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ATMOSPHERIC TRANSMITTANCE: EARTH AND BEYOND

With an accurate model for how light is absorbed by Current and future probes and Great Observatories (NASA,
molecules in the Earth’s atmosphere, researchers can ESA, etc.) monitor transmission and emission spectra from
measure gas column densities globally, over urban areas, planets, moons, stars, exoplanets, and other astronomical
wildfires, and regional carbon sources and sinks (e.g., bodies to better understand the chemical composition and
forests, oceans, etc.). dynamics of the Solar System and beyond.

Image credit: JPL
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“Great observatories: The past and future of panchromatic
astrophysics,” arXiv:2104.00023 [astro-ph.IM]
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OPTICAL MEASUREMENTS GROUP
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Accurate cavity-enhanced spectroscopy

MOLECULES
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ABSORPTION SPECTRUM

OPTICAL CAVITY

Long interaction pathlength (km’s in a compact physical footprint)
Stable frequency axis (relative stability better than 107-8)
Spatially coherent (well-defined beam shape / mode volume / mode cross-section)
High resolution (high quality factor / finesse)
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Cavity transmission spectrum Molecular absorption and dispersion

empty cavity B N X' (w)
with absorber aq(t) = 24I'g/c = wq cng
\"

Lehmann and Romanini, JCP 105, 10263 (1996) v
Lehmann, Dispersion and Cavity-Ringdown
Spectroscopy, in Cavity-Ringodwn Spectroscopy, Swg % Im{£(w, — w;)}
eds. Bush and Bush (APS, 1999) AT - R {L( — )}
Cygan et al., MST 27, 045501 (2016) q 0" TMoReH{Wq — Wy

Cygan et al., Commun. Phys. 4, 14 (2021)
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Cavity Enhanced
Transmission

(VL)

Cavity Build-Up P —
(VL = Vq) (Vq)
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Cavity Enhanced
Transmission
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Cavity Build-Up
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CAVITY RING-DOWN SPECTROSCOPY

ABSORPTION SPECTRUM

Cavity decayrate: ' =1/1

1
Losses: Liy: = —=a+t Lo

Fleisher et al., JPCL 8, 4550 (2017)
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Fleurbaey et al., JQSRT 252, 107104 (2020)
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Uncertainty budget: Digitizer
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Measure DC voltage linearity
Measure synthetic decay signals

Optimize fitting algorithm and regime*

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

Editors' Suggestion Featured in Physics

Twenty-Five-Fold Reduction in Measurement Uncertainty for a Molecular Line Intensity

Adam J. Fleisher,k Erin M. Adkins, Zachary D. Reed, Hongming Yi, David A. Long,

Héléne M. Fleurbaey, and Joseph T. Hodges’

National Institute of Standards and Technology, 100 Bureau Drive, Gaithersburg, Maryland 20899, USA
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Agreement with an ab initio line list

| HH NIST 2020 =4 PTB 2011 NIST 2019
I E |
Result: <0.5% agreement between CRDS 20013 [ i E HH
R 12e :
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Uniform distribution
u,= (6.6 x 1073)/\(3) = 3.8 x 1073
Long et al., GRL 47, e2019GL086344 (2019)
Wibbeler et al., JCP 135, 204304 (2011)
Fleurbaey et al., JQSRT 252, 107104 (2020)
Fleisher, Yi et al., Nat. Phys. 17, 889 (2021)
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Cavity Enhanced
Transmission

(VL)

Cavity Build-Up
(VL = Vq)
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Dual-comb interferogram

Coherent averaging E II | II'Il l l I||III II lII
Fourier transform M -50 lll llII II..“ i
Cavity transmission intensity spectrum as ©
sampled by an electro-optic comb -100 . )
40 45 50 55 60
Coddington et al., Optica 3, 414 (2016) Frequency (MHz)

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)
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CAVITY-ENHANCED SPECTROSCOPY

Model the complex-valued cavity 10F I ] r'l I f ]
transmission electric field with a local S 0s | [ l I | l |
oscillator EO comb for DCS f’é’ ' | :
g 06 f | | .
Includes molecular dispersion and © 04t ' ' .
absorption, mirror dispersion, efc. 189.0 189.5 180.0 190.5 191.0 190.625 190.633
Changing the PDH lock point changes the ' ' | '
observed cavity transmission electric field % 051 i i
- = |
and EO-DC spectrum > D'DP”“HHI . ‘H” | o
o
. . . . ﬁ 05 F ' 1 ] 1 =
The transmission spectrum still requires iy . ' '! JTN
normalization by the probe comb power 189.0 189.5 190.0 190.5 191.0 190.625 190.633
spectrum Frequency (THz) Frequency (THz)

Foltynowicz et al., APB 110, 163 (2013)
Fleisher et al., J. Mol. Spectrosc. 352, 26 (2018)
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Optically flat, broader band EO combs

Intensity (dBm)

Intensity (dBm)

Optical detuning (THz)
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RAPID COMMUNICATIONS

Cavity ringdown heterodyne spectroscopy: High sensitivity with microwatt light power

PHYSICAL REVIEW A, VOLUME 61, 061802(R)

BUILD-UP AND RING-DOWN HYBRID:
Tun Ye* and John L. Hall
H ETE RO DYN E'D ETECTED CRDS JILA, National Institute of Standards and Technology and University of Colorado, Boulder, Colorado 80309-0440

(Received 11 January 2000; published 17 May 2000)
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Long et al., APB 115, 149 (2014)
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Cygan et al., Commun. Phys. 4, 14 (2021)
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CAVITY BUILD-UP SPECTROSCOPY e e ov =0 khz oy = 100 khz
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Transient behavior

Springer Series in Optical Sciences

1 Introduction to Cavity Enhanced Absorption Spectroscopy 31

Fig. 1.3 Transient response // !

Gianluca Gagliardi of a cavity mode excited b B
Hans-Peter Loock Editors A y : & y.a 1.0 —1 %",
monochromatic laser wave. Y @
o, -

CaVity— E N ha 1] Ced The ideal laser is switched on

: at the origin of time and the
Spectroscopy and output of a lossless ideal

— cavity is calculated as a
function of time for different
mismatches between the laser
frequency and the resonance.
After a transient behavior,
revealing damped oscillations
with a period proportional to
inverse of the frequencies 0.0-57;
mismatch, a stationary state
corresponding to the cavity
mode amplitude is attained

Sensing

mode amplitude
(=)
(¢)]
1

Romanini et al., Introduction to Cavity Enhanced
Absorption Spectroscopy. In Cavity-Enhanced
Spectroscopy and Sensing, eds. Gagliardi and
Loock (Springer 2014)
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Linear response of an optical cavity mode

E,() = [G,(t—t)E,(t)dt

Ey(D)

t<0 E,(t)=0
t=20 E'p(t) — Eoei“’pt

0

Te—aL/Z 1

Eoue(t) = Eg [el@pt — ' @q™ Ta)t)

tyRe=%L i(wy—wg)+T

Lehmann and Romanini, JCP 105, 10263 (1996)
Cygan et al., Commun. Phys. 4, 14 (2021).
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CES applications
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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: Chern»92;-13759
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Dual-color CRDS instrument to simultaneously
r
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.

VALUE-ASSIGNMENTS FOR ISOTOPIC orobe 12G160, and 13C16@.in i
REFERENCE MATERIALS: VPDB 5'3C 2 &

Methane (CH,) in air [ NN

Ethanol

Crude oil
Marine organisms

Plants
Carbon monoxide (CO) in air [l

I CO,inair

Freshwater carbonates

B Marine carbonates

-80 —60 —40 —20 0 20 40
5'°C VPDB (%o)

Fleisher, Yi et al., Nat. Phys. 17, 889 (2021)
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VALUE-ASSIGNMENTS FOR ISOTOPIC
REFERENCE MATERIALS: VPDB &'3C

Mean value 95% confidence interval
'HNMR —— CRDS

Instead of having artifacts define —t0—

=1 MS HoH Avogadro Project
scales ... g o

a}

| | £ o IUPAC PDB

Can we instead use accurate infrared z | n'_':'_'l / / cited 1/day
spectroscopy (and other methods) to —_—

value-assign artifacts with traceability
1.104 1.110 1.116 1.122 1.128

to the SI?
R(“"c;”cjwnﬂ (%)

Fleisher, Yi et al., Nat. Phys. 17, 889 (2021)
Hoffman and Rasmussen, Anal. Chem. 94, 5240 (2022)
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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 Biévre & S.
Valkiers, in Handbook of Stable
Isotope Analytical Techniques,
Volume 1 (Elsevier, Amsterdam,
2004).

The Tower 'of Babel by.Pieter Breughel the Elder
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ISOTOPIC COMPOSITION:
RADIOCARBON DIOXIDE ('4CO,)

Create the measurement technology to enable
honest brokering of emerging carbon markets.

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

L .

CHEMICAL & ENGINEERING NEWS Magazine ¥

Home > An easier way to tell fossil fuels from bicfuels

Advertisement

Latest News
Web Date: October 3, 2017

Departments ¥

An easier way to tell fossil fuels 0 O

from biofuels

Email &  Print o

Prototype laser absorption spectrometer could make radiocarbon analysis less

expensive
By Deirdre Lockwood

measure for measure | ® oo

Radiocarbon age is just a number

The idea of radiocarbon existing at equilibrium within Earth’s atmosphere has established radiocarbon dating.
Adam Fleisher takes a look at its beginnings, achievements and limitations.

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)

radioactive version of one of those
beeping clocks from the most dramatic
scene in an action movie and begin to
tick down. Every clock ticks at its own
rate. For radionuclides like “C, this rate is
inversely proportional to the half-life. As
recommended by the Decay Data Evaluation
Project, an international collaboration of
metrologists, the radiocarbon half-life is
(5700 =+ 30) years'. When the half-life and

the hackerannd radiation levels are known.

nce a living thing stops taking up
carbon, what remains will act as a

Credit: Adam Eastland / Alamy

between “C ages and calendar ages are
indicative of physics-based changes in
Earth’s radiocarbon equilibrium. Accurate
estimates of these deviations against a
modern baseline are therefore valuable.
Libby himself recognized the need to
use different measurement approaches
to establish half-life accuracy’. Early
on, these included solid, liquid and
gas decay-counting methods and mass
spectrometry atom-counting methods. In
the last decade, highly sensitive optical

snectrascanv methads have alsa heen
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Results

Differentiate fossil-fuel CO, from biofuel CO, with high degree
of confidence
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Fleisher et al., JPCL 8, 4550 (2017)

Petrogenic CO,
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| 686  Vol. 8, No. 5/ May 2021 / Optica

Mid-infrared interference coatings with excess
optical loss below 10 ppm

G. 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,>* ® anp O. H. HECKL!

"Christian Doppler Laboratory for Mid-IR Spectroscopy and Semiconductor Optics, Faculty Center for Nano Structure Research, Faculty of Physics,
University of Vienna, Boltzmanngasse 5, 1090 Vienna, Austria

2Crystalline Mirror Solutions, Santa Barbara, CA and Vienna, Austria

*Thorlabs Crystalline Solutions, 114 E Haley St., Suite G, Santa Barbara, California 93101, USA

“Material Measurement Laboratory, National Institute of Standards and Technology, 100 Bureau Drive, Gaithersburg, Maryland 20899, USA
“Department of Physics & Astronomy, University of Kansas, 1251 Wescoe Hall Dr., Lawrence, Kansas 66045, USA

°Faculty Center for Nano Structure Research, Faculty of Physics, University of Vienna, Boltzmanngasse 5, 1090 Vienna, Austria

*Ce ing author: georg.wil ie.ac.at

Received 9 September 2020; revised 18 March 2021; accepted 22 March 2021 (Doc. ID 405938); published 14 May 2021

NEW MIRROR

PHYSICAL REVIEW A 101, 062509 (2020)

|

Doppler-free two-photon cavity ring-down spectroscopy of a nitrous oxide (N,O) vibrational
overtone transition
Gang Zhao®,""” D. Michelle Bailey ®,' Adam J. Fleisher®,":" Joseph T. Hodges®," and Kevin K. Lehmann ®?
!National Institute of Standards and Technology, 100 Bureau Drive, Gaithersburg, Maryland 20899, USA

2Departments of Chemistry and Physics, University of Virginia, Charlottesville, Virginia 22904, USA

M (Received 27 March 2020: accepted 14 May 2020: published 4 June 2020)

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.

Vol. 46, No. 13/1 July 2021/ Optics Letters 3057 I

Optics Letters

Frequency stabilization of a quantum cascade
laser by weak resonant feedback from a
Fabry-Perot cavity

GANG ZHAO,'* ® JIANFEI TIAN,2 JOSEPH T. HODGES,! AND ADAM J. FLEISHER'*

Material Measurement Laboratory, National Institute of Standards and Technology, 100 Bureau Drive, Gaithersburg, Maryland 20899, USA
?Institute of Laser Spectroscopy, State Key Laboratory of Quantum Optics and Quantum Optics Devices, Shanxi University, Taiyuan City 030006,
Shanxi Province, China

ICurrent address: Institute of Laser Spectroscopy, State Key Laboratory of Quantum Optics and Quantum Optics Devices, Shanxi University,
Taiyuan City 030006, Shanxi Province, China

*Ce author: adam.flei: ist.gov

7ol

Received 20 April 2021; revised 18 May 2021; accepted 19 May 2021; posted 20 May 2021 (Doc. ID 427083); published 21 June 2021

Two-photon absorption
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Accurate cavity-enhanced spectroscopy

MOLECULES

ABSORPTION SPECTRUM

OPTICAL CAVITY

Long interaction pathlength (km’s in a compact physical footprint)
Stable frequency axis (relative stability better than 1078)
Spatially coherent (well-defined beam shape / mode volume / mode cross-section)
High resolution (high quality factor / finesse)
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HIGH RESOLUTION CRDS AND . - =App = 0.011 em™
CHEMICAL DYNAMICS: METHANOL 0.5 .
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Rueda et al., JCP 122, 044314 (2005)
Yi and Fleisher, JCP 151, 234202 (2019)
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Continuous scanning

~200 ppm Methanol, 40 Torr

4930 4950 4970 4990 5010 5030
Wavenumber (cm-1)

Hélene Fleurbaey
Hongming Yi, Michelle Bailey, Erin Adkins
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Accurate cavity-enhanced spectroscopy

ABSORPTION SPECTRUM

OPTICAL CAVITY
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The experiments really look
something like this ...

e e o e msiswosmsnia s e s ani v s i S simsia .
________ Laser H N4
H Controller H ‘ N2 PBS
: He-Ne laser -
: 2 Um Y ——
§ DFB laser DDPG2 - .
4
: L1 H
I 1 Collimator 2 ‘
U L4
GPIB s Pressure E
Gas outlet control system
DM2 L3
1Iw2
— (-l
LN detector
H o
grommmnneTet PZT
[Wavemeter | AV1 :
H : PISD Servo |- '
§ Gas inlet ystem | 1 roctor © M4 i
Y | PC with i gosemzce DDPGI }-----
? GageScope k decay ? g
1 &DAQ card ! {
i i Trigger i Y

Yi et al., JQSRT 206, 367 (2018)

Yi and Fleisher, JCP 151, 234202 (2019)
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» lens; A >.
N4 lens, L PD,
second PD (=)
cavity 3

VCO
Correction signal

[ PD | LPF | DBM |«

Error signal
QCL
‘ To self-locking
1.8 MHz To electronic stabilization

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



Postdoc opportunities!
Visitors welcome!
adam.fleisher@nist.gov

Collaborators
Nicolaus Copernicus University (Lisak, Cygan, Mastowski)
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
Hélene 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)
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