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Accurate cavity-enhanced spectroscopy of 
molecules with coherent light
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ATMOSPHERIC TRANSMITTANCE:  EARTH AND BEYOND

With an accurate model for how light is absorbed by 
molecules in the Earth’s atmosphere, researchers can 
measure gas column densities globally, over urban areas, 
wildfires, and regional carbon sources and sinks (e.g., 
forests, oceans, etc.).

Current and future probes and Great Observatories (NASA, 
ESA, etc.) monitor transmission and emission spectra from 
planets, moons, stars, exoplanets, and other astronomical 
bodies to better understand the chemical composition and 
dynamics of the Solar System and beyond.

Image credit:  JPL

Image credit:  NASA
MSL Science Team, Science 341, 260 (2013)

“Great observatories:  The past and future of panchromatic 
astrophysics,” arXiv:2104.00023 [astro-ph.IM]



OPTICAL MEASUREMENTS GROUP

Accurate cavity-enhanced spectroscopy
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OPTICAL MEASUREMENTS GROUP

Accurate cavity-enhanced spectroscopy

Long interaction pathlength (km’s in a compact physical footprint)
Stable frequency axis (relative stability better than 10−8)

Spatially coherent (well-defined beam shape / mode volume / mode cross-section)
High resolution (high quality factor / finesse)
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Fleisher et al., JPCL 8, 4550 (2017)

CAVITY RING-DOWN SPECTROSCOPY

Cavity decay rate:  Γ = 1/𝜏𝜏

Losses:  𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 = 1
𝑐𝑐𝑐𝑐

= 𝛼𝛼 + 𝐿𝐿0



CAVITY RING-DOWN SPECTROSCOPY

Cavity decay rate:  Γ = 1/𝜏𝜏

Losses:  𝐿𝐿𝑡𝑡𝑡𝑡𝑡𝑡 = 1
𝑐𝑐𝑐𝑐

= 𝛼𝛼 + 𝐿𝐿0

Measure CRDS for many lines on a sample 
of CO2 with mole fraction traceable to 
gravimetric and volumetric samples (NIST 
GMG)

Compare with ab initio or spectroscopic 
model to yield band intensity

Apply to OCO missions, HITRAN2020

Fleurbaey et al., JQSRT 252, 107104 (2020)



Uncertainty budget:  Digitizer

*Huang and Lehmann, JPCA 117, 13399 (2013)
Fleisher et al., PRL 123, 043001 (2019)

Measure DC voltage linearity
Measure synthetic decay signals
Optimize fitting algorithm and regime*



Agreement with an ab initio line list

Long et al., GRL 47, e2019GL086344 (2019)
Wübbeler et al., JCP 135, 204304 (2011)
Fleurbaey et al., JQSRT 252, 107104 (2020)
Fleisher, Yi et al., Nat. Phys. 17, 889 (2021)

Uniform distribution
ur = (6.6 × 10−3)/√(3) = 3.8 × 10−3

Result:  <0.5% agreement between CRDS 
and theory.

Limitations for CO2:  sampling, line profile + 
constraints
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CAVITY-ENHANCED SPECTROSCOPY

Dual-comb interferogram
Coherent averaging
Fourier transform
Cavity transmission intensity spectrum as 
sampled by an electro-optic comb

Coddington et al., Optica 3, 414 (2016)
Long et al, Opt Lett. 39, 2688 (2014)
Fleisher et al., Opt. Express 24, 10424 (2016)
Fleisher et al., J. Mol. Spectrosc. 352, 26 (2018)



CAVITY-ENHANCED SPECTROSCOPY

Model the complex-valued cavity 
transmission electric field with a local 
oscillator EO comb for DCS

Includes molecular dispersion and 
absorption, mirror dispersion, etc.

Changing the PDH lock point changes the 
observed cavity transmission electric field 
and EO-DC spectrum

The transmission spectrum still requires 
normalization by the probe comb power 
spectrum

Foltynowicz et al., APB 110, 163 (2013)
Fleisher et al., J. Mol. Spectrosc. 352, 26 (2018)



Optically flat, broader band EO combs
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BUILD-UP AND RING-DOWN HYBRID:
HETERODYNE-DETECTED CRDS

Ye and Hall, PRA 61, 061802(R) (2000)
Long et al., APB 115, 149 (2014)

Quantum-noise-limited 
sensitivity in the near-IR with 
NEA = 6 × 10−14 cm−1 Hz−1/2
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CAVITY BUILD-UP SPECTROSCOPY

Frequency-locked CW-laser

Electro-optic modulator to generate sideband 
and act as a fast optical switch

Probe a cavity mode with a detuned 
sideband

Measure cavity build-up, model, fit

Retrieve complex-valued molecular 
absorption spectrum

Truong et al., Nat. Photon. 7, 532 (2013)
Cygan et al., Commun. Phys. 4, 14 (2021)
Lisak et al., Sci. Rep. 12, 2377 (2022)
Fleisher et al., US Patent No. 11209314B2.



CAVITY BUILD-UP SPECTROSCOPY

Analytical model for performance

Now, heterodyne-detected CRDS can be 
seen as a special case of CBUS where νL = 
νq

Detuning from the cavity FSR—which occurs 
naturally near resonant absorption—can be 
readily modeled

Move CRDS to higher frequencies

Cygan et al., Commun. Phys. 4, 14 (2021)
Fleisher et al., US Patent No. 11209314B2



Transient behavior

Romanini et al., Introduction to Cavity Enhanced 
Absorption Spectroscopy. In Cavity-Enhanced 
Spectroscopy and Sensing, eds. Gagliardi and 
Loock (Springer 2014)



Linear response of an optical cavity mode

Lehmann and Romanini, JCP 105, 10263 (1996)
Cygan et al., Commun. Phys. 4, 14 (2021).
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CES applications



STABLE AND RADIOACTIVE ISOTOPES, 
ISOTOPIC COMPOSITION

Tracers in the environment, medicine

Climate Science

Forensics

Archeology

Geophysics

Solar System formation, dynamics

Paleoclimatology

Food webs
Bailey et al., Anal. Chem. 92, 13759 (2020)



VALUE-ASSIGNMENTS FOR ISOTOPIC 
REFERENCE MATERIALS:  VPDB δ13C

Dual-color CRDS instrument to simultaneously 
probe 12C16O2 and 13C16O2 in air

Fleisher, Yi et al., Nat. Phys. 17, 889 (2021)



VALUE-ASSIGNMENTS FOR ISOTOPIC 
REFERENCE MATERIALS:  VPDB δ13C

Fleisher, Yi et al., Nat. Phys. 17, 889 (2021)
Hoffman and Rasmussen, Anal. Chem. 94, 5240 (2022)

Instead of having artifacts define 
scales ...

Can we instead use accurate infrared 
spectroscopy (and other methods) to 
value-assign artifacts with traceability 
to the SI?

PDB
cited 1/day

IUPAC

Avogadro Project

CRDS

MS

1H NMR



What could go wrong with artifacts?

“… there is the considerable Babylonic 
confusion within the measurement 
community, which often perpetuates years 
after [a] new reference sample is introduced 
or a new zero point is assigned to the isotope 
delta scale (e.g. VPDB instead of PDB, …”

P. D. P. Taylor, P. De Bièvre & S. 
Valkiers, in Handbook of Stable 
Isotope Analytical Techniques, 
Volume 1 (Elsevier, Amsterdam, 
2004).

The Tower of Babel by Pieter Breughel the Elder



ISOTOPIC COMPOSITION:  
RADIOCARBON DIOXIDE (14CO2)
Create the measurement technology to enable 
honest brokering of emerging carbon markets.

Applications in nuclear forensics, fugitive emissions 
monitoring, green technologies, and carbon dating.

Fleisher et al. J. Phys. Chem. Lett. 8, 455 (2017);

In The Future of Atmospheric Boundary Layer 
Observing, Understanding, and Modeling. NASEM 
Workshop, 2018.

Fleisher, Nat. Phys. 17, 1432 (2021)



OPTICAL MEASUREMENTS GROUP

Results

14CO2

13CO2

13CO2 and
N2O

Biogenic CO2 Petrogenic CO2

Differentiate fossil-fuel CO2 from biofuel CO2 with high degree 
of confidence

Fleisher et al., JPCL 8, 4550 (2017)



NEW MIRROR TECHNOLOGY, NEW SPECTROSCOPIC METHODS
The same crystalline interference coatings designed for LIGO are now used in our laser instruments.
New spectroscopic methods are more sensitive, more selective, and background free – enabling new molecular 
and isotopic sensing opportunities.

Thorlabs



OPTICAL MEASUREMENTS GROUP

Accurate cavity-enhanced spectroscopy

Long interaction pathlength (km’s in a compact physical footprint)
Stable frequency axis (relative stability better than 10−8)

Spatially coherent (well-defined beam shape / mode volume / mode cross-section)
High resolution (high quality factor / finesse)



HIGH RESOLUTION CRDS AND 
CHEMICAL DYNAMICS:  METHANOL

Rueda et al., JCP 122, 044314 (2005)
Yi and Fleisher, JCP 151, 234202 (2019)

ν1 + ν6 combination band near λ = 2 μm
OH-stretch + OH-bend



Continuous scanning

Hélène Fleurbaey
Hongming Yi, Michelle Bailey, Erin Adkins



OPTICAL MEASUREMENTS GROUP

Accurate cavity-enhanced spectroscopy



The experiments really look 
something like this ... 

Yi et al., JQSRT 206, 367 (2018)
Yi and Fleisher, JCP 151, 234202 (2019)

Zhao et al., Opt. Lett. 46, 3057 (2021)

Fleisher et al., JMS 352, 26 (2018)



Postdoc opportunities!
Visitors welcome!  

adam.fleisher@nist.gov

Collaborators
Nicolaus Copernicus University (Lisak, Cygan, Masłowski)

University of Vienna (Heckl)
Thorlabs (Cole)

University of Virginia (Lehmann)
Laval University (Genest)

NIST PML (Plusquellic, Gillis, Douglass, Diddams)
University College London (Tennyson, Polyansky)

Harvard Center for Astrophysics (Gordon)
JPL, Caltech (Drouin, Okumura)
JILA, NIST and CU-Boulder (Ye)

University of Maryland (Dodson)
INP-Greifswald (van Helden)

NIST Optical Measurements Group
Joseph T. Hodges, Group Leader

Erin Adkins
D. Michelle Bailey

Hélène Fleurbaey (CNRS, Univ. Grenoble Alpes)
Mélanie Ghysels (CNRS, Univ. Reims)

Philippe Guay (Univ. Laval)
David Long

Qingnan (Philip) Liu
Zachary Reed

Hongming Yi (Princeton Univ.)
Gang Zhao (Shanxi Univ.)

NIST Greenhouse Gas and Climate Science Program
NASA OCO Missions, APRA (Laboratory Astrophysics)

mailto:adam.fleisher@nist.gov
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