Bristol Instruments, 
USA) for monitoring of laser wavelengths in real-time with 
an accuracy of  ±0.001 cm−1 whilst a rotationally resolved 
spectrum was recorded. The laser can be fine tuned over the 

Figure 1. Schematic diagram of the cavity ring-down spectrometer coupled with an external-cavity quantum cascade laser (EC-QCL) 
at 5.2 µm. AOM: acousto-optic modulator; PZT: piezo electric transducer; BM: bending mirror; OAPM: off-axis parabolic mirror; MCT 
detector: mid-IR Thermoelectrically cooled mercury cadmium telluride (HgCdTe) photodetector.



rotationally resolved absorption line by utilizing the piezo-
electric transducer (PZT) attached to the intra-cavity grating 
of the EC-QCL system.

The cylindrical ring-down cavity (RDC) consisted of two 
ultra-high reflective mirrors (manufacturer specified reflectiv-
ity R  ⩾  99.98% at 5.2 µm, 1ʺ diameter and radius of curva-
ture  =  1 m; CRD Optics Inc.; USA) separated by a distance 
(l) of 50 cm, which corresponds to a free spectral range 
(FSR  =  c/2l) of 300 MHz (0.01 cm−1) and optical finesse of 
~157 06. The RDC was connected to a vacuum system that 
allowed the measurements of molecular absorption with dif-
ferent sample concentrations. The light behind the RDC was 
focused by a gold-coated off-axis parabolic mirror (10.16 cm 
focal length, Newport Corporation, 50338 AU) onto a ther-
moelectrically cooled photovoltaic MCT detector (VIGO 
PVI-3TE-6) and subsequently output of the detector signal 
was amplified by an external low-noise voltage preamplifier 
(Stanford Research Systems, SR560). However, to enable the 
periodic laser-cavity coupling, one cavity mirror was placed 
in a mirror mount with three piezo electric transducers (PZT, 
Thorlabs PE4) and a triangular voltage (Vpp ~ 3.5 volt and fre-
quency ~57 Hz) was applied in parallel to three PZTs, making 
the mirror move back and forth. In this way, the cavity length 
was modulated over one FSR to ensure TEM00 excitation at 
each laser frequency. The intra-cavity light is built-up when 
the laser frequency comes into resonance with one of the cav-
ity modes. When the light intensity in the cavity reached a 
user-specified threshold level, a trigger pulse from a digital 
delay generator (Stanford Research systems, DG565) is sent 
to the AOM to switch-off the first-order diffracted beam and 
consequently the light intensity decays exponentially with 
time. This exponential decay was captured by a high-speed 
data-acquisition card with a sampling rate of 100 MS s−1 
(14 bit, 100 MHz bandwidth digitizer; PCI 5122, National 
Instruments) and subsequently analysed by weighted least-
squares fittings using custom written LabVIEW 8.0 software. 
The laser wavelength was periodically scanned using an exter-
nal sinusoidal function of frequency ~0.1 Hz to acquire the 
absorption spectra.

In the presence of an absorbing gas sample inside the 
cavity, the concentration of the sample, [X] is related to 
α  =  σ[X], where σ is the wavelength dependent absorption 
cross-section for a specified spectroscopic transition and α 
is the molecular absorption coefficient. The minimum detect-
able absorption coefficient (and thus the minimum detectable 
concentration of any absorbing species inside the cavity) is 
usually expressed by

αmin =
1

cτ0

∆τmin

τ

where τ0 is the empty cavity ring-down time (RDT) that solely 
depends on the reflectivity of the mirrors and length of the 
cavity i.e.

τ0 =
�

c (1 − R)

and Δτmin is the minimum detectable change in τ when an 
absorbing molecular species is placed inside the cavity. The 

decay rate, k is the reciprocal of the RDT. The changes in Δk 
from the empty cavity to the cavity filled with the gas species 
is directly related to the absorption coefficient, α by Δk  =  cα, 
where c is the speed of light. However, in the present EC-QCL 
based CRDS setup, the typical empty cavity ring-down time 
(τ0) was 5.52 µs and standard deviation (1σ) of 0.08% with 
averaging of 6 RDT determinations. Consequently, the light 
trapped inside the RDC traversed an effective optical path 
length of ~1.7 km and the round-trip time of the light inside 
the cavity is 3.3 ns. Based on the experimentally obtained 
RDT, we estimated that the actual mirror reflectivity in the 
current EC-CRDS setup was R  =  99.969% which provides 
the finesse of the optical cavity ~10132 and line-width of 
the optical cavity mode ~29.6 KHz. We also calculated the 
laser linewidth from the width of an individual cavity mode in 
our experiments and we obtained ΔνQCL  =  Δt (cavity mode 
width)  ×  FSR/Δt (FSR) ~ 18.2 MHz (0.0006 cm−1), which 
was in excellent agreement with the manufacturer specified 
linewidth of QCL (~0.0003 cm−1). It is also worth mentioning 
that in our setup the spectral width of the cavity mode (i.e. 
Δνcav  =  1/2πτ0  =  28.88 kHz ~ 29 KHz) was considerably 
small when it is compared with the QCL linewidth (i.e. ΔνQCL 
~ 18.2 MHz). Moreover, in the present EC-QCL system when 
combined with the CRDS technique, the typical detection 
limit corresponded to αmin ~ 4.8  ×  10−9 cm−1 while scanning 
across a rotational line of a gaseous species of interest in this 
study and the noise-equivalent absorption (NEA) coefficient 
is given by

NEA =

√
2

frep
αmin

where frep is the data acquisition rate. In the present exper-
imental setup, αmin was calculated to be ~4.8  ×  10−9 cm−1 
which corresponded to a noise-equivalent absorption coeffi-
cient (NEA) of ~6.96  ×  10−10 cm−1 Hz−1/2 for 95 Hz data 
acquisition rate. From the present experimental set-up an 
optimum integration time of ~15 s was achieved which cor-
responds to ~1400 ring-down decay signal at the data accu-
mulation rate used. The details of Allan variance study of the 
CRDS instrument has been mentioned in the supporting infor-
mation (stacks.iop.org/JNE/28/045701/mmedia).

3. Results and discussion

To evaluate the performance of the mid-IR EC-QCL system 
exploiting the cw-CRDS detection technique, we first focused 
to target absorption lines of a particular molecular species for 
example, C2H2 which is one of the simplest non-methane vol-
atile organic compounds that has well-resolved ro-vibrational 
spectrum within the MHF tuning range of the current QC laser. 
To check the ability of performing quantitative measurements 
of C2H2, we injected a certified gas sample of 5  ±  0.25 ppm 
C2H2 in N2 (Air Liquide, UK, 99.99%) inside the optical cav-
ity. An example of the high-resolution cw-CRDS absorption 
spectrum of C2H2 probing the P(13e) rotational line of the 
(0002112)  ←  (0000000) combination band of C2H2 centred at 
peak wavenumber of 1909.597 cm−1 is shown in figure 2(a) 

stacks.iop.org/JNE/28/045701/mmedia


as recorded with a pres sure of 15 Torr inside the optical cav-
ity. To determine the absolute concentration in the cavity, 
the absorption line was fitted by a Voigt line-shape function 
with full width at half maximum (FWHM) of 0.0048 cm−1. 
We utilized the integrated area of the absorption line and line 
strength σline  =  1.093  ×  10−22 cm2 molecule−1 cm−1 at 296 K 
from the high-resolution transmission (HITRAN) database 
[24] to calculate the concentration of C2H2 in the cavity and 
we obtained [X]C2H2

  =  (2.39  ±  0.07)  ×  1012 molecules cm−3.
We subsequently verified the absorption line-strength data 

reported in the HITRAN database by the present EC-QCL-
based CRDS detection method to ensure the suitability of 
the measurements. For this purpose, we have plotted the area 
under the curve (AUC) as a function of C2H2 concentration at 
different pressure inside optical cavity as shown in figure 2(b). 
The error bars correspond to the standard errors (S.E) from the 
mean when more than three spectra were recorded. The Voigt 
line-shape function was used to fit each spectral line to deter-
mine the area under the curve. The linear relationship between 
AUC and C2H2 concentration enabled us to determine the line-
strength (σi) of the selected ro-vibrational transition at par-
ticular wavenumber. The gradient of the straight line divided by 
the speed of light gives the line strength (1.1  ±  0.01)  ×  10−22 
cm2 molecule−1 cm−1, which was in excellent agreement with 
the value reported in the HITRAN database.

We next investigated the pressure broadening effects on the 
P(13e) ro-vibrational line in order to understand the broaden-
ing effects in the measurements. Figures 3(a)–(c) illustrates 
the broadening of the absorption line as the pressure of air 
inside the cavity increased. Under this condition, we utilized 
Voigt line-shape function to ensure reliable fittings on such 
unblended rotational lines. Voigt profiles centred at known 
line positions were used to fit to the shapes of the spectra, 
with the FWHM of the Lorentzian functions floated in the 
fit. The pressure broadening coefficient was determined to be 
γair  =  0.07  ±  0.02 cm−1 atm−1 from the plot of Lorentzian 
HWHM (cm−1) of the spectral lines versus the pressure (in 
atm) of air used (figure 3(d)).

The coefficient we determined from the CRDS measure-
ments was in good agreement with the value reported in the 
HITRAN database of γair  =  0.07 cm−1 atm−1. It is noteworthy 
to mention here that the high-resolution CRDS spectra should 
be recorded at low pressure to avoid the deleterious effects of 
pressure broadening on the absorption line. Moreover, using 
the present experimental set-up, the estimated detection limit 
of C2H2 would be 8.2 ppb on further broadening of the spec-
tral line by an ambient pressure of 1 atm of air.

We next evaluated the performance of the widely tun-
able EC-QCL system for simultaneous monitoring of three 
environ mentally and biomedically important molecular spe-
cies i.e. NO, OCS and N2O in a single laser scan within 
the MHF tuning range. We selected two spectral regions 
i.e. 1893.850–1893.885 cm−1 (region-I) and 1897.105–
1897.150 cm−1 (region-II) for simultaneous detection of OCS 
and NO in region-I along with OCS and N2O in region-II.

We probed the respective R(3) rotational line of the 
(ν1  +  2ν2) combination band of OCS at 1893.855 cm−1 
and Λ doublet of e/f components of R(4.5) rotational line in 
2Π1/2 magnetic electronic sub-state of NO at 1893.862 and 
1893.874 cm−1 for simultaneous measurements of the molec-
ular species in region-I. Additionally, we probed the R(11) 
rotational line of the (ν1  +  2ν2) combination band of OCS 
at 1897.114 cm−1 and R(20e) rotational line of the (ν1  +  ν2) 
combination band of N2O at 1897.143 cm−1 in region-II for 
simultaneous detection of the selected molecular species. 
In region-I, the minimum detectable concentrations ([X]min) 
1.21  ×  1010 molecules cm−3 and 9.79  ×  108 molecules cm−3 
for OCS and NO, respectively have been obtained from the 
present system. However, in region-II, the minimum detect-
able concentrations ([X]min) 4.66  ×  109 molecules cm−3 and 
1.16  ×  1011 molecules cm−3 for OCS and N2O have been 
achieved from the current experimental set-up. The HITRAN 
database was used to simulate the high-resolution absorption 
spectra of these three gaseous species in presence of ~2% of 
water and ~400 ppm of CO2 in in both the spectral regions I 
and II. The simulation results are shown in figures 4(a) and (b) 

Figure 2. (a) Depicts CRDS spectra of P(13e) rotational line of the (2ν4  +  ν5) vibrational combination band of C2H2 at 1909.597 cm−1 
to illustrate the performance of the set-up. (b) Plot of area under curve (AUC) at different C2H2 concentration inside the optical cavity to 
determine the line integrated absorption line-strength of the selected ro-vibrational transition of C2H2.



which indicate no overlapping of the spectral lines with water 
and CO2 in the spectral regions mentioned above.

A mixture of 200 ppbv of NO, 935 ppbv of OCS and 10 
ppmv of N2O with N2 (Air Liquide, UK, 99.99%) was utilized 
to record the CRDS spectra in both the regions at a pressure of 
5 Torr inside the optical cavity. Figures 4(c) and (d) depict the 
experimentally observed high-resolution cw-CRDS spectra 
of the neighbouring strong absorption lines of OCS and NO 
within a very small spectral range of ~0.035 cm−1 (in region-
I) along with OCS and N2O within an narrow tuning range of 
~0.045 cm−1 (in region-II), respectively. The integrated areas 
under the curve of each spectral line and their respective line 
strengths were utilized to determine the concentrations of indi-
vidual analytes which corresponds to (1.55  ±  0.03)  ×  1011 
molecules cm−3 of OCS, (3.28  ±  0.02)  ×  1010 molecules 
cm−3 of NO in region-I and (1.52  ±  0.02)  ×  1011 molecules 
cm−3 of OCS, (1.56  ±  0.05)  ×  1012 molecules cm−3 of N2O 
in region-II at 5 Torr pressure inside the optical cavity. The 
calculated concentrations match well with the simulation 
results. Additionally, if we allow further broadening of each 
spectral lines by an ambient pressure of 1 atm of air, the esti-
mated detection limits would then corresponds to the mix-
ing ratios of 40 ppt of NO, 488 ppt of OCS in region-I and 

188 ppt of OCS, 4.7 ppb of N2O in region-II with the optimum 
 integration time of 15 s.

Moreover, the experimental observations of the line param-
eters, peak centre positions and integrated absorption line-
strengths of all these molecular species investigated in the 
present study are summarised in table 1. It shows an excellent 
agreement between the experimentally measured and data-
base simulated results, thus confirming the high-resolution 
ro-vibrational spectroscopic capability of the new-genera-
tion EC-QCL-based CRDS detection method. The estimated 
detection limits were sufficient for direct monitoring of 
these molecular species in real atmospheric or human breath 
samples.

Figures 5(a) and (b) illustrate the examples of cw-CRDS 
spectra of NO and OCS in exhaled human breath samples 
(The details breath sampling and measurement procedure 
has been mentioned in the supporting information.) whereas 
figures 5(c) and (d) represent the individual CRDS spectrum 
of N2O and C2H2 in atmospheric air samples. The integrated 
areas were fitted with the Voigt line profiles to calculate the 
concentrations of these individual molecular species in the 
relevant environments and the values were determined to be 
~25 ppbv for NO, ~13 ppbv for OCS and ~430 ppbv for N2O. 

Figure 3. (a)–(c) Demonstrate the pressure broadening effects of the P(13e) rotational line of C2H2 to study the sensitivity of the CRD 
spectrometer at different pressures inside the cavity. The spectra were fitted with Voigt line-shape function. (d) Variation of HWHM at 
different pressures inside the cavity to determine the pressure broadening coefficient of C2H2 molecule at 1909.597 cm−1.



The observed mixing ratios of NO and OCS lie in the typi-
cal range usually found in human breath samples [25–27]. 
Moreover, the N2O mixing ratio we measured in air sample 
is also relevant to the typical value of N2O concentrations in 
ambient air samples [19, 28–30]. We also measured the C2H2 
mixing ratios in ambient air sample collected from a highly 
polluted areas and it was found to be ~450 ppbv [31, 32]. 
But the direct detection of C2H2 in pollution free atmosphere 
(which typically lies in 1-2 ppbv) is not suitable in this spectral 
region of the present QCL system as our estimated detection 
limit (which is 8.2 ppbv at 1 atm pressure) is not quite enough 
for direct sensing of C2H2 in the troposphere. However, all 

these observations suggest the high-resolution capability of an 
EC-QCL-based CRDS sensor for multi-component chemical 
sensing applications with ultra-high sensitivity and molecular 
selectivity. The combination of broadband wavelength cover-
age and high-resolution MHF frequency tuning capability in 
this EC-QCL system with careful wavelength selection also 
eliminates the need for instrument calibration and conse-
quently allows the simultaneous detection of either multiple 
trace species or a particular molecular species in a variety of 
environments such as in human breath or in ambient air with-
out any spectral interference from other species such as H2O 
and CO2.

Figure 4. (a) and (b) Indicate simulation results of high-resolution absorption spectra of different molecular species in presence of 2% 
water vapour and 400 ppm of CO2 in the tuning range of ~0.035 cm−1 and 0.045 cm−1 using HITRAN-2008 database. (b) Experimental 
cw-CRDS spectra of the same molecular species probing the same ro-vibrational lines at a pressure of 5 Torr inside the optical cavity, 
demonstrating the high sensitivity and unprecedented molecular selectivity of the current set-up within the same tuning range of the laser.

Table 1. Experimental line parameters of the probed molecular species in different scanning region of EC-QCL.

Scanning region (cm−1) Molecular species Peak centre (cm−1)
Line strengh  
(cm2 mol−1 cm−1)

Doppler width (MHz) 
@ 296 K

1893.850–1893.885 (region-I) OCS 1893.8548 (1.19  ±  0.03)  ×  10−21 89.64
NO 1893.8629 (e) (2.02  ±  0.02)  ×  10−20 127.800

1893.8748 (f) (1.99  ±  0.03)  ×  10−20 127.811

1897.105–1897.150 (region-II) OCS 1897.1135 (3.12  ±  0.02)  ×  10−21 89.81
N2O 1897.1435 (1.17  ±  0.01)  ×  10−22 105.714



4. Conclusion

In summary, we have demonstrated the application of a 
widely tunable room-temperature MHF frequency tuning 
EC-QCL-based CRDS detection method for quantitative and 
simultaneous detection of a unique panel of biomedically and 
environmentally important molecular species such as NO, 
OCS, N2O and C2H2 with high sensitivity as well as high 
molecular selectivity. The high specificity arises by record-
ing rotationally resolved ro-vibrational transitions with well-
defined central frequency in the mid-IR molecular fingerprint 
region within a narrow spectral range of the QC laser. However, 
the detection limit of the current EC-QCL-based CRDS sen-
sor for simultaneous detection of the multiple species could be 
improved further by the enhancing the mirror reflectivity and 
reducing the detector noise. The full potential of the 5.2 µm 
EC-QCL-based high-resolution cw-CRDS sensor for in depth 
biomedical diagnostics by means of non-invasive breath test 
along with environmental sensing is yet to be investigated in 
the future but the merits of mid-IR EC-QCL technology for 
high-resolution molecular spectroscopy and multi-component 
chemical sensing are now established.
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