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About

CES 2022 (Cavity Enhanced Spectroscopy)

CES (Cavity Enhanced Spectroscopy) is a biennial international meeting that brings together thecommunity of physicists, chemists, atmospheric scientists, and engineers who work in the broadarea of cavity enhanced spectroscopy and its many applications. The meeting is a forum for pre-sentation of the latest developments in the field of optical cavities, including fundamental studies,micro- and nano-photonic themes, and applications in different areas of research. Investigatorsfrom academia, government and industry are encouraged to attend.

History

Lecco 2022 Greifswald 2007Madison 2019 Cork 2006Egmond aan Zee 2017 Oxford 2005Boulder 2015 Eindhoven 2004Naples 2013 Dusseldorf 2003Kingston 2011 Lille 2002Leiden 2009 Heeze 2001

Program Committee

Marco Marangoni Politecnico di Milano (Italy)Aleksandra Foltynowicz UmeåUniversity (Sweden)Randall Goldsmith University of Wisconsin-Madison (MA, USA)Daniele Romanini University of Grenoble (France)Hans-Peter Loock University of Victoria (Canada)

Local Committee

Marco MarangoniDavide GattiMarco Lamperti
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Sponsors
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Timetable

Tuesday, June 14th

14:00–14:10 CES2022 openingSUMMERSCHOOL Chair:Marco Marangoni

14:10–14:55 SS Adam J. Fleisher Accurate cavity-enhanced spectroscopy of molecules with
coherent light

14:55–15:40 SS Lucile Rutkowski Cavity-enhanced optical frequency comb spectroscopy
15:40–16:25 SS Steven S. Brown Applications of cavity enhanced spectroscopy to

atmospheric field measurements and aircraft research16:25–16:45 Coffee break

16:45–17:30 SS Oliver H. Heckl High finesse mirror design, fabrication and characterization
17:30–18.15 SS Randall Goldsmith Optical microcavities, a Low-Q Introduction

SS: Summer School Lecture

Wednesday, June 15th

Chair:David Long

9:00–9:35 IS Shui-Ming Hu Cavity-enhanced spectroscopy of molecules with sub-kHz
accuracy

9:35–10:00 CT Szymon Wójtewicz Cavity-enhanced absorption and dispersion Doppler-free
saturation spectroscopy

10:00–10:25 CT Daniele Romanini Comb coherence-transfer and high accuracy saturated
cavity ring-down saturation spectroscopy

10:25–10:50 CT Adam J. Fleisher Resonance enhanced two-photon spectroscopy of nitrous
oxide using a frequency-locked quantum cascade laser10:50–11:10 Coffee break

11:10–11:45 IS Ioachim Pupeza Cavity-enhanced field-resolved spectroscopy
11:45–12:10 CT Eckart Wrede A breath-by-breath, real-time acetone sensor based on

cavity-enhanced laser-induced fluorescence
12:10–12:35 CT Davide Mazzotti Real-world applications of Saturated-Absorption CAvity

Ring-down (SCAR) spectroscopy
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12:35–13:00 CT Caroline Womack The miniature airborne cavity enhanced spectrometer
(mACES) for sensitive NO2 detection on UAV platforms13:00–14:10 Lunch

Chair: Kevin Lehmann

14:10–14:45 IS Peter Rakitzis Applications of cavity-based Polarimetry

14:45–15:10 CT Eugenio Fasci Comb-assisted cavity ring-down spectroscopy for
ultra-sensitive traceable measurements of water vapour in

ultra-high purity gases
15:10–15:35 CT Jean-Pierre van

Helden
The spatial distribution of species in an atmospheric

pressure plasma jet investigated by cw cavity ring-down
spectroscopy

15:35–16:00 CT Zhen Wang Ultra-high sensitivity and ultra-wide dynamic range gas
detection based on photoacoustic spectroscopy16:00–16:20 Coffee break

16:20–16:55 IS Marissa Weichman Molecules in optical cavities: precision spectroscopy and
strong light-matter interactions

16:55–17:20 CT Ibrahim Sadiek Mode-resolved Mid-Infrared optical frequency comb
spectroscopy using an air-spaced VIPA without optical

cavity filtering
17:20–17:45 CT Adrian Hjältén High-accuracy line positions of N2O, CH4 and H2CO around

8 µm from optical frequency comb Fourier transform
spectroscopy

17:45–17:55 SC Sven Schmidt NANOPLUS
17:55–18:05 SC Andreas Hugi IRSWEEP

19:00 Happy Hour
20:00 Poster Session

https://www.overleaf.com/project/629f69da929d193587a5ef12 CT: Contributed Talk
IS: Invited Speaker
SC: Sponsor Contribution

Thursday, June 16th

Chair: Lucile Rutkowski

9:00–9:35 IS Thomas Allison Understanding ultrafast observables via broadband
cavity-enhanced ultrafast spectroscopy in jet-cooled

molecules and clusters
9:35–10:00 CT Romain Dubroeucq High finesse Fourier transform cavity ring-down

spectroscopy with an optical frequency comb
10:00–10:25 CT Dominik Charczun Electro-optical dual-comb cavity ring-down, mode-width

and mode-dispersion spectroscopy
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10:25–10:50 CT Vinicius Silva de
Oliveira Cavity-enhanced double-resonance spectroscopy of

methane using a frequency comb probe
10:50–11:10 Coffee break

Chair: Carlos Saavedra

11:10–11:45 IS Silvia Soria Huguet Microbubble resonators as enhanced platforms for
thermometry and flow cytometry

11:45–12:10 CT David Long Optomechanical devices for high accuracy acceleration
sensing

12:10–12:35 CT Marcin Makowski High-finesse optical cavity length adjustment at cryogenic
temperatures

12:35–13:00 Round table: Designing the new CES meeting13:00–14:10 Lunch
Chair Oliver H. Heckl

14:10–14:45 IS Marco Lamperti Cavity-enhanced vs coherent Raman metrology of H2

14:45–15:10 CT Philip Martin Infrared off-axis cavity-enhanced absorption spectroscopy
of molecular hydrogen

15:10–15:35 CT Daniele Romanini Fast breath analysis by OF-CEAS: clinical studies for lung
transplantation

16:00 Touristic excursion: Bellagio and Villa Melzi d’Eril
20:00 Gala dinner

CT: Contributed Talk
IS: Invited Speaker

Friday, June 17th

Chair: Hans-Peter Loock

9:00–9:35 IS Andreas Reiserer Spectroscopy and control of individual erbium dopants in
optical resonators

9:35–10:00 CT Maximilian Högner Broadband nonlinear cavity ring-down spectroscopy
10:00–10:25 CT Shalom Palkhivala Microcavity-enhanced investigation of nanoparticle

dynamics
10:25–10:50 CT Nikita Toropov Single-molecule thermo-optoplasmonic sensing of

enzymes10:50–11:10 Coffee break
Chair: Randall Goldsmith

11:10–11:45 IS Carlos Saavedra Fiber Fabry-Pérot micro-resonators for molecular oxygen
A-band determination using modulation spectroscopy

11:45–12:10 CT Tao Lu A silica rib microdisk for visible comb spectroscopy
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12:10–12:35 CT Oliver Hirschmann Adding quantum confinement to cavity molecular
polaritons

12:35–13:00 CT Hans-Peter Loock Fiber optic strain sensing with pi-shifted fiber Bragg
gratings13:00–13:10 Greetings and closing remarks13:10–14:10 Lunch

CT: Contributed Talk
IS: Invited Speaker
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List of Abstracts – Talks

Tuesday, June 14th

Accurate cavity-enhanced spectroscopy of molecules with coherent light

Adam J. Fleisher SS

National Institute of Standards and Technology (NIST), Boulder, CO, USA

Accurate spectral reference data for molecules unpins numerous sensing applications, including theremote sensing of atmosphere and trace gas detection. To accurately measure spectral referencedata, we require precision laboratory techniques to be performed under well-controlled sampleconditions. This summer school presentation will introduce several precise and accurate laboratorymeasurement techniques that leverage the advantages of cavity-enhanced spectroscopy whichinclude high sensitivity, certain noise immunities, and multiplexed acquisition. Working examplesof accurate spectroscopy and its application to challenges like traceable isotope analysis [1] will bediscussed.

References

1A. J. Fleisher, H. Yi, A. Srivastava, O. L. Polyansky, N. F. Zobov, and J. T. Hodges, “Absolute 13C/12Cisotope amount ratio for Vienna PeeDee Belemnite from infrared absorption spectroscopy”,Nature Physics 17, 889–893 (2021).

Additional Links

1L. Armus, S. T. Megeath, L. Corrales, M. Marengo, A. Kirkpatrick, J. D. Smith, M. Meyer, S. Gezari,R. P. Kraft, S. McCandliss, S. Tuttle, M. Elvis, M. Bentz, B. Binder, F. Civano, D. Dragomir, C.Espaillat, S. Finkelstein, D. B. Fox, M. Greenhouse, E. Hamden, J. Kauffmann, G. Khullar, J. Lazio,J. Lee, C. Lillie, P. Lightsey, R. Mushotzky, C. Scarlata, P. Scowen, G. R. Tremblay, Q. D. Wang,and S. Wolk, “Great Observatories: The Past and Future of Panchromatic Astrophysics”, arXiv,
10.48550/arXiv.2104.00023 (2021).
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Cavity-enhanced optical frequency comb spectroscopy

Lucile Rutkowski SS

University of Rennes, CNRS, Institut de Physique de Rennes (IPR), Rennes, France

Cavity-enhanced spectroscopy based on optical frequency comb sources combines sensitivity,spectral coverage and high resolution with limited sample volumes and short acquisition times.Since 2002, many developments have pushed the performances of such spectrometers forward,making them suitable for many different types of applications. I will give an overview of thedifferent existing approaches before focusing on the Vernier and mechanical Fourier transformspectrometers. These last techniques have now reached maturity and found multiple applicationsranging from high precision spectroscopy to applied measurements.
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Applications of cavity enhanced spectroscopy to atmospheric fieldmeasurements
and aircraft research

Steven S. Brown SS

National Oceanic and Atmospheric Administration (NOAA) Chemical Sciences Laboratory, Boulder,CO, USA

Cavity Enhanced Spectroscopy (CES) is now a widely used analytical method for measurementsof atmospheric trace gases and extinction due to aerosol particles and Rayleigh scattering. Itsadvantage over more traditional absorption spectroscopy methods is high sensitivity at the levelrequired in atmospheric science, which is typically in the optical extinction range of 10−11 − 10−7

cm−1. As a form of direct absorption spectroscopy, CES has the further advantage of being anabsolute analytical method requiring less frequent or less cumbersome calibration approaches thanother analytical approaches. Techniques such as fluorescence spectroscopy or mass spectrometryare often higher in sensitivity for trace gas or aerosol composition measurements, but requirecalibration of the instrument response function. Indeed, CES is now often used both as a directinstrumental method and as a reference for other analytical techniques. Spectroscopically basedinstruments also offer considerable potential for miniaturization, especially relative to methodsthat require high vacuum. This summer school lecture will survey different approaches to CEScommonly used in atmospheric science, including cavity ring-down spectroscopy (CRDS), integratedcavity output spectroscopy (ICOS), incoherent broadband cavity enhanced absorption (extinction)spectroscopy (IBBCEAS), and cavity attenuated phase shift spectroscopy (CAPS). It will also surveythe utility of different spectral regions and light sources from the visible to the mid infrared. Exam-ples of different instruments will include both custom built and commercially available systems. TheNOAA Chemical Sciences Laboratory in Boulder, Colorado has a strong field program in atmosphericchemistry research that provides numerous examples of applications of CES for atmospheric tracegas sensing and aerosol extinction. The program has developed custom instruments from scratchand utilized custom-modified commercial instruments. Examples for this presentation will includemeasurements from ground sites, tall towers, ships and research aircraft, with an emphasis on thelatter.
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High finesse mirror design, fabrication and characterization

Oliver H. Heckl SS

University of Vienna, Vienna, Austria

High performance mirrors are employed for the construction of optical resonators in a variety ofapplications in optics and photonics. Stable resonators are routinely used to narrow the linewidthof continuous-wave lasers, thereby creating optical references for frequency comb stabilizationand precision molecular spectroscopy [1–3]. Stable interferometers can be very small or very largein size, enabling scientific discovery in fields as seemingly unrelated as microcavity sensing [4] andgravitational wave detection [5]. Emerging applications in chemical sensing [6], discrete imaging[7], ultracold chemistry [8, 9], and even fundamental physics [10] benefit from high-performancemirrors.During this summer school lecture, we look into the function principle of high-performance mirrorsbased on distributed Bragg reflectors, their design and design constraints, fabrication methods,spectral coverage and its limitations towards the UV and mid-IR spectral ranges. Before concluding,we will also discuss measurement schemes that allow mirror characterization on the ppm-level[11].

References

1A. D. Ludlow, M. M. Boyd, J. Ye, E. Peik, and P. O. Schmidt, “Optical atomic clocks”, Reviews ofModern Physics 87, 637–701 (2015).
2J. L. Hall, “Nobel Lecture: Defining andmeasuring optical frequencies”, Reviews ofModern Physics
78, 1279–1295 (2006).

3T. W. Hänsch, “Nobel Lecture: Passion for precision”, Reviews of Modern Physics 78, 1297–1309(2006).
4O. Kapon, R. Yitzhari, A. Palatnik, and Y. R. Tischler, “Vibrational Strong Light–Matter CouplingUsing a Wavelength-Tunable Mid-infrared Open Microcavity”, The Journal of Physical ChemistryC 121, 18845–18853 (2017).
5B. P. Abbott et al., “Observation of Gravitational Waves from a Binary Black Hole Merger”, PhysicalReview Letters 116, 061102 (2016).
6T. Jin, J. Zhou, Z. Wang, R. Gutierrez-Osuna, C. Ahn, W. Hwang, K. Park, and P. T. Lin, “Real-TimeGas Mixture Analysis Using Mid-Infrared Membrane Microcavities”, Analytical Chemistry 90,4348–4353 (2018).
7T. P. Wrobel and R. Bhargava, “Infrared Spectroscopic Imaging Advances as an Analytical Technol-ogy for Biomedical Sciences”, Analytical Chemistry 90, 1444–1463 (2018).
8L. D. Carr, D. DeMille, R. V. Krems, and J. Ye, “Cold and ultracold molecules: science, technologyand applications”, New Journal of Physics 11, 055049 (2009).
9J. L. Bohn, A. M. Rey, and J. Ye, “Cold molecules: Progress in quantum engineering of chemistryand quantum matter”, Science 357, 1002–1010 (2017).
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10J.-P. Karr, L. Hilico, J. C. J. Koelemeij, and V. I. Korobov, “Hydrogen molecular ions for improveddetermination of fundamental constants”, Physical Review A 94, 050501 (2016).
11G. Winkler, L. W. Perner, G.-W. Truong, G. Zhao, D. Bachmann, A. S. Mayer, J. Fellinger, D. Follman,P. Heu, C. Deutsch, D. M. Bailey, H. Peelaers, S. Puchegger, A. J. Fleisher, G. D. Cole, and O. H.Heckl, “Mid-infrared interference coatings with excess optical loss below 10 ppm”, Optica 8, 686(2021).
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Optical Microcavities, a Low-Q Introduction

Randall Goldsmith SS

Department of Chemistry, University of Wisconsin, Madison, USA

The basic workings and operating equations of optical cavities will be presented from a microcavityperspective. Examples will be taken from recent microcavity literature with applications in chemicalsensing, optomechanics, and quantum information science.
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Wednesday, June 15th

Cavity-enhanced spectroscopy of molecules with sub-kHz accuracy

Shui-Ming Hu IS

University of Science and Technology of China, Hefei, China

Precise determination of ro-vibrational transition frequencies of molecules is interested in metrol-ogy as well as fundamental physics. The use of high-finesse optical cavities not only enhancesthe detection sensitivity but also provides a strong laser field that may saturate weak overtonetransitions of molecules. Comb-locked cavity-enhanced absorption spectroscopy instruments weredeveloped to measure Doppler-free spectroscopy of molecules. Two-color double resonance spec-troscopy with milli-watt diode lasers was also established. We demonstrate a detection sensitivityof 10−12/cm together with sub-kHz frequency precision. Several applications will be presented,including abnormal line shift and broadening due to collisions at low pressures, the saturatedspectroscopy of HD towards a determination of the proton-to-electron mass ratio, and detectionof trace molecules/isotopes with cavity-enhanced double resonance spectroscopy.
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Cavity-enhanced absorption anddispersionDoppler-free saturation spectroscopy

Szymon Wójtewicz, Katarzyna Bielska, Jolanta Domysławska, Aleksandr Balashov, MichałSłow-
iński, Marcin Bober, Agata Cygan, Magdalena Konefał, Grzegorz Kowzan, Mikołaj Zaborowski,
Dominik Charczun, Piotr Wcisło, Piotr Masłowski, Roman Ciuryło, Daniel Lisak IS

Institute of Astronomy, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus Univer-sity, Toruń, Poland

Measurements of the absolute frequency of atomic andmolecular transitions are themost sensitivetool for fundamental studies and many applications like remote sensing or optical metrology. Herewe present an accurate determination of the positions of several molecular transitions using theDoppler-free saturated-absorption or dispersion spectroscopy. Our targets are near-infrared CO3-0 band and CO2 (30012) (00001) band as well as visible O2 B band. We applied threeultra-sensitive cavity-enhanced techniques: the well-established cavity ring-down spectroscopy(CRDS), the cavity mode-width spectroscopy (CMWS) [1], and emerging cavity mode-dispersionspectroscopy (CMDS) [2]. The last two techniques were employed for the first time for the Lamb dipspectroscopy [3]. The CMDS method is advantageous to the other two: it enables measurements inbroader pressure range and shows high immunity of the Lamb dip position to the simplifications inthe model of saturated cavity mode shape as well as saturating power variations. The unperturbedtransition frequencies are determined with even sub-kHz standard uncertainties, translating torelative uncertainties below 3 · 10−12. The results are compared with the previous data [4–7].

References

1A. Cygan, D. Lisak, P. Morzyński, M. Bober, M. Zawada, E. Pazderski, and R. Ciuryło, “Cavitymode-width spectroscopy with widely tunable ultra narrow laser”, Optics Express 21, 29744(2013).
2A. Cygan, P.Wcisło, S.Wójtewicz, G. Kowzan,M. Zaborowski, D. Charczun, K. Bielska, R. S. Trawiński,R. Ciuryło, P. Masłowski, and D. Lisak, “High-accuracy and wide dynamic range frequency-baseddispersion spectroscopy in an optical cavity”, Optics Express 27, 21810 (2019).
3K. Bielska, A. Cygan, M. Konefał, G. Kowzan, M. Zaborowski, D. Charczun, S. Wójtewicz, P. Wcisło,P. Masłowski, R. Ciuryło, and D. Lisak, “Frequency-based dispersion lamb-dip spectroscopy in ahigh finesse optical cavity”, Optics Express 29, 39449 (2021).
4J. Wang, C.-L. Hu, A.-W. Liu, Y. Sun, Y. Tan, and S.-M. Hu, “Saturated absorption spectroscopynear 1.57 µm and revised rotational line list of 12C16O”, Journal of Quantitative Spectroscopy andRadiative Transfer 270, 107717 (2021).
5Z. Reed, B. Drouin, D. Long, and J. Hodges, “Molecular transition frequencies of CO2 near 1.6 µmwith kHz-level uncertainties”, Journal of Quantitative Spectroscopy and Radiative Transfer 271,107681 (2021).
6Y. Tan, Y.-R. Xu, T.-P. Hua, A.-W. Liu, J. Wang, Y. R. Sun, and S.-M. Hu, “Cavity-enhanced saturatedabsorption spectroscopy of the (30012) (00001) band of 12C16O2”, The Journal of ChemicalPhysics 156, 044201 (2022).
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7J. Domysławska, S. Wòjtewicz, P. Masłowski, A. Cygan, K. Bielska, R. Trawiński, R. Ciuryło, andD. Lisak, “A new approach to spectral line shapes of the weak oxygen transitions for atmosphericapplications”, Journal of Quantitative Spectroscopy and Radiative Transfer 169, 111–121 (2016).
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Comb coherence-transfer and high accuracy saturated cavity ring-down satura-
tion spectroscopy

Daniele Romanini1, Ondrej Votava2, Samir Kassi1, Alain Campargue1 CT

1Université Grenoble Alpes and CNRS, Grenoble, France
2J. Heyrovský Institute of Physical Chemistry, ASCR, Prague, Czech Republic

Comb Coherence Transfer (CCT) exploits a feed-forward frequency correction scheme to transferthe optical phase of a frequency comb to the emitted radiation of a free-running DFB diodelaser. This allows to amplify by 4 or 5 orders of magnitude a selected comb tooth, while addingagile and accurate frequency tuning. In our laboratory, SI-traceable frequency calibration andcomb tooth narrowing down to 20 kHz is provided by comb frequency locking to an ultrastableoptical frequency reference distributed from Paris to Grenoble through the RENATER opticalfiber network [1]. We applied this CCT broadly tunable source for saturated cavity ring-down

spectroscopy of ro-vibrational multiplets in the 2ν3 band of 12CH4 from 6015 to 6115 cm−1. Efficientcavity injection with large intra-cavity power build-up induces saturation of these transitions at lowpressure, thus Doppler-free Lamb dips are observed, with high signal/noise. kHz-accurate transitionfrequencies are obtained [2], improving by three orders of magnitude previous values from spectrain the Doppler regime, which are strongly affected by line blending. While previous saturationspectroscopy investigations addressed specific 2ν3 multiplets (R6 or R9), the CCT approach allowedfor a rapid coverage of the entire R0-R10 series. Measured transition frequencies are comparedwith experimental and theoretical line lists available in the literature.

References

1C. Lisdat, G. Grosche, N. Quintin, C. Shi, S. Raupach, C. Grebing, D. Nicolodi, F. Stefani, A. Al-Masoudi, S. Dörscher, S. Häfner, J.-L. Robyr, N. Chiodo, S. Bilicki, E. Bookjans, A. Koczwara, S. Koke,A. Kuhl, F. Wiotte, F. Meynadier, E. Camisard, M. Abgrall, M. Lours, T. Legero, H. Schnatz, U. Sterr,H. Denker, C. Chardonnet, Y. L. Coq, G. Santarelli, A. Amy-Klein, R. L. Targat, J. Lodewyck, O. Lopez,and P.-E. Pottie, “A clock network for geodesy and fundamental science”, Nature Communications
7, 12443 (2016).
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2O. Votava, S. Kassi, A. Campargue, and D. Romanini, “Comb coherence-transfer and cavity ring-down saturation spectroscopy around 1.65 µm: kHz-accurate frequencies of transitions in the 2ν3band of 12CH4”, Physical Chemistry Chemical Physics 24, 4157–4173 (2022).
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Resonance enhanced two-photon spectroscopyof nitrous oxide using a frequency-
locked quantum cascade laser

Gang Zhao1, Jianfei Tian2, D. Michelle Bailey1, Joseph T. Hodges1, Kevin K. Lehmann3, Adam J.
Fleisher1

1MaterialMeasurement Laboratory, National Institute of Standards and Technology (NIST), Gaithers-burg, MD, USA
2Institute of Laser Spectroscopy, State Key Laboratory of Quantum Optics and Quantum OpticsDevices, Shanxi University, Tiayuan City, China
3Departments of Chemistry and Physics, University of Virginia, Charlottesville, VA, USA

We report the Doppler-free two-photon absorption of nitrous oxide (N2O), observed at awavelengthof 4.53 µm. This resonance enhanced two-photon transition within the ν3 vibrational overtoneband of N2O—measured by both cavity ring-down spectroscopy and cavity-enhanced absorptionspectroscopy — is shown to be a sensitive and selective probe for trace molecules in a gas sample,as predicted by Lehmann [1].To probe the Doppler-free transition with high frequency resolution, we demonstrate frequencylocking of a quantum cascade laser (QCL) by weak resonant feedback from a two-mirror, highfinesse optical resonator which also acts as the gas sample cell. We present a steady-state modelfor optical feedback from the Fabry-Perot cavity which, importantly, accounts for the differencein phase between the resonant (leak-out) and non-resonant (prompt reflection) electric fieldsreturning to the QCL probe. Frequency noise analysis of the free-running and locked lasers showsa dramatic reduction in laser linewidth which enabled Doppler-free two-photon spectroscopy ofN2O.

References

1K. K. Lehmann, “Resonance enhanced two-photon cavity ring-down spectroscopy of vibrationalovertone bands: a proposal”, The Journal of Chemical Physics 151, 144201 (2019).

Additional Links

1G. Zhao, D. M. Bailey, A. J. Fleisher, J. T. Hodges, and K. K. Lehmann, “Doppler-free two-photoncavity ring-down spectroscopy of a nitrous oxide (N2O) vibrational overtone transition”, PhysicalReview A 101, 062509 (2020).
2G. Zhao, J. Tian, J. T. Hodges, and A. J. Fleisher, “Frequency stabilization of a quantum cascadelaser by weak resonant feedback from a Fabry–Perot cavity”, Optics Letters 46, 3057 (2021).
3K. K. Lehmann, “Erratum: “Resonance enhanced two-photon cavity ring-down spectroscopy ofvibrational overtone bands: A proposal” [J. Chem. Phys. 151, 144201 (2019)]”, The Journal ofChemical Physics 153, 089902 (2020).
4K. K. Lehmann, “Optical cavity with intracavity two-photon absorption”, Journal of the OpticalSociety of America B 37, 3055 (2020).
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5K. K. Lehmann, “Two-photon absorption line shapes in the transit-time limit”, The Journal ofChemical Physics 154, 104105 (2021).
6J. Tian, G. Zhao, A. J. Fleisher, W. Ma, and S. Jia, “Optical feedback linear cavity enhanced absorp-tion spectroscopy”, Optics Express 29, 26831 (2021).
7W. K. Bischel, P. J. Kelly, and C. K. Rhodes, “High-resolution Doppler-free two-photon spectroscopicstudies of molecules. I. The ν3 bands of CH 123 F”, Physical Review A 13, 1817–1828 (1976).
8W. Bischel, P. Kelly, and C. Rhodes, “High-resolution doppler-free two-photon spectroscopicstudies of molecules. II. The ν2 bands of 14NH3”, Physical Review A 13, 1829–1841 (1976).
9F. Herlemont, M. Lyszyk, and J. Lemaire, “Doppler-free two-photon spectroscopy of the 2ν3 bandof SF6”, Applied Physics A 24, 369–374 (1981).
10A. Hemmerich, D. McIntyre, D. Schropp, D. Meschede, and T. Hänsch, “Optically stabilized narrowlinewidth semiconductor laser for high resolution spectroscopy”, Optics Communications 75,118–122 (1990).
11P. Laurent, A. Clairon, and C. Breant, “Frequency noise analysis of optically self-locked diodelasers”, IEEE Journal of Quantum Electronics 25, 1131–1142 (1989).
12K. M. Manfred, L. Ciaffoni, and G. A. D. Ritchie, “Optical-feedback cavity-enhanced absorptionspectroscopy in a linear cavity: model and experiments”, Applied Physics B 120, 329–339 (2015).
13S. J. Harris, J. Liisberg, L. Xia, J. Wei, K. Zeyer, L. Yu, M. Barthel, B. Wolf, B. F. J. Kelly, D. I. Cendón,T. Blunier, J. Six, and J. Mohn, “N2o isotopocule measurements using laser spectroscopy: analyzercharacterization and intercomparison”, Atmospheric Measurement Techniques 13, 2797–2831(2020).

22

https://doi.org/10.1063/5.0040868
https://doi.org/10.1063/5.0040868
https://doi.org/10.1364/OE.431934
https://doi.org/10.1103/PhysRevA.13.1817
https://doi.org/10.1103/PhysRevA.13.1829
https://doi.org/10.1007/BF00899736
https://doi.org/10.1016/0030-4018(90)90239-P
https://doi.org/10.1016/0030-4018(90)90239-P
https://doi.org/10.1109/3.29238
https://doi.org/10.1007/s00340-015-6140-y
https://doi.org/10.5194/amt-13-2797-2020
https://doi.org/10.5194/amt-13-2797-2020


Cavity-enhanced field-resolved spectroscopy
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1MPI für Quantenoptik, Garching, Germany
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Femtosecond enhancement cavities (fsEC) are key to applications including high-sensitivity linearand nonlinear spectroscopy, as well as efficient nonlinear optical frequency conversion. Broadbandpassive enhancement in an fsEC, however, imposes the challenging requirements to the mirrors ofhigh reflectivity and flat spectral phase over the entire bandwidth. As a consequence, to date, thebroadest simultaneously-enhanced bandwidths amount to< 20% of the central optical frequency.Furthermore, so far, fsECs have covered only fractions of the molecular fingerprint region.In this contribution, we present an ultrabroadband fsEC comprising gold-coated mirrors and areflectivewedged-diamond-plate input coupler, with an average finesse of 55 for optical frequenciesbelow 40 THz (λ > 7.50 µm), and exceeding 40 in the 120-THz to 300-THz (1 to 2.5 µm) range.By controlling the carrier-envelope phase acquired upon each roundtrip by means of varyingthe atmospheric humidity, we demonstrate the simultaneous enhancement of an offset-free 50MHz-repetition-rate frequency comb, obtained by intrapulse difference-frequency generation, inthe 22-to-40-THz range. This results in an ultrashort circulating pulse with fixed carrier-envelopephase and with a Fourier limit of 1.6 cycles and a central wavelength of 9.5 µm. The pulse-to-pulsewaveform-stable electric field of this offset-free comb enables time-domain electric-field-resolveddetection of the excitation pulse and of the waves at the fsEC reflection and transmission ports viafree-space electro-optic sampling (EOS).The talk will address the advantages of combining this ultrabroadband fsEC with field-resolvingdetection. Firstly, unlike in time-integrating spectroscopies, EOS enables the detection of resonantmolecular emission in the wake of an impulsive excitation in the absence of background from thelatter. The contrast between the two is enhanced by the fsEC by taking advantage of destructiveinterference at the input coupler, occurring in the reflection port. Secondly, with recent advancesin in EOS sensitivity, the effective interaction length with an intracavity gas of up to 81m resultsin the prospect of ppt-level sensitivity for broadband infrared vibrational spectroscopy. Finally,the power enhancement exceeding a factor of 10, along with the capability of enhancing singlefew-cycle pulses make this fsEC design highly interesting for driving and investigating nonlinearprocesses in the long-wave infrared spectral range.
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A breath-by-breath, real-time acetone sensor based on cavity-enhanced laser-
induced fluorescence

David Carty1, N. Hendrik Nahler2, Eckart Wrede1 CT

1Durham University, Durham, U.K
2Heriot-Watt University, Edinburgh, U.K

We have developed a cavity-enhanced laser-induced fluorescence (CELIF) sensor that monitorsbreath acetone in real time. The sensor allows to detect base-level acetone concentrations ofhealthy individuals (< 1 ppm) as well as extreme concentrations of> 1000 ppm found in severelyill patients with acute diabetic ketoacidosis (DKA). Accurate acetone concentrations are typicallyreported after a few breaths (approx. 30 seconds) from a passively breathing person.Acetone is one of the trace volatile organic compounds found in human breath and is a biomarker

for raised blood ketone levels caused by increased fat-burning of the body’s metabolism. Elevatedbreath-acetone levels are found in DKA patients or because of a low-carbohydrate (ketogenic) diet.The former constitutes a life-threatening condition that needs to be diagnosed and resolved in atimely manner. The latter is used to treat some medical conditions (e.g. epilepsy), for weight loss(fasting) or for conditioning for endurance sports.The breath-acetone sensor is based on cavity-enhanced laser-induced fluorescence (CELIF), aspectroscopic technique that combines pulsed cavity ring-down spectroscopy (CRDS) with laser-induced fluorescence (LIF) detection in a single laser beam. The cavity provides the enhanced pathlength through the sample and acts as a very efficient spatial and optical filter for the fluorescencedetection. In addition, the fluorescence signal can be calibrated directly via the reduced ring-downtimes at sufficiently high sample concentrations. Overall, CELIF provides superior limits of detectionand dynamic ranges compared to a traditional CRDS, particularly for spatially confined samples [1,2].We will present first results obtained with our sensor from healthy individuals with base and
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elevated breath-acetone levels to exemplify the performance and the potential of the sensor inclinical settings and for sports science.
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Saturated-absorption cavity ring-down (SCAR) spectroscopy has pushed molecular detection to anunprecedented sensitivity of a few parts per quadrillion (ppq) [1], thus allowing precise quantifi-cation of an elusive isotopologue such as 14CO2 (10−12 natural abundance). Technology has beenprogressing since its first demonstration in 2011 [2] and has taken to a portable instrument whichis worldwide deployable. Recently, such a unique instrument has been applied for addressingspecific problems in very different areas of science and humanities. Results will be shown for SCARapplication to:
• discrimination of biogenic vs. fossil content in materials and fuels [3];• radiological assessment of waste coming from decommissioning of a nuclear power plant[4];• dating of archeological samples from a 4,500 years old Sumerian site.

Next applications aim to 14C precise measurements in atmospheric samples. As is well known, CO2is the most significant anthropogenic greenhouse gas in the atmosphere. The pre-industrial level of
278 ppm represented a balance of fluxes among atmosphere, oceans and land biosphere. Currently,the global averaged CO2 mole fraction has increased up to 413 ppm, mainly due to emissions fromthe combustion of fossil fuels and cement production. Therefore, distinguishing and measuringanthropogenic/fossil vs. biogenic CO2 in the atmosphere is the key to quantify the anthropogeniccontribution to climate change.
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The Miniature Airborne Cavity Enhanced Spectrometer (mACES) for sensitive
NO2 detection on UAV platforms
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1CIRES / NOAA Chemical Sciences Laboratory, Boulder, CO, USA
2NOAA Chemical Sciences Laboratory, Boulder, CO, USA.
Nitrogen dioxide (NO2) is a criteria pollutant emitted from anthropogenic sources that is chemicallyconverted in the atmosphere to O3 and particulate matter, thereby affecting human health and theclimate. NO2 is highly reactive and has numerous sources, so strong gradients in its concentrationcan exist above the surface near populated areas. We present here a new instrument for measuringtrace amounts of NO2 on a UAV platform, which can access these populated areas with moreversatility than traditional aircraft or tower platforms. The instrument, the Miniature AirborneCavity Enhanced Spectrometer (mACES), measures absorption spectra from 425− 475 nm, whichallows retrieval of NO2 mixing ratios with a precision of less than 250 ppt in 1 second and with anaccuracy better than 3%. This represents an improvement in performance over commonly usedcommercial electrochemical sensors. Additionally, mACES weighs less than 3 kg and draws lessthan 15W power, and can be mounted on a hexacopter drone. We will present the results of thefirst tests of this instrument and discuss how it may be used in the future to make high-qualitytargeted measurements of NO2.
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Applications of Cavity-based Polarimetry
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We describe how recent improvement in signal-reversing cavity-ringdown polarimetry [1, 2] canachieve optical-rotation sensitivities of order µdeg, and we give examples of applications includingmeasuring chiral optical rotation from single drops, from thin films with effective thickness of aboutone monolayer, and from chiral emissions from a tree. We also discuss about the commercialpotential of our compact instrument.
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Comb-assisted cavity ring-down spectroscopy for ultra-sensitive traceable mea-
surements of water vapour in ultra-high purity gases
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Water vapour is a critical contaminant for vacuum systems and ultra-high purity (UHP) gases used inmany manufacturing processes such as the fabrication of semiconductor or optoelectronic devices.As water is a polar molecule, it is adsorbed on surfaces and then desorbed into any gas flow, thusaffecting industrial processes significantly. Even at trace levels, it influences electrical, chemical andmechanical properties of materials, impacting on the quality and performance of semiconductordevices. Although it is considered the most difficult impurity to remove from gas distributionsystems, the admitted levels of water in process gases such as N2, O2, H2, He and Ar, are becomingincreasingly low. In the framework of the European project PROMETH2O (Metrology for trace waterin ultra-pure process gases), we present here the first results of trace water measurements bymeans of a comb calibrated cavity ring-down spectrometer, operating at the wavelength of 1.39µm.The spectrometer is based on a high-finesse ultra-stable optical resonator showing an empty-cavityring-down time of about 130 µs. A first characterization of the set-up reveals a minimum detectableabsorption coefficient of 9 · 10−12 cm−1 and a noise equivalent absorption of 3 · 10−11cm−1/
√
Hz.We demonstrate the measurement of water vapour mole fractions at the level of 1 part per million(ppm) with a global uncertainty of 0.5%. The figure reported hereafter gives an example of H 182 O

detection in a nitrogen flow, at a water mole fraction of about 1 ppm. The lower plot gives theresiduals of a nonlinear least-squares fit to a Voigt profile. The signal-to-noise ratio was estimatedto be about 20.
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gated by cw cavity ring-down spectroscopy
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The application of cold atmospheric pressure plasma jets (CAPJs) for the localized treatment ofheat-sensitive surfaces and biological tissue has gained high industrial and medical importance.A detailed understanding of the complex chemical reaction network confined to a CAPJ wouldenable customized compositions of reactive species to be tailored for a specific plasma application.This requires highly sensitive and selective measurements of transient molecules and free radicals,their spatial and temporal distributions, and their transport in non-equilibrium environments.However, some of the key radical species are often present only in trace amounts and for a shortperiod of time, although they often drive the chemistry and therefore their detection is crucial. Achallenge for diagnostics of CAPJs is the small dimensions (µm to cm range) over which the reactivespecies are confined. A common approach to obtain absolute species densities are absorption

spectroscopy techniques. To increase the absorption path length, cavity-enhanced spectroscopymethods can be applied. However, with these techniques often line-of-sight densities withoutany spatial information are obtained. Nevertheless, using continuous-wave cavity ring-downspectroscopy, we were able to determine the spatial distribution of the HO2 radical [1, 2] and theH2O2 molecule in the effluent of the plasma jet CAPJ device kINPen (see figure), developed at theINP for use in plasma medicine.
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Ultra-high sensitivity and ultra-wide dynamic range gas detection based on pho-
toacoustic spectroscopy
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Photoacoustic spectroscopy (PAS) is a promising method for gas sensors with high sensitivity, fastresponse, low cost, and a small footprint. However, compared to the well-assessed cavity ring-down spectroscopy and noise-immune cavity-enhanced optical-heterodynemolecular spectroscopytechniques (10−14 − 10−12 cm−1 in noise equivalent absorption (NEA)), the NEA of state-of-the-artPAS gas sensors is limited to 10−11− 10−8 cm−1, while the dynamic range is limited to five orders ofmagnitude [1–6]. Herein, we report a method to simultaneously enhance the acoustic and opticalwaves using combined optical and acoustic resonators in a centimeter-long configuration. Thephotoacoustic signal can be enhanced linearly by orders of magnitude via double standing wavesinside the resonators. Not only the lower detection limit is enhanced by the double standing waves,but also the upper detection limit is expanded due to the short resonators. As shown in figure, wedeveloped a sensor by detecting acetylene (C2H2), achieving a noise equivalent concentration (NEC)of 1.75 ppt, an NEA of 1.9 · 10−12 cm−1 and a dynamic range of seven orders of magnitude.

Schematic representation of the experimental apparatus. EOM: electro-opticmodulator; OS: optical switch; OSW: optical standing wave; ASW: acousticstanding wave.
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Molecules in optical cavities: precision spectroscopy and strong light-matter
interactions
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Direct frequency comb spectroscopy is a sensitive, broadband, and precision technique that canbe used to interrogate the quantum structure of unprecedentedly large molecular species. Cavity-enhanced frequency comb spectroscopy (CE-FCS) matches the evenly spaced spectral structure ofa frequency comb light source to the resonant modes of a high-finesse optical cavity. This methodallows for simultaneous detection of absorption signal across the comb spectrum, extremely highfrequency resolution, and high sensitivity through cavity-enhancement. We combined CE-FCSwith cryogenic buffer gas cooling to measure the rovibrational structure of buckminsterfullerene(C60). These measurements represent the first probe of the quantum structure of C60 and establishit as by far the largest molecule for which a state-resolved spectrum has been reported [1]. Wesubsequently implemented a cw mid-IR spectrometer based on a quantum cascade laser lockedto a high-finesse cavity using optical feedback stabilization. Using this apparatus, we report newnonlinear saturation spectra of C60 which illuminate state-specific vibrational and rotational energytransfer and relaxation processes as molecules undergo collisions with a range of buffer gas collisionpartners.For applications in cavity-enhanced spectroscopy, optical cavities enhance the strength of light-matter interactions and thereby increase the sensitivity of absorption measurements. Someof the Weichman Lab’s research interests lie in a more exotic regime for intracavity molecules.The interaction of light and matter is typically weak and can be treated perturbatively. Thispicture breaks down in the regime of strong coupling, where the rate of light-matter interactioncompetes with the dissipation of excitations. In this regime, superposition states with mixedlight-matter character, dubbed polaritons, emerge. Polaritons inherit the coherent, wavelike natureof light while maintaining local molecular interactions and structure. Polaritonic molecules maytherefore demonstrate distinct reactivity from their ordinary uncoupled counterparts, representinga rich sandbox for chemistry. In our new lab at Princeton, we are setting out to understand howmolecular polaritons behave and react, using ultrafast and precision spectroscopy to follow thereaction dynamics of benchmark condensed-phase and gas-phase systems under strong light-mattercoupling.
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Mode-resolved Mid-infrared optical frequency comb spectroscopy using an air-
spaced VIPA without optical cavity filtering

Ibrahim Sadiek, Norbert Lang, Jean-Pierre H. van Helden CT

Leibniz Institute for Plasma Science and Technology (INP), Greifswald, Germany
The cross-dispersion of a virtually imaged phased array (VIPA) etalon together with a grating,which is commonly known as a VIPA spectrometer, drastically improves the spectral resolutionof conventional grating-based spectrometers. VIPA spectrometers based on optical frequencycombs have proven versatile for high spectral resolution and chemical kinetics measurements [1, 2].Previous demonstrations for resolving the modes of a frequency comb using VIPA spectrometersinvolved the use of an optical cavity to filter them, hence increasing their spacing relative tothe VIPA resolution. Such an approach could be proven to be useful for high spectral accuracymeasurements. However, the increased time needed to measure spectra at several repetitionrates, frep, limits the applicability of this approach to perform time-resolved measurements underlow pressure conditions, where Doppler-limited absorption profiles are the target of interest.In this work, we report on the first air-spaced VIPA spectrometer using a mid-infrared frequency

(a) 2D dispersion image of resolved combmodes with a 250MHz frep measuredby the air-spaced VIPA spectrometer. (b,c) horizontal and vertical cross-sectionsof the 2D image.
comb. The new spectrometer is capable of fully resolving the modes of a frequency comb witha frep = 250 MHz without the use of a filtering optical cavity, see figure. The use of an air-spaced etalon was essential for achieving such a high resolution as intrinsic temperature-drivenetalon effects of previously used solid VIPA etalons limit their effective resolution, in particular atunstabilized temperature conditions. The spectrometer is tested by measuring Doppler-limitedabsorption profiles of CH4, around 3000cm−1 and HCN, around 3250 cm−1, generated in a plasmanitrocarburizing process at a pressure of 1.5mbar and gas flows of 20 sccm H2, 20 sccm N2, and 2sccm of CH4. Future work will be focused on introducing an optical cavity to measure key transientspecies in the plasma, hence elucidate the complex plasma-induced chemistry.
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High-accuracy line positions of N2O, CH4 and H2CO around 8 µm from optical
frequency comb Fourier transform spectroscopy

Adrian Hjältén1, Matthias Germann1, Isak Silander1, Aleksandra Foltynowicz 1, Karol Krzempek2,
Arkadiusz Hudzikowski2, Aleksander Gluszek2, Dorota Tomaszewska2, Grzegorz Soboń 2, Vincent
Boudon3, Cyril Richard3, Christian Pett4 CT

1Department of Physics, UmeåUniversity, Umeå, Sweden
2Faculty of Electronics, Photonics andMicrosystems, Wrocław University of Science and Technology,Wrocław, Poland
3Laboratoire ICB, CNRS/Université de Bourgogne, Dijon, France
4Department of Chemistry, UmeåUniversity, Umeå, Sweden.
The atmospheric window at 8 − 12 µm contains vibrational absorption bands of many smallmolecules while being largely free from interfering water absorption. Apart from atmosphericsensing, this spectral range is also important for astrophysics and falls within the detection rangeof the recently launched James Webb Space Telescope. However, spectroscopic databases at thesewavelengths are based mostly on traditional FTIR measurements, with line position uncertaintiesof the order of a few MHz. Significant improvements in precision and accuracy can be achievedusing optical frequency comb spectroscopy that provides a combination of accurate frequencyscale and broad optical bandwidth. Here, we present high-resolution absorption measurementsof N2O, CH4 and H2CO between 1240 and 1380 cm−1 obtained with a recently developed Fouriertransform spectrometer [1] based on an 8 µm difference frequency generation comb source [2] anda multipass cell. Using the sub-nominal sampling-interleaving scheme [3] and fitting the spectraline by line allows determination of line center frequencies with uncertainties of a few hundredkHz. For the ν1 band of N2O [1], we observed excellent agreement in the retrieved line positionswith a previous high-accuracy study [4]. For methane, a major greenhouse gas and a constituentof exoplanetary atmospheres, we determined center frequencies of over 800 lines belonging tothe ν4; fundamental band of 12CH4 and 13CH4 as well as two 12CH4 hot bands, with 30 times betterprecision than the previously available data. Including these results in a global fit of the methanespectrum yielded a strong reduction in residuals. Currently, we measure the spectra of the ν4 and
ν6 bands of formaldehyde, H2CO, a toxic pollutant also found in the interstellar medium, for whichpublicly available data have been lacking in this spectral region.
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Understanding ultrafast observables via broadband cavity-enhanced ultrafast
spectroscopy in jet-cooled molecules and clusters

Thomas Allison IS

Stony Brook University, New York, NY, USA
Ultrafast spectroscopy offers the opportunity to directly probe the dynamics of molecules afterexcitation. However, the interpretation of ultrafast experiments remains a challenge because ofthe projection of highly dimensional dynamics into a much lower dimensional signal is unavoidable.Using frequency comb lasers and optical resonators, we have developed a broadband ultrafasttransient absorption spectrometer with high sensitivity, enabling all-optical measurements inmolecular beams. This enables direct comparisons of data recorded from jet-cooled molecules andclusters with molecules in solution. By performing studies on a series of archetypal molecules incollaboration with others working on molecular dynamics theory and time-resolved photoelectronspectroscopy, we aim to get a clearer picture of the meaning and correct interpretation of ultrafastobservables in general.I will present ultrafast spectroscopy results on several molecules undergoing excited-state proton

transfer, internal conversion, and intersystem crossing, and the effect of Ar clustering on thesedynamics. I will also discuss several technical details of the broadband cavity-enhanced spectrome-ter, many of which can be useful for those performing cavity-enhanced spectroscopy with highfrequency resolution as well.If there is time, I will also discuss recent theoretical work regarding rotationally-resolved 2DIRspectroscopy.
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High finesse Fourier transform cavity ring-down spectroscopy with an optical
frequency comb

Romain Dubroeucq1, Dominik Charczun2, Piotr Masłowski2, Lucile Rutkowski1 CT

1University of Rennes, CNRS, Institut de Physique de Rennes (IPR), Rennes, France
2Institute of Astronomy, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus Uni-versity, Toruń, Poland

Cavity ring-down spectroscopy (CRDS) is a very sensitive and widespread spectroscopic technique,mainly used with continuous-wave lasers. Multiplexed CRDS could offer broadband and calibration-free spectra but requires a spectrometer able to separate the exponential decays of each spectralelement [1, 2]. We recently demonstrated CRDS spectrometer based on an optical frequency comband a time-resolved Fourier transform spectrometer (FT-CRDS) [3]. The Er:fiber comb was lockedto a 2, 000 finesse cavity using the Pound-Drever-Hall technique to ensure a quasi-continuoustransmission. This setup was used to detect atmospheric CO2 and H2O. We will present the ideasbehind the technique, apparatus, and data processing. However, in that demonstration the cavitylength was left free-running, preventing any averaging. Moreover, switching off the light to triggerring-down events also interrupted the comb-cavity locking, limiting the usable cavity finesse. We

will introduce a new FT-CRDS setup allowing for cavity finesse of 20, 000. In this approach, thecomb and cavity are referenced to a cw laser to ensure absolute stabilization of both while isolatingthe error signal from the CRDS decays. We performed spectroscopy of 250 ppm of CO dilutedin Ar at 534 Torr. We averaged 15 spectra recorded with a spectral resolution of 236MHz, eachacquired in 5 min 16 s. The ring-down spectrum is shown in the figure together with a modelbased on Voigt absorption profiles and HITRAN parameters. The noise equivalent absorption isequal to 7.0 · 10−10 cm−1, and the spectrum contains 4400 resolved elements, yielding a figureof merit of 7.3 · 10−10 cm−1Hz− 1
2 per spectral element. The sensitivity is high enough to observespeed-dependent effects, visible in the residuum of the fit to the measured spectrum. We willdiscuss the performance improvement and the spectroscopic analysis.
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Electro-optical dual-comb cavity ring-down, mode-width and mode-dispersion
spectroscopy
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gorz Kowzan1, Victor Brasch4, Tobias Herr3, Adam J. Fleisher5, Joseph T. Hodges5, Roman Ciuryło1,
Agata Cygan1, Piotr Masłowski1 CT

1Institute of Astronomy, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus Uni-versity, Toruń, Poland
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Cavity-enhanced spectroscopic techniques based on frequency combs are rapidly developing, bring-ing the possibility of broadband and parallel measurements tomethods first shownwith continuouswave (cw) lasers: CRDS [1, 2], CMWS and CMDS [3, 4]. We present the first demonstrations [5,6] of these techniques combined with dual-comb spectroscopy. We propose a new approach toCRDS, in which time constants of cavity ring-downs are determined not directly from the intensitydecays, but from Lorentzian shapes of the cavity modes visible in the Fourier-domain spectrumdown-converted from optical to radio frequencies. All the measurements were performed with

a versatile experimental setup based on a single cw laser, used both to generate two frequencycombs with electro- and acousto-optical modulation and to stabilize the frequencies of the combs.Two electrical switches were used to turn on and off the light of the combs to trigger the acquisitionof ring-down signals, while changing the AOM frequencies allows for tuning the combs over thecavity modes to perform the CMWS/CMDS measurements.Parameters of the cavity modes are used to determine absorption and dispersion spectra. Contraryto conventional CRDS, this scheme allows retrieval of dispersive information. The figure presentsspectra of 760 Torr of a mixture of 20%methane in nitrogen. (a) shows an absorption spectrumobtained with CMWS and CRDS, while (b) presents the dispersion spectrum obtained with CMDSand CRDS techniques. All spectra remain in good agreement with the simulation based on HITRAN(red regions represent calculated error margins) [7].
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Cavity-enhanced double-resonance spectroscopy of methane using a frequency
comb probe
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Spectra of various astrophysical objects contain signatures of hot molecules. Theoretical models ofhigh-temperature molecular spectra are necessary to interpret these observations [1, 2]. Thesemodels, in turn, need to be validated by accurate laboratory measurements and assignments of hot-band transitions. We developed optical-optical double-resonance spectroscopy with a frequencycomb probe to measure previously unobserved sub-Doppler hot-band transitions in the 3ν3
ν3 region of methane with line position accuracy of∼ 1.7MHz [3, 4]. The methane sample wascontained in a liquid-nitrogen cooled single-pass cell. The pump was the idler of a singly-resonantcontinuous-wave optical parametric oscillator stabilized to a Lamb dip in a selected CH4 transitionin the ν3 band (∼ 3.3µm), and the probe was an Er:fiber frequency comb, shifted to 1.67µmby a polarization maintaining microstructured silica fiber. The comb spectrum was detected by aFourier transform spectrometer with auto-balanced detection. Using the sub-nominal sampling-interleaving scheme, we measured probe spectra covering 6 THz with sampling point spacing of
2MHz. The measured probe transition frequencies served as the first verification of theoreticalpredictions in this range, and agreed within 30 GHz with the data from the TheoReTS database [1].To increase the absorption sensitivity and line position accuracy we recently implemented a room-temperature enhancement cavity for the comb probe. Compared to the initial demonstration,the absorption sensitivity is now increased by more than two orders of magnitude, which allowsdetection of weaker transitions with better signal-to-noise ratios, and the accuracy of the linepositions is improved to 1 MHz. We assign the probe transitions by comparing line intensity ratiosmeasured with parallel and perpendicular relative pump/probe polarizations, and by reaching thesame final state with different pump/probe configurations. The cavity-enhanced system allows thedetection and assignment of new hot-band transitions, and investigation of sub-Doppler probetransition line shapes.
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Microbubble resonators as enhanced platforms for thermometry and flow cy-
tometry

Silvia Soria Huguet, Fulvio Ratto, Lucia Cavigli, Gabriele Frigenti, Daniele Farnesi, Sonia Centi,
Stefano Pelli, Gualtiero Nunzi Conti IS

CNR-IFAC, Institute of Applied Physics, Carrara, Italy
Over recent years, photoacoustics has drawn attention for innovative applications in biomedicaloptics. Most photoacoustic platforms rely on piezo transducers that were developed within thevenerable context of ultrasonography. However, the generation or propagation of acoustic signals inphotoacoustics and ultrasonics differ in fundamental aspects that deserve innovative solutions andyield new opportunities. Here, we disclose our design and results for an all-optical photoacousticflow spectro-cytometer that may be exploited in multiple contexts, such as the detection ofcirculating cells in bio fluids as well as the inspection of colloidal suspensions of artificial particlesin sols or aerosols. This setup rests on the implementation of an optical microcavity resonatorthat may be coupled to a microfluidic interface and filled with any sample of interest. Then, itsexcitation with short optical pulses triggers a photoacoustic event within the cavity, which impartsa transient deformation of the glass resonator and its dielectric landscape, thus shifting its opticalresonances. The advantages of this setup include its inherent feasibility for miniaturization andworkability in air rather than water, as occurs with piezo transducers for ultrasonography. Weillustrate these features in the analysis of the spectral fingerprints of colloidal suspensions ofplasmonic particles with volumes in the nL range and repetition rates in the kHz domain [1]. Wealso present a thermal detection that produces spectra insensitive towards light scattering in thesample, as proved experimentally by comparing the spectra of acqueos gold nanorods suspensionsin presence or absence of milk powder [2]. In perspective, this system could be implemented forthe characterization of turbid biological fluids through their optical absorption, especially whenconsidering that the microbubble resonator naturally interfaces to a microfluidic circuit, and mayeasily fit within portable or on-chip devices.
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Optomechanical devices for high accuracy acceleration sensing
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National Institute of Standards and Technology (NIST), Boulder, CO, USA
Optomechanical cavities offer exceptional sensitivity to external stimuli such as temperature andpressure changes as well as acceleration and acoustics. Recently, we have developed Fabry-Perotoptical microcavities in which one of the mirrors is a proof mass suspended by microbeams [1, 2].These devices exhibit acceleration sensitivity as high as 32 ng/Hz1/2 limited only by thermome-chanical noise. In addition, due to the presence of only a single low frequency vibrational mode,the measured displacement can readily be converted into acceleration, paving the way for use asan intrinsic standard. Further, I will discuss novel readout approaches which leverage electro-opticfrequency combs for rapid, high dynamic range interrogation [3, 4].
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High-finesse optical cavity length adjustment at cryogenic temperatures

Michał Słowiński, Marcin Makowski, Kamil Sołtys, Kamil Stankiewicz, Szymon Wójtewicz, Daniel
Lisak, Mariusz Piwiński, Piotr Wcisło CT

Institute of Astronomy, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus Univer-sity, Toruń, Poland
High-finesse optical cavities offer an obvious profit for molecular spectroscopy, which is ultra-longpath of molecule-light interaction that directly determines high sensitivity of the technique. Acrucial component that makes high-finesse cavities suitable for molecular spectroscopy applicationsis an actuator that controls the length of the cavity to compensate for cavity length drifts andenables probing the spectrum at grid denser than free spectral range [1, 2]. Spectrometers workingat low temperatures allow precise determination of spectra for large molecules and achieve highaccuracy of measurements conducted for simple molecules, which is important in fundamentalstudies. When designing experiments of this type a major challenge is to select optomechanicalcomponents that can operate under required range of temperatures. We demonstrate a methodfor controlling the length of an optical cavity in a wide temperature range, from room temperatureto cryogenic regime (10 K). We conduct tests to verify proposed solution and to determine itseffectiveness over the entire temperature range.
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Cavity-enhanced vs coherent Raman metrology of H2
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Dario Polli1, Marco Marangoni1 IS
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Molecular hydrogen is a benchmark system to test quantum electrodynamics and the standardmodel of particle physics at molecular length scales. Thanks to its simplicity, calculations of rovibra-tional energy levels can be carried out with part-per-billion uncertainties. However, determinationof transition frequencies through absorption spectroscopy is a difficult task due to the lack of amolecular dipole moment. Moreover, line shapes are atypical and difficult to model due to verystrong collisional effects contributing strong asymmetry that prevents straightforward extrapolationof the transition frequency of the unperturbed molecule. To overcome such problems, one needsto employ high sensitivity spectrometers, and to use advanced modeling to reduce the impact ofcollisional effects on the determination of transition frequencies. In our work we adopted twodifferent strategies to reach high signal to noise ratio even at relatively low pressures, exploiting ahighly sensitive cavity ring-down spectrometer to measure overtone transitions in the near infraredand developing a novel comb-referenced stimulated Raman spectrometer to probe fundamentaltransitions in the mid infrared. In the first case, we investigated the 2 0 S(3) and S(4) transitionsof D2, lying around 1.57µm spectra were measured in a wide pressure range spanning 0.13 to
1.2 bar using a cavity ring-down spectrometer linked to an optical frequency comb. We modeledthe complex lineshape through the so-called β-corrected Hartmann-Tran profile, performing amulti-pressure fit of the measured absorption lines to reduce correlations between collisionalparameters involved in the fit. Moreover, we reduced the number of fit parameters by fixingsome of them to values obtained from ab-initio quantum scattering calculations. The determinedtransition frequencies have an uncertainty of 900 kHz, a 30-fold improvement with respect to theexperimental state of the art. In the second case, we performed nonlinear spectroscopy throughstimulated Raman scattering exploiting two narrow-linewidth near-infrared lasers as the pump andStokes sources to probe the 1 0 Q(1) transition of H2 around 2.4µm. The approach uses an opticalfrequency comb to calibrate the frequency spacing between the pump and Stokes beams thatinteract with H2 in a multipass cell. We performed measurements in a pressure range spanning
0.05 to 4 bar, which fully covers the transition from the low-pressure, mostly Gaussian lineshape tothe Dicke-narrowed Lorentzian lineshape occurring around 2.5 bar. We exploited such a wealth ofinformation to develop a robust extrapolation procedure for the unperturbed transition frequency,reaching an uncertainty of 300 kHz, a 20-fold improvement with respect to the state of the art anda factor of 2 better than the most recent theoretical determination.
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Infrared off-axis cavity-enhanced absorption spectroscopy of molecular hydro-
gen

Philip Martin1, Vasili Kasiutsich1, Edward McNaghten2 CT

1University of Manchester. Manchester, UK
2Atomic Weapons Establishment (AWE), Reading, UK

Infrared laser spectroscopy is often used for measuring low concentrations of trace gases buthydrogen does not exhibit electric dipole moment transitions in the infrared spectral region.However, it does possess a weak quadrupole moment which can be used if long optical absorptionpathlengths are employed. This work describes an off-axis cavity-enhanced absorption experimentto measure hydrogen around 2.1µm. Quadrupole transitions have the rotational selection ruleJ= 0,±2 which gives rise to a Q branch as well as S and O branches. The quadrupole momentspectrum of H2 was first measured by Herzberg in 1949 [1] and later by Fink et al. [2] The S(1) lineof the fundamental vibrational quadrupole band has a linestrength of 3.36 · 10−26 cm/molecule at
298 K.A cw-DFB diode laser producing around 5mW at 2122 nm was used to illuminate a high finesseoptical cavity of length 19.4 cm in an off-axis alignment. The laser light emerging from the cavity wasfocused onto an extended InGaAs photodetector. Difficulties were encountered due to amplifiedspontaneous emission of the laser passing through the cavity onto the detector. Hydrogen gas(99.99%) was introduced into the optical cavity using a gas sample bag and the infrared spectrumat several different pressures was measured. Figure shows an example of the spectra obtained

with the off-axis cavity enhanced absorption technique. The very low laser power detected at exitof the cavity limited the detection limit to 0.16% hydrogen for 200 scan averages within 2 s. Thiswas limited by detector noise. Higher laser power and a longer effective pathlength should enabledetection limits lower than ppm levels.In conclusion, we have demonstrated that off-axis cavity enhanced absorption spectroscopy can beused to quantitatively measure molecular hydrogen in the infrared spectral range. The techniquecan now be incorporated into the atmospheric pressure plasma catalysis reactor to study theformation of hydrogen.
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Fast breath analysis by OF-CEAS: clinical studies for lung transplantation
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The sense of smell is one of the oldest diagnostic tools in the practice of medicine. In the lastdecades, exhaled air analysis for non-invasive medical diagnosis has seen a growing interest. Thereare a thousand species present at very low concentrations in exhaled air, of which around thirtyhave been identified as markers of physiological processes and of various pathologies [1]. Amongthe different analytical methods, tunable diode laser spectroscopy appears to be very attractive. Itallows fast response, low detection limits and excellent selectivity. Numerous laboratory demon-strations have been carried out with different techniques based on absorption spectroscopy inmulti-pass cells or with resonant cavities [2, 3]. Today, we are at a turning point where somestate-of-the-art analyzers developed in the laboratory are finding well-identified medical applica-tions, thanks to close collaborations between physicists and doctors engaged in clinical studies.Optical-Feedback Cavity-Enhanced Absorption Spectroscopy (OF-CEAS) is a technique introduced

(a) Nitric oxide, (b) carbon monoxide and (c) carbon dioxide measured in realtime by OF-CEAS when a pig is ventilated. Regular respiratory cycles of 6 sduration are recorded with an inspiration (I) to an expiration E ratio: I/E =
1/2

in our group [4], allowing realization of robust and compact gas analyzers, exploited in several
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interdisciplinary applications and collaborations.Adaptation of OF-CEAS commercial instruments (by AP2E) allowed to perform pre-clinical (animalmodels) [5] and, more recently, clinical studies (on human patients) [6] in the context of lungtransplantation. The objective is to investigate new markers to assess the quality of lung grafts fortheir requalification in order to increase the number of available grafts. Real-time measurements(with single respiratory cycle time-resolution) of the production of CO, NO and CO2 by ex-vivo lungsare carried out by OF-CEAS (see figure).
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Spectroscopy and control of individual erbium dopants in optical resonators

Andreas Reiserer IS
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In spite of decade-long research into different physical systems, the demonstration of a scalableplatform for quantum networks and distributed quantum information processing remains anoutstanding challenge. In this context, our group investigates the use of erbium dopants in silicon[1, 2] and silicate crystals [3–6]. As the optical transition of erbium is the narrowest spectral featureever measured in a solid, spectroscopy requires a stable laser, which we implement via a cryogenicfiber ring resonator [7]. In addition, the dopants need to be embedded into a cryogenic resonatorwith small mode volume and large quality factor. Using a Fabry-Perot cavity with a finesse of 100000we could demonstrate up to 70-fold Purcell enhancement with lifetime-limited optical coherencein the telecommunications frequency window [3]. In recent experiments, we could observe andcoherently control about 100 individual dopants with ultra-low spectral diffusion, ∼ 0.1 MHz,determined by the nuclear spin bath [6]. Using nuclear spin initialization or silicon instead of silicatehost crystals may further reduce this value below the 20 kHz homogeneous linewidth we observedrecently in a nanophotonic waveguide [2]. This would enable the realization of entanglementbetween remote dopants with high efficiency and fidelity. Thus, our novel hardware platform mayfacilitate the implementation of scalable quantum networks and repeaters based on single emittersat telecom wavelength.
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Broadband nonlinear cavity ringdown spectroscopy
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In traditional cavity ringdown spectroscopy (CRDS), a passive optical resonator is first loaded withlight. Upon rapidly turning off the input light, the exponential intensity decay over hundreds ofroundtrips is then measured with very high sensitivity and precision, unaffected by laser noise.Consequently, CRDS has been widely used for applications such as trace-gas detection or losscharacterization of highly-reflective laser mirrors.Here, we report nonlinear CRDS of pulse-train-driven, free-space cavity solitons [1] and use adispersive-Fourier-transform (DFT) single-shot spectrometer [2] to record each individual pulse ofthe decaying soliton. The (non-exponential) per-wavelength decay curves contain rich informationabout the optical nonlinearities governing the formation of the self-stabilizing, self-compressingsoliton state. This is, to the best of our knowledge, the first application of CRDS to nonlinearitiesdriven by ultrashort pulses.In our experiment, a 100-W cavity soliton is excited in a 73-MHz femtosecond enhancement cavity

(A) Nonlinear CRDS signal. (B) Optical-frequency-integrated data. (C) Relativedeviation from the exponential functions obtained from the low-intensity partof the measured decay.
(fsEC), in analogy to [1]. A low-power (20mW) copy of the circulating beam is sent to the single-shotspectrometer, comprising 2.5 km of glass fibre, and a fast photodiode and oscilloscope. The fibre’sdispersionmaps the optical frequencies of the incoming pulses to the (measured) arrival times at itsend. After abruptly interrupting the seed, the spectrum of each individual roundtrip of the decayingsoliton can thus be measured (figure a). The deviation from the exponential behaviour typicalfor linear CRDS (figure b,c) entails the nonlinear response of the sapphire plate in the fsEC focus,probed at a series of diminishing intensities. Our approach allows high-precision measurements ofthe instantaneous (Kerr) and non-instantaneous (Raman) 3rd-order nonlinearities. We expect thisto benefit the design of nonlinear resonators supporting shorter solitons, and, potentially, of othernonlinearities, e.g., plasma formation in cavity-enhanced high-harmonic generation [3].
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Microcavity-enhanced investigation of nanoparticle dynamics

Shalom Palkhivala, Larissa Kohler, David Hunger CT

Karlsruhe Institute of Technology - Physikalisches Institut, Karlsruhe, Germany

We have developed a fibre-based high-finesse Fabry-Perot microcavity capable of detecting andcharacterising single nanoparticles. While many current nano-detection techniques depend onlabelling, our sensor can detect unlabelled nanoparticles in dispersion. Silica nanospheres withradii of 25 nm and gold nanorods 20 nm in length have thus been detected in water.Properties of the nanospheres such as the size, polarizability and refractive index were deduced,and the three-dimensional Brownian motion of a single nanoparticle in the cavity was trackedby simultaneous measurement of the fundamental and higher-order transverse resonant modes.The best spatial and temporal resolutions of the particle’s motion achieved were 8 nm and 0.3ms respectively. Furthermore, the rotation of nanoparticles could be measured using the polar-isation splitting of the fundamental mode.[1–3] An active cavity stabilisation scheme has been

3D track of a nanosphere undergoing Brownian diffusion
implemented which can achieve an rms jitter of 4% of the linewidth in a water-filled microcavityhaving a finesse of over 5 · 104. When cavity scanning is too slow to resolve small dynamic timeconstants, e.g. the rotation of gold nanorods, measurement using a locked cavity can be used toprovide a high measurement bandwidth limited only by the detector or the cavity linewidth. Thisenables the investigation of fast nanoparticle dynamics and additionally offers the advantages ofimproved mechanical stability and drift compensation.We shall report progress towards the quantitative measurement of nanorod dynamics, and imple-
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menting cavity-locked high-speed polarisation-splitting measurement techniques. Based on this,we aim to investigate the optical and dynamic behaviour of single biomolecules, such as DNA.
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Single-molecule thermo-optoplasmonic sensing of enzymes

Nikita Toropov, Matthew Houghton, Frank Vollmer CT

University of Exeter, Exeter, UK
Optical sensors based on whispering-gallery-mode (WGM) cavities are exceptional tools for detect-ing molecules down to single levels. WGM cavities coupled to plasmonic nanorods, or optoplas-monic sensors, have proven their ability to detect single molecules mostly via reactive sensing whenWGM frequency is tracked. In this contribution, we discuss several mechanisms for single-moleculedetection with optoplasmonic sensors including newly developed thermo-optoplasmonic sensing.As objects of investigation, 3-phosphoglycerate kinase (3PGK) was chosen. Figure represents anexample of WGM resonance wavelength shifts (∆λ), that denotes the binding event of 3PGK tothe sensor. Alongside the changes of∆λ, the changes of the full width at half maximum,∆κ, ofthe WGM were registered. At relatively low intensities of WGM, binding events show red-shiftsof λ, and do not show the changes of ∆κ. Increasing WGM intensities led to observations ofsingle-molecule detection as close to zero change of λ accompanied by changes of∆κ = 3 fmon average. We consider that this mechanism is related to the strong mutual influence of WGM

(a) Traces of WGM resonances: ∆λ(top) and∆κ(bottom) vs time – low WGMintensity. (b) Values of∆λ and∆λ – high WGM intensity
modes and plasmon nanorods, where nanorods form hot spots due to plasmon-enhanced fields.At the same time, they generate increased temperature due to Ohmic losses originating fromplasmonic oscillations. Binding events of 3PGKmolecules to the nanorod, usually causing red-shifts,are compensated due to partial absorption of optical energy by different parts of the moleculeand partially due to the absorption of the excessive heat energy. In turn, the absorbed energyand temperature make the refractive index smaller in the hot spots, resulting in a compensatingresonance wavelength shift. Thus, we demonstrated a new sensing mechanism, which is caused bythermal changes in optoplasmonic sensors.
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Fiber Fabry-Pérot micro-resonators for molecular oxygen A-band determination
using modulation spectroscopy

Carlos Saavedra IS

Madison-Wisconsin University, Madison, WI, USA
Fabry-Pérot cavities has been used extensively for the study of different atmospheric gas speciesas they can provide fast and precise observations of their spectrum [1, 2]. Miniaturized detectionsystems as the monolithic fiber Fabry-Pérot micro-cavities [3] can offer a compact, lightweightand robust alternative for onsite experiments realization using standard techniques such as cavitymode-width spectroscopy, demonstrated here. Furthermore, fast acquisition techniques usingcavity modulation spectroscopy can exploit the noise profile of the cavity system to resolve theoxygen A-band, with higher resolution.
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A silica Rib microdisk for visible comb spectroscopy

Shahin Honari, Saeed Farajollahi, Tao Lu CT

University of Victoria, Victoria, BC, Canada
Thin silica microdisks with sub-micron thickness are essential for soliton visible comb generation,due to the need for dispersion engineering at such wavelengths [1]. Furthermore, large disk size isdesirable to explore the complex spectral structure of bio-molecules since the density of the combwould be higher in disks. Hence, the need for a fabrication process to make large thin microdisk is ofgreat importance for ongoing research toward soliton visible comb generation for precision in-vitrospectroscopy of single bio-molecules. Thermal stress induced buckling has been one of the limiting

factors on silica microdisk fabrication [2]. This residual stress arises from the difference in thermalexpansion coefficient of thermally grown silica and the silicon substrate, when cooling down fromgrowth temperature (exceeding 1000 ºC). This stress at the interface, will then release upon thedisk fabrication, and causes the edges of the microdisk to buckle. The buckle effect significantlyreduces the optical quality factor the disk, making the comb generation infeasible. This mechanicalinstability is more severe in thinner and larger disks, which are necessary for dense visible combgeneration. Here, we report a new silica microdisk geometry to overcome the buckling challenge insuch disks. The thick top part of the disk as shown in Ffigure a) and figure c) provides the mechanicstrength to prevent the disk from buckling while the submicron thin rib at the edge of the disk canprovide proper dispersion for soliton generation at visible wavelengths. The rib-shaped geometryeffectively solved the buckling problem in 1 mm disks with sub-micron thickness as evident bycomparing to a conventional disk of the similar size, thickness and undercut shown in the subplotsof figure b) and figure d). Furthermore, optical quality factors as high as 12million was achieved at
970 nm wavelength which will be sufficient for comb generation.
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Adding Quantum Confinement to Cavity Molecular Polaritons

Oliver Hirschmann, Zimo Yang, Harsh H Bhakta, Wei Xiong CT

Department of Chemistry and Biochemistry, University of California San Diego, La Jolla, CA, USA
By applying lateral confinement in an optical cavity, we extended the "particle-in-a-box" idea, whichwas broadly developed in semiconductor quantum dot research, into mid-Infrared (IR) Fabry-Perotcavity modes. The quantized cavity modes hybridize with molecular vibrational modes, resultingpolariton states that can support multiple coherence states in the IR regime. We applied tailoredpump pulse sequences to selectively prepare these coherences and collected 2D IR spectra toverify their existence. We found that because the polariton quartet reside in the same cavity, theywere specifically robust towards phase fluctuations in space. The multiple robust coherences ofthe confined cavity polaritons pave the road for entangled states and manipulation of interactionsbetween states in different cavities for future quantum simulation using vibrational polaritons.
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Fiber optic strain sensing with π-shifted Fiber Bragg Gratings

Swapnil N. Daxini1, Deniz Aydin1, Jack A. Barnes2, Hans-Peter Loock1 CT

1University of Victoria, Victoria, BC, Canada
2Queen’s University, Belfast, UK
Optical strain sensing is an emerging field of research in recent years due to its vast applicationsin geotechnical monitoring and seismic sensing. Fiber-optic strain gauges, unlike conventionalelectrical strain gauges, are passive sensors which are immune to electromagnetic interference(EMI). This permits the sensor to be used in harsher environments, such as the ocean floor, butoften requires the sensor to work over long fiber tether lengths. Previously this has been achievedusing distributed sensing measurements which rely, typically on Brillouin scattering to detect andlocalize strain [1]. Highly localized or point sensing is more appropriate for acoustic (hydrophone)

measurements and submarine equipment monitoring and can be achieved using a compact trans-ducer, typical a Fiber Bragg Grating (FBG) or equivalent, which exhibit a resonance peak/dip in thereflection spectrum when interrogated by a laser. This peak shifts linearly when strain is applied tothe grating. Our group had previously demonstrated strain measurements up to 10 km with a fiberFabry-Perot interferometer (a pair of identical FBGs) but were limited by noise and lock instabilitydue to Stimulated Brillouin Scattering (SBS) and polarization-dependent peak splitting [2].Here we present a strain sensing system capable of measuring strain over 50 km with the useof a π-shifted FBG and an EDFA. The broader-linewidth peak of π-shifted FBG combats the peaksplitting and the use of an EDFA to amplify the reflected beam greater improves the signal to noiseratio over large tethers. The strain is measured using the Pound-Drever-Hall method to lock thelaser to the center of the reflected resonance and observe the feedback signal required to maintainthe lock. The system was locked through 50 km of fiber and strain was measured at 10 Hz with a
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sensitivity of 10.65mV/µε. This system has promising applications for monitoring seismic activityby using the sensor head in a hydrophone in place of the conventional piezoelectric strain gauge.
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Fabrication of tunable fiber Fabry-Pérot microcavities

Beau Schweitzer

University of Wisconsin-Madison. Madison, WI, USA
We report on our recent development of Fiber Fabry-Pérot cavities (FFPCs). FFPCs offer higherfinesse, reduced mode waist, lower mode volume, and better mode matching with respect to othermacroscopic cavities. These advantages increase the potency of light-matter interactions withinthese microcavities. One can harness the exquisitely sensitive open-access geometry of the FFPCto eliminate many experimental compromises and implement new architectures for applicationssuch as relaying quantum information, spectroscopically sensing single molecules, or influencingreaction chemistry. We present results on the formation of the concave fiber mirrors that formthese cavities. Treating the tip of an optical fiber with a high-energy CO2 laser pulse forms anultra-smooth concave mirror surface. By carefully manipulating the spatial profile, pulse duration,and power density of the laser beam, we can modify the shape of the ablation.
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Single-adenylate kinaseturnover events studied via WGMmicrocavities

Matthew Houghton1, Nikita Toropov1, Stefan Bagby2, Frank Vollmer1

1University of Exeter, Exeter, UK
2University of Bath, Bath, UK
Whispering-Gallery Mode (WGM) biosensors are in development for the detection of single small-molecules, biophotons and enzyme dynamics. Understanding protein mechanisms, including theirdynamics, is of huge importance for biotechnology and treating disease. An area of current interestregards conformational change and how these promote catalysis and communicate allostery.However, investigations into these subjects are complex, often limited due to short moleculardynamics simulation time periods, addition of molecular fluorescent tags, or time-consumingand expensive isotope labelling. The coupling of WGMmicrocavities to plasmonic nanoparticles,with its greater sensitivity, will allow detection of minute changes of enzyme polarizability in theenhanced near-field of a nanorod, of which is dependent on its conformation and orientationon the sensor. This allows label/tag-free single-molecule investigations of native conformationalchanges during reaction cycles and interactions with allosteric regulators.This investigation initiallyfocussed on observing the reversible turnover of adenylate kinase (Adk). Adk was immobilised on agold nanorod-glass sphere microresonator via a C-terminal cysteine. The microcavity construct wascoupled to the evanescent field of a 780 nm beam in a prism and immersed in buffer containingsubstrates of the forward or reverse reaction. 3-phosphoglycerate kinase (3PGK) was used inprevious investigations for a similar goal, producing double-peaked signals at intervals similar tobulk-measured kcat. Due to PGK-Adk overall structural similarity, we predicted a similar signalarchitecture. Results confirmed a resemblance in signals was observed between Adk and 3PGK,both in the forward and reverse reactions.To understand how this signal architecture can change, acommon Adk inhibitor, Ap5A, was added to the system. Previous NMR experiments show Ap5Abinding is slow [1], and therefore we predicted that the signal architecture would be elongatedover a greater time period. Longer signals periods were indeed observed, possibly showing theformation of the enzyme-inhibitor complex, and therefore the “closed” conformation. These resultsdemonstrate proof of concept: WGM biosensors can detect conformational changes at nm level,opening the door to a plethora of investigations into enzyme functionality.
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Broadband Mid-infrared Spectroscopy for plasma analysis

A. Khodabakhs1, R. Krebbers1, O. Bang2, G. van Rooij1, F. J. M. Harren1, S.M. Cristescu1

1Radboud University, Nijmegen, The Netherlands
2Technical University of Denmark, Lyngby, Denmark
3Maastricht University, Maastricht,The Netherlands
Recycling the greenhouse gases by an electrified chemical process using green energy is of particularinterest in recent years. For instance, plasma-based gas conversion, is able to transform efficientlycarbon dioxide (CO2) and methane (CH4) into carbon monoxide (CO) and hydrogen (H2), alsoknown as syngas [1]. However, discharge plasmas consist of numerous (reactive) species, and itis challenging to control the reaction specificity. Therefore, it is of great importance to developa multispecies detection system capable of analyzing the reactants/products of the plasma fordifferent conditions. Ultra-broadband spectroscopy in the mid-infrared (MIR) wavelength range,where most of the molecular species have their distinct and strong absorption features, has agreat potential to be used for this purpose. We have recently demonstrated the potential of the a

home-built Fourier Transform Spectrometer based on a novel MIR supercontinuum (SC) source [2]and a multipass absorption cell for multispecies trace gas detection [3]. Here, we use this system tomonitor the reactants/products of CO2/CH4/N2 discharge plasmas. For instance, the figure belowshows the measured absorbance spectrum of the product gasses (in black) in the outflow of adischarge plasma of 50% CO2 in N2, alongside the corresponding fitted simulated spectra (inverted,in color) of NO2 (∼ 154 ppm), NO (∼ 0.33%), N2O (∼ 570 ppm), CO (∼ 14.6%), and CO2 (∼ 13.0%).These measurements demonstrate the ability of the system to detect numerous molecular speciescreated in the plasma, even for the species with overlapping spectral features. By changing theparameters of the plasma, such as specific energy input and reactant mixing ratio, one can findthe best combination of the parameters for maximizing the concentration of a specific producedspecies.
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Mid-Infrared frequency comb spectroscopy for breath analysis

Stephanie Swartz, Sida Xing, Alex J. Lind, Pooja Sekhar, Daniel M. B. Lesko, Adam J. Fleisher, Scott
A. Diddams

National Institute of Standards and Technology(NIST), Gaithersburg, USA
Mid-infrared (MIR) comb spectroscopy in the chemical and biological fingerprinting region (2.5−
25µm) [1, 2] can enable a new regime of health diagnostics [3]. Specifically, cavity-enhancedfrequency comb spectroscopy covering∼ 1.5− 1.7µm [4] and∼ 3− 4µm [5, 6] has been used tomeasure chemicals in human breath at parts-per-trillion and parts-per-billion (ppb) concentrations.However, a frequency comb spectrometer with full coverage from 3−12µm is desirable tomeasurea range of biomarkers linked with multiple health conditions [3], while preserving high-resolutionand ppb sensitivity. MIR frequency combs produced from intrapulse difference frequency genera-tion (IP-DFG) [1, 2] can provide improved bandwidth and resolution, while pathlength enhancementand coherent averaging from dual-comb spectroscopy can increase detection sensitivity.
We investigate pathlength-enhanced MIR dual-comb spectroscopy in the fingerprinting regime.We generate MIR frequency combs via IP-DFG by focusing a near-infrared comb into a nonlinearcrystal. As volatile organic compounds at∼ 10−250 ppb concentration in human breath have beenlinked with early active viral infections [7], we optimize the MIR comb spectrum to measure theirdistinguishing spectral features simultaneously from 3− 10µm. We employ an astigmatic Herriotcell aligned for an∼ 85m path enhancement to improve sensitivity to ppb gas concentrations.
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Cavity ring-down spectroscopy of small hydrocarbons in hypersonic Laval expan-
sions

Eszter Dudas1, Lucile Rutkowski1,Samir Kassi2, Christine Charles3, Robert Georges1

1University of Rennes, CNRS, IPR (Institut de Physique de Rennes), Rennes, France
2University of Grenoble Alpes, CNRS, LIPhy, Grenoble, France
3Space Plasma, Power and Propulsion Laboratory, Research School of Physics, The AustralianNational University, Canberra, ACT, Australia
Inversion of space telescope observation requires reference laboratory spectra at temperaturesrelevant to astrophysical environments. In particular, line by line assignment of the hot bandtransitions of hydrocarbons are of importance for the inversion of exoplanets observations. We willintroduce the SMAUG apparatus (Spectroscopy of Molecules Accelerated in Uniform Gas flows, [1])developed to study rotationally-cold hot-bands. It relies on cavity-ring down spectroscopy (CRDS) ina hypersonic jet environment. We will show its application to the highly excited states of methaneand the beginning of the analysis of the cold bands of ethylene. We detect many rotationallyresolved transitions and use them to improve the TheoReTS spectroscopic database [2]. This isexpected to bring numerous insights in the applications looking for a quantitative, multispeciesand sensitive instrument, such as high temperature spectroscopy for line assignments.
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Ring Cavity OF-CRDS spectrometer based on SG-DBR lasers

Serguei Koulikov

Picarro Inc., Sunnyvale, CA, USA
A spectrometer based on optical-feedback cavity ring-down spectroscopy (OF-CRDS) has beendeveloped with a tunable sampled grating distributed Bragg reflector (SG-DBR) laser and a ringresonant optical cavity. Shot-to-shot variations in the ring-down decay constant were as low as 15ppm.
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Cavity ring down supersonic jet spectrometer based on a MIR cw-OPO Laser

Fabian Peterß, Guido W. Fuchs

Universitaet Kassel - AG Laborastrophysik, Kassel, Germany
There is a surprising chemical diversity of molecules seen in space [1]. In the vicinity of old dyingstars, atoms combine to form molecules and serve as seeds for dust formation. In many cases thecirumstellar molecules are, unlike here on earth, unsaturated compounds, i.e. radicals, or of ionicnature. These species, which are difficult to produce on earth, are valuable probes to determinethe physical conditions in stellar envelopes [2].Our aim is to perform spectrally resolved and extremely sensitive measurements on astrophysicallyrelevant molecules in the mid-infrared region utilizing the cavity ringdown (CRD) method. Our newexperimental setup is a combination of an AOM switched „Scanned Cavity” MIR CRD spectrometerwith a supersonic jet molecule source. The CRD mirrors have a R > 99.99% between 3.0 and
3.4µm. In this region, O H, N H and C H stretching vibrations can be probed. First calibrationmeasurements on weak bands of N2O will be presented. Our setup can be combined with anelectrical discharge source and a heating source (e.g. for hydrogen peroxide), to investigate spectraof yet unknown transient species.
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Fourier transform and grating-based spectroscopy for multi-species trace gas
detection utilizing mid-infrared supercontinuum source

Khalil Eslami Jahromi, Mohammadreza Nematollahi, Roderik Krebbers, Amir Khodabakhsh,
Simona M. Cristescu, Frans J. M. Harren

Radboud Universiteit, Nijmegen, THe Netherlands
We present a multi-species trace gas sensor based on a fast and compact home-built Fouriertransform spectrometer (FTS) and a scanning grating-based spectrometer (GS), both combinedwith a multi-pass cell and a broadband mid-infrared supercontinuum (SC) source.Fourier transform infrared (FTIR) spectroscopy is a well-established scientific method widely usedfor broadband molecular spectroscopy. The FTIR spectrometer can support both broad spectralcoverage (required for multi-species gas detection) and high spectral resolution with a calibratedfrequency scale. Traditionally, FTS employs an incoherent and omnidirectional thermal source withlow brightness output. This restricts exploiting an optical cavity or a multi-pass cell to achieve along absorption path length for gas-phase spectroscopy. Combining advanced reliable MIR SCswith FTS has circumvented these challenges. They offer high spatial coherence and a very highspectral brightness, much higher than thermal sources.Conventionally, GSs are also very popular due to the low price and ease of use. They can generallyprovide enough spectral resolution to be captured by a fixed linear camera or alternatively asingle-point detector while scanning the grating.The FTS covers the spectral bandwidth of the SC source (2− 4µm) and provides a best spectralresolution of 1 GHz in 6 seconds. The GS support a spectral range of 3.1 − 3.7µm with 75 GHzresolution in 100ms. Both spectrometers have a detection sensitivity of a few hundred of ppbv/√Hzfor different gas species. We evaluate the performance of the GS and FTS-based sensors forquantifying gas concentrations in a complex mixture of various gases. In addition, we measurefruit-produced volatiles which are gas biomarkers for fermentation (ethanol, acetaldehyde, ethylacetate), ripening (ethylene), and rotting (acetone, methanol). Both sensors are suitable forvarious gas sensing applications, and their selection depends on the requirements of a specificapplication.
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Towards whispering-gallery mode Laser realisation with fluorophores for biosens-
ing applications

Samir Vartabi Kashanian, Frank Vollmer, Deshui Yu

University of Exeter, Exeter, UK
We present a multi-species trace gas sensor based on a fast and compact home-built Fouriertransform spectrometer (FTS) and a scanning grating-based spectrometer (GS), both combinedwith a multi-pass cell and a broadband mid-infrared supercontinuum (SC) source.Fourier transform infrared (FTIR) spectroscopy is a well-established scientific method widely usedfor broadband molecular spectroscopy. The FTIR spectrometer can support both broad spectralcoverage (required for multi-species gas detection) and high spectral resolution with a calibratedfrequency scale. Traditionally, FTS employs an incoherent and omnidirectional thermal source withlow brightness output. This restricts exploiting an optical cavity or a multi-pass cell to achieve along absorption path length for gas-phase spectroscopy. Combining advanced reliable MIR SCswith FTS has circumvented these challenges. They offer high spatial coherence and a very highspectral brightness, much higher than thermal sources.Conventionally, GSs are also very popular due to the low price and ease of use. They can generallyprovide enough spectral resolution to be captured by a fixed linear camera or alternatively asingle-point detector while scanning the grating.The FTS covers the spectral bandwidth of the SC source (2− 4µm) and provides a best spectralresolution of 1 GHz in 6 seconds. The GS support a spectral range of 3.1 − 3.7µm with 75 GHzresolution in 100ms. Both spectrometers have a detection sensitivity of a few hundred of ppbv/√Hzfor different gas species. We evaluate the performance of the GS and FTS-based sensors forquantifying gas concentrations in a complex mixture of various gases. In addition, we measurefruit-produced volatiles which are gas biomarkers for fermentation (ethanol, acetaldehyde, ethylacetate), ripening (ethylene), and rotting (acetone, methanol). Both sensors are suitable forvarious gas sensing applications, and their selection depends on the requirements of a specificapplication.
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Cavity enhanced chiral optical rotation

Michail Xygkis1,2, Michail Koutrakis1,2, Kostas Tazes1,2, Georgios E. Katsoprinakis1, T. Peter
Rakitzis1,2

1Institute of Electronic Structure and Laser, Foundation for Research and Technology - Hellas,Heraklion, Greece
2Department of Physics, University of Crete, Heraklion, Greece
Chiral sensing plays a crucial role in numerous fields of science and industry. The measurement ofweak chiral signals is limited by spurious birefringence, as well as slow and imperfect backgroundsubtraction procedures. We present a novel chiral cavity-enhanced polarimeter (CCP), an opticalinstrument in which the sensing light traverses the chiral sample multiple times, thus amplifyingthe weak chiral optical rotation signal by the number of cavity round-trips (typically> 100). Thehallmark of this technique is the implementation of rapid signal reversals, which eliminate the needfor background subtractions, and enable absolute chiral measurements even in noisy environments,resulting in greatly enhanced sensitivities (∼ 0.02mdeg·Hz−1/2), relative to commercial instruments(∼ 5mdeg·Hz−1/2).
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High-accuracy measurement of Mid-IR refractive indices of GaAs/AlGaAs in thin-
film multilayers

Lukas W. Perner1, Georg Winkler1, Gar-Wing Truong2 David Follman2, Jakob Fellinger1, Maximil-
ian Prinz1, Stephan Puchegger1, Garrett D. Cole2, Oliver H. Heckl1

1University of Vienna, Vienna, Austria
2Thorlabs Crystalline Solutions, Santa Barbara, CA, USA
Thin film optical coatings are essential for a wide range of photonic applications. However, meetingdesign targets without resource-intensive iterations in fabrication relies on precise knowledgeof the optical properties of the deposited thin films, especially their refractive index. Accurateknowledge of the refractive index for GaAs-based materials is required for the design of a plethoraof optical devices in the near- (NIR) and mid-infrared (MIR) spectral region, among them vertical-cavity surface-emitting lasers [1] and high-performance substrate-transferred optical interferencecoatings [2].Typically, the refractive index shows variability depending on deposition conditions, and are there-fore often insufficiently accurate [3]. This motivates the need for routine characterization ofas-produced thin film structures. While several measurement methods for refractive indices exist –among them (spectroscopic) ellipsometry, the prism method, and Fourier-transform Infrared (FTIR)refractometry [3] – they all rely on specialized samples and measurement equipment.We present a novel, robust method to measure the refractive indices of transparent materialsover the NIR and MIR spectral regions, involving the following steps: Obtaining a photometrically-accurate low-resolution transmittance spectrum of a quarter-wave-type GaAs/AlGaAs structurevia FTIR; extraction of individual layer thicknesses from cross-sectional imaging of the structurevia calibrated scanning electron microscopy; using these thickness values, together with a singleeffective oscillator model [4] for the refractive indices, to fit a transfer-matrix-method model tothe FTIR spectrum. Uncertainty propagation is done via a Monte-Carlo-type propagation method,including uncertainties in both, layer thicknesses and FTIR, measurements.This method allows us to simultaneously extract the refractive indices of both materials in theas-deposited thin film structurewith per-mille-level relative uncertainty over the 2−7µmrange.
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