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Abstract

In this paper we describe a technique to perform intracavity gas sensing by detecting changes
in the QCL voltage. The influence of mode-hops is compensated by a data acquisition and processing
based on a dual wavelength scanning. This allows to perform gas detection over the full cavity spectral
range (1277 cm™!-1348 cm™!) without the use of a mode-hop free setup. First results of measurement
of the CH, absorption spectrum are presented.

1 Introduction

Nowadays, the development of gas detection systems is a well-established research field but still con-
stantly evolving with technological advancements. It is found in a lot of applications for air quality
monitoring, defense and security, medical analysis and more. To perform gas detection, a spectral re-
gion of interest is the Mid-Infrared (Mid-IR) due to the presence of the fundamental absorption bands
of molecules. Compared to the Near-Infrared where there are harmonic bands, Mid-IR spectra are
less complex and absorption bands are more intense. Thus, the potential of Mid-IR detection is easier
and faster data processing as well as more efficient systems. In order to reach the Mid-IR region a
lot of sources exist such as Optical Parametric Oscillators (Hemming et al., 2013; Budni et al., 2000;
Lippert et al., 2010), fiber lasers (Seddon et al., 2010; Henderson-Sapir, Munch, and Ottaway, 2014;
Woodward et al., 2019) and semiconductor lasers (Olafsen et al., 1998; Vurgaftman et al., 2009; Yao,
Hoffman, and Gmachl, 2012; Faist, Capasso, Sirtori, et al., 1996; Lee et al., 2007; Felix et al., 1997;
Ikyo et al., 2016) for example. The laser team in GSMA (Groupe de Spectrométrie Moléculaire et Atmo-
sphérique) in Reims, France, is specialized in the development of gas detection devices and techniques
based on Quantum Cascade Laser (QCL) (Grossel, Zéninari, Parvitte, Joly, Courtois, and Durry, 2008;
Grouiez, Parvitte, et al., 2009; Grouiez, Zéninari, et al., 2010; Joly et al., 2011; Vallon et al., 2016;
Bizet et al., 2017). Since the first realization of a QCL in 1994 (Faist, Capasso, Sivco, et al., 1994),
this semiconductor laser has been used for diverse applications such as environmental gas detection
(Maamary et al., 2016; Nelson et al., 2002), optical countermeasure (Maulini et al., 2009), explosive
detection (Mukherjee, Von Der Porten, and Patel, 2010; Papantonakis et al., 2009), or in biomedical
with breath analysis (Shorter et al., 2010; Marchenko et al., 2013; Reyes-Reyes et al., 2015), blood or
serum analysis (Brandstetter et al., 2013; Blake Martin, Mirov, and Venugopalan, 2005) and imaging
(Kroger et al., 2014; Kroger-Lui et al., 2015; Haase et al., 2015).

As for the gas detection technique, a great variety exist and we cannot list them all here. For ex-
ample, we only mention a few of interest such as the multi-pass absorption technique (McManus,
Kebabian, and Zahniser, 1995; Liu, Wang, et al., 2015), Cavity Ring Down Spectroscopy (Romanini et
al., 1997; Berden, Peeters, and Meijer, 2000) and Intracavity Spectroscopy (Baev, Latz, and Toschek,
1999; Kachanov, Charvat, and Stoeckel, 1994). Each of them has its advantages and disadvantages
leading to different performances and easy-to-setup systems. However, in most cases, the use of a
photo-detector is necessary because the signal of interest is the light intensity. This leads to potential
experimental problems due to detector alignment or light collection for example. Moreover, the spec-
tral range of the detector must match the application. In most cases, both laser source and detector
must be replaced to explore a new spectral range. Photothermal and photoacoustic spectroscopy are
two solutions to the optical detector need. Photothermal spectroscopy (Bialkowski, 1996) relies on
detecting small variations of refractive index and may be used for intracavity sensing (Dudzik et al.,
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2021). Photoacoustic spectroscopy consisting in replacing the optical detector by an acoustic detector
is a solution to these problems that has been extensively studied in the GSMA (Grossel, Zéninari, Joly,
et al., 2007; Grossel, Zéninari, Parvitte, Joly, and Courtois, 2007; Zéninari et al., 2010).

Another way to avoid these problems is called the EVIS technique (External - cavity QCL Voltage
Intracavity Sensing) (Phillips and Taubman, 2012; Phillips, Taubman, and Kriesel, 2015). It is based
on the self-mixing effect where the source radiation is sent back into the optical resonator, changing
the source properties. This effect was demonstrated in semiconductor laser in 1995 (Rochford and
Rose, 1995) and in QCL in 2002 (Hofstetter, Beck, and Faist, 2002). For QCL this feedback induces
electrical variations. By applying this property to a QCL mounted in an intracavity gas sensing setup, it
can be observed that light intensity variations due to gas absorption lead to electrical variations. Thus,
the gas spectrum can be retrieved by recording electrical variations of the QCL. To our knowledge,
one group has successfully used this technique successfully in the Mid-IR (Phillips and Taubman, 2012;
Phillips, Taubman, and Kriesel, 2015), but the remaining problem is the spectral resolution limited by
the QCL mode-hops. Indeed, residual reflectivity of the QCL front face is high enough to create a
Fabry-Pérot cavity. Different techniques exist to perform mode-hop free spectroscopy with an external
cavity setup and are well developed (Tsai and Wysocki, 2012; Wysocki et al., 2005; Liu and Littman,
1981; Gong et al.,, 2014). Nevertheless, these techniques are strongly limited mechanically by the
range of the translation and electrically by the Joule heating, which allows mode-hop free over a very
limited spectral range. Usually it is performed over small spectral ranges and the whole spectrum is
retrieved by associating them.

In this article we report the development of an EVIS system to detect methane under laboratory condi-
tions. We propose different acquisition and processing methods in order to compensate the mode-hops
influence without any mode-hop free technique. The detection is realized over the entire emission
spectral range of the laser source. First results are presented and discussed.

2 Experimental setup

The experimental setup consists in a QCL mounted in an external cavity in Littman-Meltcaf configu-
ration and is presented in figure 1. The wavelength tuning is obtained by the association of a fixed
grating and a rotating mirror. The external cavity is 38 cm long to allow the insertion of a 20 cm gas
cell.

Galvanometric

mirror “\

Powermeter

Blazed
Lens Grating

Figure 1: Diagram of the EVIS setup

The QCL chip from mirSense is mounted in a Laboratory Laser Housing from Alpes Lasers with home-
made modifications to suit the chip size. The rear chip facet has a high-reflective coating and the front
facet has an anti-reflective coating with a R=0.5% residual reflectivity.

A 390037-F Thorlabs lens mounted on a XYZ translation stage is used to collimate the strongly diver-
gent beam from the QCL front facet. The 51029 grating from HORIBA is blazed for 8 ym at 36.52°
with 150 grooves/mm. The measured mean efficiency is 70% in the 1st order. In order to adjust
the grating orientation, it is mounted on, from top to bottom : a piezoelectric translation, a Thorlabs
GNL18/M goniometric rotation and a Thorlabs CR1/M-Z7 closed-loop mechanical rotation stage. The
6220H rotating mirror from Cambridge Technology is gold coated and mounted on a closed-loop gal-

211




Mode-hop compensation for intracavity sensing via chip voltage in an
external-cavity QCL

vanometer system. This way, fast running up to 500 Hz and high repeatability with a precision of 8
prad (4.6 x 10”4 degree) are ensured.

The external cavity laser is operated in continuous mode. The chip temperature is controlled by a
Newport LDT-5980 thermal controller with a PT100 probe and a peltier. The temperature is stabilized
at 20 °C. The QCL current is controlled by an ILX Lightwave LDX-3232 stabilized current supply.
Figure 2 presents the voltage and power characteristics of the EC-QCL when emitting at 1310cm™!.
The EC-QCL threshold is 620 mA and the output power reach almost 11 mW at 840 mA. For higher

currents the output power drops due to the Joule heating.

QCL Voltage (V)
Output Power (mW)

f f T T
400 500 600 700 800

Current (mA)

f f
200 300

T
0 100

Figure 2: Voltage-Current characteristic of the QCL (black line) and Power-Current characteristic of
the external cavity (red dots). Both curves are recorded with the feedback of the external cavity at
1310cm™!

For the intracavity spectroscopy measurements, a gas cell is inserted inside the external cavity. To
minimize laser absorption, the cell windows are made of and mounted at the Brewster angle. The gas
samples were prepared using a Gasmix Aiolos from Alytech with an uncertainty lower than 2% of the
targeted concentration.

The entire experiment is controlled by custom LabVIEW programs. A FPGA PXI-7841 card is used
for the generation and acquisition of signals with a sample rate up to 200 kS.s!. Because the input
voltage of the FPGA card is limited to 10 V, a custom differential circuit is implemented to subtract a
fixed voltage. The value of this voltage is equal to the QCL voltage with no feedback from the external
cavity. The same circuit is used to apply a multiplication factor of 10 after the subtraction. In this way,
the output voltage is equal to 0 V when the cavity is not emitting and voltage variations are amplified
to improve observations.

3 Characterization of the EC-QCL using EVIS Data acquisition and post-
processing

The EC-QCL presented in previous section was operated at constant temperature and with the laser
current set at 795 mA. The EC-QCL was tuned by scanning the mirror. The control voltage for the
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mirror was a triangular signal of 4 V amplitude at 5 Hz and the compliance voltage of the QCL was
recorded by the FPGA card with an acquisition rate of 160 kS.s!. A full scan over the cavity spectral
range, with no gas in the cell, is presented in figure 3. The conversion from the mirror control voltage
to wavenumber is carried out with a calibration of the cavity output beam with a FTIR spectrometer at
a0.015cm™! precision and the diffraction grating equation. The cavity emits over a 71 cm™! spectral
range from 1277 cm~! to 1348cm™ L. Taking these parameters into account, the sampling step is
7 x 1073 cm™!. Figure 3 shows an approximately parabolic variation of the laser voltage during mirror
scanning. Numerous rapid variations of the laser voltage are superimposed onto the parabolic shape.
Several variations are shown in the inset. Those variations are evenly spaced 0.5 cm™! apart, which
corresponds to the free spectral range of the QCL chip. They correspond to mode-hops due to the 0.5%
residual reflectivity of the QCL front facet. The external cavity free spectral range is 1.3 X 1072cm™!
so the corresponding mode-hops cannot be resolved in this configuration. Some other variations,
located around 1310cm ™!, 1320cm™! and 1342 cm™! correspond to water vapor present in the open
parts of the cavity. The water lines are far from being resolved.

Mirror angle (°)
20 -15 10 -05 00 0,5 1,0 1,5 2,0 2,5
\ | L

-60 - NAVEAVAYRNAWE!

-80 1303 1306

-100

-120

-140 4

Voltage variation (mV)

-160

]:314‘ - 1317 1319 1322

-180

20 4——————— T T T T T
1270 1280 1290 1300 1310 1320 1330 1340 1350 1360

Wavenumber (cm'1)

Figure 3: QCL voltage variation for a full scan over the cavity spectral range. Insets show enlarge-
ments of parts of the figure. The central one highlights the regular mode-hops pattern. The right one
highlights the non-resolved water lines at 1317cm ™! and 1319cm™!

In order to avoid the influence of the QCL mode-hops, we have developed a data acquisition and
processing method based on dual wavelength scanning. The scans are performed simultaneously at
different frequencies with triangular signals. The fastest scan is realized with the mirror at 5 Hz over
the cavity spectral range. The slowest scan is realized with the QCL current at 0.05 Hz from 795 to
828 mA, this range corresponding to a single QCL mode-hop. For each successive scan of the mirror,
the variations associated with the QCL mode-hops are slightly shifted as represented in figure 4. A
custom processing program in LabVIEW is used to detect the maximum feedback point between each
mode-hop for each mirror scanning. The result of this processing for an empty cell is plotted in figure
5 where the parabolic shape is well retrieved. Some points are clearly found away from the parabolic
shape. They are due to the ambient water vapor previously mentioned. Around the top of the water
lines the data processing program cannot be applied and wrong points are selected.

In order to obtain gas absorption spectra, two consecutive measurements are performed. First a cavity
calibration recording is realized with an empty cell. A second recording is realized with the cell filled
by the gas sample. The final step is the voltage difference between the retrieved data points and the
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Figure 4: Principle of the dual wavelength scanning
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Figure 5: Result of the data processing applied to the data of the figure 3
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calibration points. With such a method, the mode-hop influence is compensated in the obtained gas
spectrum because each selected point is ensured not to be on a mode-hop.

The measurement uncertainty of the system is studied on consecutive patterns. A voltage noise of
1 x 1073V is observed at the end of the acquisition chain. As for the wavenumber uncertainty, it is
between 1.3 x 1072cm ™! and 8 x 1072 cm™!. This is attributed to a combination of many factors such
as the sampling resolution of 7 x 1073 cm™!, the external cavity mode-hops of 1.3 x 10™?cm™!, and
mainly mechanical instabilities whose effect is enhanced in this long-cavity setup.

4 Preliminary results on CH, detection

A spectrum of 0.3% of methane, at atmospheric pressure and ambient temperature, obtained with the
described method is presented in figure 6 (top left). The same spectrum without the described method
is presented for comparison (bottom left). As expected, the strong influence of the mode-hops is com-
pensated from the spectrum. For comparison, the absorption coefficient calculated with the HITRAN
database is presented in the same figure (top right). The water lines visible on the experimental spec-
trum are due to ambient water vapor in the external cavity open parts. As mentioned previously these
lines impact the data processing, therefore the calibration of the system, causing errors in lines ampli-
tude. Thus, in the following we will only focus on the CH, spectrum in areas without water lines. For
the presented spectrum the resolution is estimated at 2.5 x 1072 cm~! which is closed to the wavenum-
ber uncertainty as shown in figure 6 (bottom right). For a better comparison, enlargements of parts of
the figure 6 are presented in figures 7 (left) and 8 (left). On the right of the same figures is represented
the voltage variation versus the absorption coefficient calculated from the HITRAN database. These
figures help to highlight the actual limit and uncertainty of the system to retrieve the gas absorption
coefficient. This uncertainty is due to the voltage and wavenumber uncertainties mentioned previ-
ously. This type of observation was realized in (Phillips and Taubman, 2012) for the slope variation
of the voltage-current characteristic and show a similar linear behavior. Further investigation will be
conducted to understand these similarities and their limitations. However, from these results we can
conclude that our system is currently more suitable for low absorption spectroscopy. The current limit
of detection is an absorption coefficient of 5 x 10™3cm™!. Even if the uncertainty is not negligible,
the gas lines are still identifiable over a 69 cm™! spectral range. As one can observe on spectra, some
artifacts exist, at 1303.6cm™! and 1306.2cm™! for example, which degrade the spectrum quality.
Comparing with the theoretical spectrum, this occurs when the linear absorption coefficient is greater
than 3 x 1072 cm™'. We have observed on recordings that a new mode-hop can appear in presence
of a strong absorption. This is the consequence of the increase in cavity losses with the increase in
gas absorption. An artifact is created when a new mode-hop appears in the area where the maximum
feedback was because the mode-hop is retrieved by the data processing program. This explains the
dispersion at high absorption observed on figure 8 (right).

5 Conclusion

In this article we performed intracavity gas detection in the mid-infrared region with the EVIS method,
consisting in retrieving the gas spectrum through the QCL voltage variations. The main advantages
of this technique are the non-use of photodetector and the fact that it works for the full spectral range
of the laser source. In addition, it can be easily implemented on an existing cavity without any modifi-
cation of the optical setup. We retrieved the spectrum of 0.3% of at a 2.5 % 1072 cm™! resolution over
a 69 cm™! spectral range. We have demonstrated the removal of the influence of the QCL mode-hops
on the final spectrum with a method based on a dual wavelength scanning. The final resolution is
improved by a factor 20, from the 0.5 cm~! QCL free spectral range limitation to 2.5 X 1072 cm™ 1.
Thanks to this method the external cavity is simple. There is no need for a mode-hop free setup where
sensitive mechanical alignments are essential. Moreover, the resolution limit of this method is only
limited by the noise and the uncertainty of the acquisition system. The influence of optical cavities
inside the setup is compensated. Due to the wavenumber resolution of this experiment the external
cavity mode-hops are not resolved. We also used the direct voltage difference in this EVIS setup and
compared the obtained results with previous experiments. Similarities were observed between this
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Figure 6: Top Left : Experimental spectra of 0.3 % of CH, and ambient H,O. Top Right : Linear
absorption coefficient calculated from the HITRAN database. A H,O concentration of 3 % at ambient
temperature and atmospheric pressure is estimated for the calculation. Down Left : Experimental
spectra of 0.3 % of CH, and ambient H,O without the compensation of the QCL mode-hops. Down
Right : Enlargment of the top left figure and comparison with the calculated absorption coefficient
from the top right figure. The value for error bars is 2.5 x 1072cm™!
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Figure 8: Left : Another enlargement of figure 6} (top left). Black line is the experimental spectrum
and red line is the absorption coefficient calculated from the HITRAN database. Right : Experimental
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direct voltage difference and the current-voltage slopes difference, which are promising results. Fur-
ther studies will be performed to explore the similarities and divergences of these two methods. In
order to deal with these results in depth, multiple upgrades are necessary. The problem of the ambi-
ent water vapor can be solved by placing the cavity inside a hermetic tank filled with a neutral gas or
emptied. The external cavity should also be shortened to reduce the impact of mechanical instabilities.

6 Acknowledgements

Laurent Bizet acknowledges the Direction Générale de I’Armement and Région Grand-Est for his PhD
funding.

References

Baev, V. M., T. Latz, and P. E. Toschek (1999). “Laser intracavity absorption spectroscopy”. In: Applied
Physics B: Lasers & Optics 69, pp. 171-202. ISSN: 0946-2171. DOI: 10.1007/s003409900114.

Berden, Giel, Rudy Peeters, and Gerard Meijer (2000). “Cavity ring-down spectroscopy: Experimental
schemes and applications”. In: International Reviews in Physical Chemistry 19.4, pp. 565-607. DOI:
10.1080/014423500750040627.

Bialkowski, S.E. (1996). Photothermal Spectroscopy Methods for Chemical Analysis. Vol. 177. Chem-
ical Analysis: A Series of Monographs on Analytical Chemistry and Its Applications. Wiley & Sons.
ISBN: 9780471574675.

Bizet, Laurent, Raphaél Vallon, Bertrand Parvitte, Mickael Brun, Grégory Maisons, Mathieu Carras,
and Virginie Zéninari (2017). “Multi-gas sensing with quantum cascade laser array in the mid-
infrared region”. In: Applied Physics B: Lasers & Optics 123.5, p. 145. DOI: 10.1007/s00340-017-
6716-9.

Blake Martin, W.,, Sergey Mirov, and Ramakrishna Venugopalan (2005). “Middle Infrared, Quantum
Cascade Laser Optoelectronic Absorption System for Monitoring Glucose in Serum”. In: Applied
Spectroscopy 59.7, pp. 881-884. DOI: 10.1366/0003702054411580.

Brandstetter, Markus, Tamara Sumalowitsch, Andreas Genner, Andreas Posch, Christoph Herwig, An-
dreas Drolz, Valentin Fuhrmann, Thomas Perkmann, and Bernhard Lendl (2013). “Reagent-Free
Monitoring of Multiple Clinically Relevant Parameters in Human Blood Plasma Using a Mid-Infrared
Quantum Cascade Laser Based Sensor System”. In: The Analyst 138. DOI: 10.1039/c3an00300k.

Budni, P. A., L. A. Pomeranz, M. L. Lemons, C. A. Miller, J. R. Mosto, and E. P. Chicklis (2000). “Efficient
Mid-Infrared Laser Using 1.9 pm-Pumped Ho:yag and Zngep2 Optical Parametric oscillators”. In:
J. Opt. Soc. Am. B 17.5, pp. 723-728. DOI: 10.1364/JOSAB.17.000723.

811



https://doi.org/10.1007/s003409900114
https://doi.org/10.1080/014423500750040627
https://doi.org/10.1007/s00340-017-6716-9
https://doi.org/10.1007/s00340-017-6716-9
https://doi.org/10.1366/0003702054411580
https://doi.org/10.1039/c3an00300k
https://doi.org/10.1364/JOSAB.17.000723

Mode-hop compensation for intracavity sensing via chip voltage in an
external-cavity QCL

Dudzik, Grzegorz, Karol Krzempek, Krzysztof Abramski, and Gerard Wysocki (2021). “Solid-State Laser
Intra-Cavity Photothermal Gas Sensor”. In: Sensors and Actuators B: Chemical 328.nil, p. 129072.
DOI: 10.1016/j.snb.2020.129072.

Faist, Jérome, Federico A. Capasso, Carlo Sirtori, Deborah L. Sivco, James N. Baillargeon, Albert L.
Hutchinson, S.-N George Chu, and Alfred Y. Cho (1996). “High power mid-infrared (A~ 5 pm) quan-
tum cascade lasers operating above room temperature”. In: Applied Physics Letters 68, p. 3680.

Faist, Jérome, Federico A. Capasso, Deborah L. Sivco, Carlo Sirtori, Albert L. Hutchinson, and Alfred Y.
Cho (1994). “Quantum Cascade Laser”. In: Science 264.5158, pp. 553-556. ISSN: 0036-8075. DOI:
10.1126/science.264.5158.553.

Felix, C. L., W. W. Bewley, 1. Vurgaftman, J. R. Meyer, L. Goldberg, D. H. Chow, and E. Selvig (1997).
“Midinfrared Vertical-Cavity Surface-Emitting Laser”. In: Applied Physics Letters 71.24, pp. 3483-
3485. DOI: 10.1063/1.120366. eprint: https://doi.org/10.1063/1.120366.

Gong, Hai, Zhigang Liu, Yangli Zhou, and Weibo Zhang (2014). “Extending the mode-hop-free tuning
range of an external-cavity diode laser by synchronous tuning with mode matching”. In: Applied
Optics 53.33, pp. 7878-7884. DOI: 10.1364/A0.53.007878.

Grossel, Agnes, Virginie Zéninari, Lilian Joly, Bertrand Parvitte, Georges Durry, and Daniel Courtois
(2007). “Photoacoustic Detection of Nitric Oxide With a Helmholtz Resonant Quantum Cascade
Laser Sensor”. In: Infrared Physics and Technology 51.2, pp. 95-101. DOI: 10.1016/]j.infrared.
2006.11.004.

Grossel, Agnes, Virginie Zéninari, Bertrand Parvitte, Lilian Joly, and Daniel Courtois (2007). “Opti-
mization of a Compact Photoacoustic Quantum Cascade Laser Spectrometer for Atmospheric Flux
Measurements: Application To the Detection of Methane and Nitrous Oxide”. In: Applied Physics
B: Lasers & Optics 88.3, pp. 483-492. ISSN: 0946-2171. DOI: 10.1007/s00340-007-2719-2.

Grossel, Agnes, Virginie Zéninari, Bertrand Parvitte, Lilian Joly, Daniel Courtois, and Georges Durry
(2008). “Quantum cascade laser spectroscopy of N20O in the 7.9 pm region for the in situ monitor-
ing of the atmosphere”. In: Journal of Quantitative Spectroscopy and Radiative Transfer 109.10,
pp. 1845-1855. DOI: 10.1016/j.jgqsrt.2007.12.002.

Grouiez, Bruno, Bertrand Parvitte, Lilian Joly, and Virginie Zéninari (2009). “Alternative method for
gas detection using pulsed quantum-cascade-laser spectrometers”. In: Optics Letters 34.2, pp. 181-
183. DOI: 10.1364/0L.34.000181.

Grouiez, Bruno, Virginie Zéninari, Lilian Joly, and Bertrand Parvitte (2010). “Pulsed quantum-cascade-
laser spectroscopy with intermediate-size pulses: Application to NH3 in the 10 pm region”. In:
Applied Physics B: Lasers & Optics 100.2, pp. 265-273. ISSN: 0946-2171. DOI: 10.1007/s00340-
010-3993-y.

Haase, Katharina, Niels Kroger-Lui, Annemarie Pucci, Arthur Schonhals, and Wolfgang Petrich (2015).
“Real-Time Mid-Infrared Imaging of Living Microorganisms”. In: journal of biophotonics 9. DOI:
10.1002/jbio.201500264.

Hemming, Alexander, Jim Richards, Alan Davidson, Neil Carmody, Shayne Bennetts, Nikita Simakov,
and John Haub (2013). “99 W Mid-Ir Operation of a Zgp Opo At 25% Duty cycle”. In: Opt. Express
21.8, pp. 10062-10069. DOI: 10.1364/0E.21.010062.

Henderson-Sapir, Ori, Jesper Munch, and David J. Ottaway (2014). “Mid-Infrared Fiber Lasers At and
Beyond 3.5 pm Using Dual-Wavelength Pumping”. In: Opt. Lett. 39.3, pp. 493-496. DOI: 10.1364/
0L.39.000493.

Hofstetter, Daniel, Mattias Beck, and Jérome Faist (2002). “Quantum-cascade-laser structures as pho-
todetectors”. In: Applied Physics Letters 81.15, pp. 2683-2685. DOI: 10.1063/1.1512954. eprint:
https://doi.org/10.1063/1.1512954.

Ikyo, A.B., Igor Marko, Konstanze Hild, A.R. Adams, Shamsul Arafin, M.-C Amann, and Stephen Sweeney
(2016). “Temperature Stable Mid-Infrared GalnAsSb/GaSb Vertical Cavity Surface Emitting Lasers
(VCSELs)”. In: Scientific Reports 6, p. 19595. DOI: 10.1038/srep19595.

Joly, Lilian, Virginie Zéninari, Thomas Decarpenterie, Julien Cousin, Bruno Grouiez, Dominique Mam-
mez, Georges Durry, Mathieu Carras, Xavier Marcadet, and Bertrand Parvitte (2011). “Continuous-
wave quantum cascade lasers absorption spectrometers for trace gas detection in the atmosphere”.
In: Laser Physics 21.4, pp. 815-812. DOI: 10.1134/S1054660X11070127.

Kachanov, A., A. Charvat, and F. Stoeckel (1994). “Intracavity laser spectroscopy with vibronic solid-
state lasers I Spectro temporal transient behavior of a Ti:sapphire laser”. In: Journal of the Optical
Society of America B 11.12, pp. 2412-21. ISSN: 0740-3224. DOI: 10.1364/JOSAB.11.002412.

9|11


https://doi.org/10.1016/j.snb.2020.129072
https://doi.org/10.1126/science.264.5158.553
https://doi.org/10.1063/1.120366
https://doi.org/10.1063/1.120366
https://doi.org/10.1364/AO.53.007878
https://doi.org/10.1016/j.infrared.2006.11.004
https://doi.org/10.1016/j.infrared.2006.11.004
https://doi.org/10.1007/s00340-007-2719-2
https://doi.org/10.1016/j.jqsrt.2007.12.002
https://doi.org/10.1364/OL.34.000181
https://doi.org/10.1007/s00340-010-3993-y
https://doi.org/10.1007/s00340-010-3993-y
https://doi.org/10.1002/jbio.201500264
https://doi.org/10.1364/OE.21.010062
https://doi.org/10.1364/OL.39.000493
https://doi.org/10.1364/OL.39.000493
https://doi.org/10.1063/1.1512954
https://doi.org/10.1063/1.1512954
https://doi.org/10.1038/srep19595
https://doi.org/10.1134/S1054660X11070127
https://doi.org/10.1364/JOSAB.11.002412

Mode-hop compensation for intracavity sensing via chip voltage in an
external-cavity QCL

Kroger, Niels, Alexander Egl, Maria Engel, Norbert Gretz, Katharina Haase, Iris Herpich, Bettina Kran-
zlin, Sabine Neudecker, Annemarie Pucci, Arthur Schonhals, Jochen Vogt, and Wolfgang Petrich
(2014). “Quantum Cascade Laser-based Hyperspectral Imaging of Biological tissue”. In: Journal of
Biomedical Optics 19.11, pp. 1-6. DOI: 10.1117/1.JB0O.19.11.111607.

Kroger-Lui, N., N. Gretz, K. Haase, B. Kranzlin, S. Neudecker, A. Pucci, A. Regenscheit, A. Schon-
hals, and W. Petrich (2015). “Rapid Identification of Goblet Cells in Unstained Colon Thin Sec-
tions By Means of Quantum Cascade Laser-Based Infrared Microspectroscopy”. In: Analyst 140
(7), pp- 2086-2092. DOI: 10.1039/C4AN02001D.

Lee, Benjamin G., Mikhail A. Belkin, Ross M. Audet, Jim MacArthur, Laurent Diehl, Christian Pflugl,
Federico A. Capasso, Douglas C. Oakley, David Chapman, Antonio Napoleone, David P. Bour, Scott W.
Corzine, Gloria E. Héfler, and Jérome Faist (2007). “Widely Tunable Single-Mode Quantum Cascade
Laser Source for Mid-Infrared Spectroscopy”. In: Applied Physics Letters 91.23, p. 231101. DOI:
10.1063/1.2816909.

Lippert, Espen, Helge Fonnum, Gunnar Arisholm, and Knut Stenersen (2010). “A 22-watt Mid-Infrared
Optical Parametric Oscillator With V-Shaped 3-mirror Ring resonator”. In: Opt. Express 18.25,
pp. 26475-26483. DOI: 10.1364/0E.18.026475.

Liu, Karen and Michael G. Littman (1981). “Novel Geometry for Single-Mode Scanning of Tunable
lasers”. In: Optics Letters 6.3, p. 117. ISSN: 0146-9592. DOI: 10.1364/0L.6.000117.

Liu, Kun, Lei Wang, Tu Tan, Guishi Wang, Weijun Zhang, Weidong Chen, and Xiaoming Gao (2015).
“Highly Sensitive Detection of Methane By Near-Infrared Laser Absorption Spectroscopy Using
a Compact Dense-Pattern Multipass Cell”. In: Sensors and Actuators B: Chemical 220, pp. 1000-
1005. ISSN: 0925-4005. DOI: https://doi.org/10.1016/j.snb.2015.05.136.

Maamary, Rabih, Xiaojuan Cui, Eric Fertein, Patrick Augustin, Marc Fourmentin, Dorothée Dewaele,
Fabrice Cazier, Laurence Guinet, and Weidong Chen (2016). “A Quantum Cascade Laser-Based Op-
tical Sensor for Continuous Monitoring of Environmental Methane in Dunkirk (France).” In: Sensors
16.2. ISSN: 1424-8220. DOI: 10.3390/s16020224.

Marchenko, D., Julien Mandon, Simona M. Cristescu, P. J. F. M. Merkus, and Frans J. M. Harren (2013).
“Quantum Cascade Laser-Based Sensor for Detection of Exhaled and Biogenic Nitric Oxide”. In:
Applied Physics B: Lasers & Optics 111.3, pp. 359-365. ISSN: 0946-2171. DOI: 10.1007/s00340-
013-5341-5.

Maulini, Richard, A. Lyakh, A. Tsekoun, M. Lane, T. Macdonald, R. Go, and C. Kumar N. Patel (2009).
“High Power and Efficiency Quantum Cascade Laser Systems for Defense and Security applica-
tions”. In: Proc.SPIE 7483, p. 73250L. DOI: 10.1117/12.820236.

McManus, J. Barry, Paul L. Kebabian, and Mark S. Zahniser (1995). “Astigmatic Mirror Multipass Ab-
sorption Cells for Long-Path-Length Spectroscopy”. In: Applied Optics 34.18, pp. 3336-3348.

Mukherjee, Anadi, Steven Von Der Porten, and Chandra Kumar Naranbhai Patel (2010). “Standoff
Detection of Explosive Substances At Distances of Up To 150m”. In: Applied Optics 49.11, pp. 2072-
2078.

Nelson Jr, David D., Joanne H. Shorter, J. Barry McManus, and Mark S. Zahniser (2002). “Sub-Part-Per-
Billion Detection of Nitric Oxide in Air Using a Thermoelectrically Cooled Mid-Infrared Quantum
Cascade Laser Spectrometer”. In: Applied Physics B: Lasers & Optics 75.2-3, pp. 343-350. ISSN:
0946-2171. DOI: 10.1007/s00340-002-0979-4.

Olafsen, L. J., E. H. Aifer, I. Vurgaftman, W. W. Bewley, C. L. Felix, J. R. Meyer, D. Zhang, C.-H. Lin,
and S. S. Pei (1998). “Near-Room-Temperature Mid-Infrared Interband Cascade Laser”. In: Applied
Physics Letters 72.19, pp. 2370-2372. DOI: 10.1063/1.121359. eprint: https://doi.org/10.1063/1.
121359.

Papantonakis, Michael, Robert Furstenberg, Chris Kendziora, Stan V. Stepnowski, Jennifer Stepnowski,
Viet Nguyen, Matthew Rake, and R. Andrew McGill (2009). “Stand-Off Detection of Trace Explosives
By Infrared Photo-Thermal spectroscopy”. In: 2009 IEEE Conference on Technologies for Homeland
Security, HST 2009 7304, pp. 465-471. ISSN: 0277786X. DOI: 10.1109/THS.2009.5168074.

Phillips, Mark C. and Matthew S. Taubman (2012). “Intracavity Sensing Via Compliance Voltage in an
External Cavity Quantum Cascade Laser”. In: Optics Letters 37.13, pp. 2664-2666.

Phillips, Mark C., Matthew S. Taubman, and Jason Kriesel (2015). “Use of external cavity quantum
cascade laser compliance voltage in real-time trace gas sensing of multiple chemicals”. In: Quantum
Sensing and Nanophotonic Devices XII. Ed. by Manijeh Razeghi, Eric Tournié, and Gail J. Brown.

10] 11


https://doi.org/10.1117/1.JBO.19.11.111607
https://doi.org/10.1039/C4AN02001D
https://doi.org/10.1063/1.2816909
https://doi.org/10.1364/OE.18.026475
https://doi.org/10.1364/OL.6.000117
https://doi.org/https://doi.org/10.1016/j.snb.2015.05.136
https://doi.org/10.3390/s16020224
https://doi.org/10.1007/s00340-013-5341-5
https://doi.org/10.1007/s00340-013-5341-5
https://doi.org/10.1117/12.820236
https://doi.org/10.1007/s00340-002-0979-4
https://doi.org/10.1063/1.121359
https://doi.org/10.1063/1.121359
https://doi.org/10.1063/1.121359
https://doi.org/10.1109/THS.2009.5168074

Mode-hop compensation for intracavity sensing via chip voltage in an
external-cavity QCL

Vol. 9370. International Society for Optics and Photonics. SPIE, pp. 192-205. DOI: 10.1117/12.
2080852.

Reyes-Reyes, Adonis, Roland C. Horsten, H. Paul Urbach, and Nandini Bhattacharya (2015). “Study of
the Exhaled Acetone in Type 1 Diabetes Using Quantum Cascade Laser Spectroscopy”. In: Analyt-
ical Chemistry 87.1, pp. 507-512. DOI: 10.1021/ac504235e.

Rochford, K. B. and A. H. Rose (1995). “Simultaneous laser-diode emission and detection for fiber-optic
sensor applications”. In: Optics Letters 20.20, pp. 2105-2107. DOI: 10.1364/0L1.20.002105.

Romanini, D., A.A. Kachanov, N. Sadeghi, and F. Stoeckel (1997). “CW cavity ring down spectroscopy”.
In: Chemical Physics Letters 264.3, pp. 316-322. ISSN: 0009-2614. DOI: https://doi.org/10.1016/
S0009-2614(96)01351-6.

Seddon, Angela B, Zhuoqi Tang, David Furniss, Slawomir Sujecki, and Trevor M Benson (2010). “Progress
in Rare-Earth-Doped Mid-Infrared Fiber Lasers”. In: Opt. Express 18.25, pp. 26704-26719. DOI:
10.1364/0E.18.026704.

Shorter, J. H., D. D. Nelson, J. B. McManus, M. S. Zahniser, and D. K. Milton (2010). “Multicomponent
Breath Analysis With Infrared Absorption Using Room-Temperature Quantum Cascade Lasers”. In:
IEEE Sensors Journal 10.1, pp. 76-84. DOI: 10.1109/JSEN.2009.2035764.

Tsai, T. and G. Wysocki (2012). “Active Wavelength Control of an External Cavity Quantum Cascade
Laser”. In: Applied Physics B: Lasers & Optics 109.3, pp. 415-421. ISSN: 0946-2171. DOI: 10.1007/
s00340-012-5075-9.

Vallon, Raphaél, Bertrand Parvitte, Laurent Bizet, Guy Mael De Naurois, Bouzid Simozrag, Grégory
Maisons, Mathieu Carras, and Virginie Zéninari (2016). “External Cavity Coherent Quantum Cas-
cade Laser Array”. In: Infrared Physics and Technology 76. DOI: 10.1016/j.infrared.2016.03.013.

Vurgaftman, I, C L Canedy, C S Kim, M Kim, W W Bewley, J R Lindle, J Abell, and J] R Meyer (2009).
“Mid-Infrared Interband Cascade Lasers Operating At Ambient Temperatures”. In: New Journal of
Physics 11.12, p. 125015. DOI: 10.1088/1367-2630/11/12/125015.

Woodward, R. I.,, M. R. Majewski, D. D. Hudson, and S. D. Jackson (2019). “Swept-Wavelength Mid-
Infrared Fiber Laser for Real-Time Ammonia Gas Sensing”. In: APL Photonics 4.2, p. 020801. DOI:
10.1063/1.5065415.

Wysocki, Gerard, Robert F. Curl, Frank K. Tittel, Richard Maulini, Jean-Marc Bulliard, and Jérome
Faist (2005). “Widely Tunable Mode-Hop Free External Cavity Quantum Cascade Laser for High
Resolution Spectroscopic Applications”. In: Applied Physics B: Lasers & Optics 81.6, pp. 769-777.
ISSN: 0946-2171.

Yao, Yu, Anthony J. Hoffman, and Claire F. Gmachl (2012). “Mid-Infrared Quantum Cascade Lasers”.
In: Nature Photonics 6.7, pp. 432-439. ISSN: 1749-4885. DOI: 10.1038/nphoton.2012.143.

Zéninari, Virginie, Agnes Grossel, Lilian Joly, Thomas Decarpenterie, Bruno Grouiez, Bernard Bonno,
and Bertrand Parvitte (2010). “Photoacoustic Spectroscopy for Trace Gas Detection With Cryogenic
and Room-Temperature Continuous-Wave Quantum Cascade Lasers”. In: Central European Journal
of Physics 8.2, pp. 194-201. DOI: 10.2478/s11534-009-0042-8.

1111


https://doi.org/10.1117/12.2080852
https://doi.org/10.1117/12.2080852
https://doi.org/10.1021/ac504235e
https://doi.org/10.1364/OL.20.002105
https://doi.org/https://doi.org/10.1016/S0009-2614(96)01351-6
https://doi.org/https://doi.org/10.1016/S0009-2614(96)01351-6
https://doi.org/10.1364/OE.18.026704
https://doi.org/10.1109/JSEN.2009.2035764
https://doi.org/10.1007/s00340-012-5075-9
https://doi.org/10.1007/s00340-012-5075-9
https://doi.org/10.1016/j.infrared.2016.03.013
https://doi.org/10.1088/1367-2630/11/12/125015
https://doi.org/10.1063/1.5065415
https://doi.org/10.1038/nphoton.2012.143
https://doi.org/10.2478/s11534-009-0042-8

	Introduction
	Experimental setup
	Characterization of the EC-QCL using EVIS Data acquisition and post-processing
	Preliminary results on CH4 detection
	Conclusion
	Acknowledgements

