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Outline

×The Frequency Comb

×Applications

Å Combs & optical clocks

Å Microwave generation

Å òDual-comb spectroscopyó for atmospheric gas modeling

Å Synchronizing remote clocks to femtoseconds

Å Calibrated 3D LADAR

×Taking a Frequency Comb for a drive

×Conclusion

$$: DARPA PULSE, DARPA SCOUT, ARPA-E MONITOR, NIST
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A Frequency Comb = Stabilized Mode-Locked Laser
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A Frequency Comb = Stabilized Mode-Locked Laser
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Harmonic Generation

and Continuum

Femtosecond Laser Frequency Combs

ÅAn array of millions of phase-coherent CW oscillators 

ÅPrecisely known frequencies (~1 Hz resolution)

ÅPulse train in time with fsec jitter and high peak powers

A unique source for sensing

Er:fiber laser Ti:Sapphire

laser
courtesy of S. Diddams et al.

Difference Frequency Generation

and Continuum

Tm:fiber



Some Different NIST Fiber Combs

NIST/OFS Figure-8
Fiber Frequency Comb

stretched-pulse ring laser
Fiber Frequency Comb

Washburn et al., Opt. Lett. 29, 250 (2004) McFerranet al., Opt. Lett. 31, 1997 (2006)
Swann, Opt. Lett. 31, 3046 (2006).

stretched-pulse ring laser with variable 
rep rate

Fiber Frequency Comb
Washburn et al, OE, 12, 4999 (2004)

Stretched-pulse ring lasers 
Fiber Frequency Combs
Coddington et al, PRA, 81, 

043817 (2010)

Ring laser with intracavity EOM
Swann et al. OE, 19, 243817(2011)

Linear SESAM Linear cavity Fiber 
Frequency Comb
Sinclair, OE, 22, 6996 (2014)
Sinclair, RSI, 86, 081301 (2015);

All fiber
Free-space



Frequency Combs: Why are they special?
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Applications of Frequency Combs

Å Applied to laser-based metrology/sensing systems

ï As a spectral ruler

ïAs a ñtimeò ruler

Frequency Comb

Newbury, Nat. Phot., 5, 186 (2011)

Diddams, JOSA B, 27, B51 (2010)



Some specific applications

Precision molecular spectroscopy 
(for greenhouse gases)

Precision 
Ranging

Others:
Advanced communications
Fundamental scientific tests
Χ

Precision timing across  
synchronized network

NIST

Precision microwave generation 
(for RADAR)

Precision spectroscopy 
(for exoplanet searches)



National Institute of
Standards and Technology

Photonic Microwave Generation

Stabilized CW Laser

~500 THz
Laser Comb

Frequency Divider

N~105-106

Microwave Output 

via Photodetection

1-100 GHz

Comb uncertainty at the 20 th

decimal place

L.-S. Ma, et al., Science , 303 , 1843 (2004 )

Slides courtesy of Scott 

Diddams, Tara Fortier, 

Frank Quinlan



National Institute of
Standards and Technology

Low noise microwaves through 
Optical Frequency Division

Stable Fabry-Perot Cavity

Frequency Comb

Photodetection

Optical 

Frequency Division

fr =nopt/N

Smwave(f) = Sopt(f)/N2

nopt

÷ N 

fr

Integrated Jitter (1Hz ï5 GHz)

OFD 2.6 fs

Sapphire dielectric 300 fs

T. Fortier, et al. Nat. Photon. (2011), T. Fortier, et al. Opt Lett (2013), F. Quinlan, et al. Opt. Lett (2014)

I(f)

f

Ą Have extended to frequencies from 10 MHz to 100 GHz

S. Diddams

F. Quinlan

T. Fortier etc.



Example applications

Precision molecular spectroscopy 
(for greenhouse gases)

Precision 
Ranging

Others:
Advanced communications
Fundamental scientific tests
Χ

Precision timing across  
synchronized network

NIST

Precision microwave generation 
(for RADAR)

Precision spectroscopy 
(for exoplanet searches)



(Gas) Absorption Spectroscopy
sensitive, specific, automated, non-destructive....

Á Basic chemistry

Á Sample analysis

Á Diagnostics (combustion..)

Á Trace gas detection 

Gas Sample

Light 
Source

Spectrometer

2-km air path

Infrared absorption can yield molecular fingerprint:

Lamp
(broadband 

source)
detector

Moving
mirror

VExtremely well developed
VVery broadband coverage

But imperfect! Limited resolution, 
speed, sensitivity, & accuracy
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Spectroscopy with a Comb Source

gas
Detector

Frequency

Comb

frequency
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profile

Detector

???

Grating Spectrometer

FTIR Spectrometer

VIPA Spectrometer

None can resolve 100-MHz comb teeth

ñSmear out combò -> Might as well use a light bulb!

100 MHz



Dual-Comb Spectroscopy

gas

frequency

Detector
Frequency

Comb

Comb Tooth by Comb Tooth Readout
Coherent Linear Optical Sampling

THz TDS

Multi-heterodyne spectroscopy

Coherent Spectral Interferometry

In
te

n
s
it
y

absorption

profile

Keilmann, et al, Opt. Lett. 29, 1542 (2004) 

Schiller, Opt. Lett. 27, 766 (2002)

Schliesser, Opt. Exp, 13, 9029  (2005)

Coddington, PRL , 100, 013902 (2008) 

Giaccari, Opt. Express, 16, 4347 (2008)

Bernhardt, Nat. Photon., 4, 55-57 (2009)

Coddington, Opt. Lett, 35,  1395 (2010)

Coddington, PRA, 043817 (2010)

Deschenes, Opt. Express, 23358 (2010)

Frequency

Comb

Local oscillator
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Dual Comb Detection
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in repetition rates

EXACT one-to-one correspondence between optical & rf frequencies
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Dual Comb Detection
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Dual-Comb Spectroscopy Demonstrations

In progress

LΦ /ƻŘŘƛƴƎǘƻƴΣ bΦ wΦ bŜǿōǳǊȅΣ ²Φ {ǿŀƴƴΣ ά5ǳŀƭ-/ƻƳō {ǇŜŎǘǊƻǎŎƻǇȅέΣ Optica, (2016)



Dual Comb Spectroscopy: real data

~ 3 nm 
optical 
bandpass
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Precision Laboratory Spectroscopy 

with a near infrared dual-comb spectrometer

CO2 (Carbon Dioxide)

CH4 (Methane) 

C2H2 (Acetylene)

H2O (Water) 

Zolot et al., 
Opt. Lett. (2012)
Zolot et al., 
JQRST, 118,  26 (2013)
Bauman et al., 
PRA, 84, 062513 (2011)

× Advantages 
ü Ultra -high resolution (no distortion)

ü No moving parts (smaller, more robust?)

ü Absolute frequency accuracy

× Ideal tool for precision line center & 

collisional lineshape measurements

×Phase and Amplitude spectrum measured

1360 nm to 1700 nm

450,000 comb teeth @ kHz resolution



Time-Frequency Domain: 
ñSonogramò of HCN Rotational Recurrences 
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Greenhouse gas monitoring....

Accuracy matters => 0.1 % Source: USGCRP (2009)
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Climate Change And Greenhouse Gases

Goal: Accurately measure Greenhouse gases [CO2, CH4, H2O, isotopes]                  

Identify sources and sinks (cities, wells, landfills) etc.

Point-sampling in a Vehicle

CW Rella, Global Monitoring Annual Conference,  

2013

GOSAT (GHG-observing satellite)

Monthly Column-averaged CO2 Concentration

GOSAT Public Data,  August 2012 (Ver. 02.11)

Dual comb spectrometer over a km-scale open air path can provide:

Å 1-10 km length scales (between point & satellite sensors)

Å Eye safe, accurate, continuous, automated measurementsé.



ü Measure path-integrated absorption
spectrum of  CO2, CH4 & H2O
ü Fit to known spectral parameters
ü Extract gas concentration along path

Dual Frequency Comb Spectroscopy over Open Air Path

Dual comb 
spectrometer

G. Rieker, F. Giorgetta, I. Coddington, W. Swann, L. Sinclair, C. Cromer, E. Baumann, A. Zolot, N. Newbury 
J. Kofler, G. Petron, C. Sweeney, P. Tans (NOAA)



Dual Frequency Comb Spectroscopy over Open Air Path

Dual comb 
spectrometer

NOAA Calibrated

Point Sensor

J. Kofler



Time-Dependence of Greenhouse Gas Concentrations

Three days in June, 5 minute averages

Á CO2 & CH4 reported as true dry mixing ratios

Á CO2 adjusted by 1.76% bias vs WMO-calibrated sensor

Á HDO and air temperature not shown
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Time-Dependence of Greenhouse Gas Concentrations

Three days in June, 5 minute averages

Á CO2 & CH4 reported as true dry mixing ratios

Á CO2 adjusted by 1.76% bias vs WMO-calibrated sensor

Á HDO and air temperature not shown
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Open-path Sensing  Network with a Dual-Comb Spectrometer 

Source

Sensor Hub

Sensor HubBeam

Sensor Hub

Dual-comb spectrometer over open air paths:

ÁMonitor urban areas, sequestration sites

ÁDetect hazardous gases (DARPA SCOUT program)

ÁMethane leaks in gas/oil fields (ARPA-E MONITOR program)

Initial results promising but will require significant advances in 

robustness, spectral coverage, mid-infrared coverage etc.



Example applications

Precision molecular spectroscopy 
(for greenhouse gases)

Precision 
Ranging

Others:
Advanced communications
Fundamental scientific tests
Χ

Precision timing across  
synchronized network

NIST

Precision microwave generation 
(for RADAR)

Precision spectroscopy 
(for exoplanet searches)



Synchronizing Remote Clocks
(actually ñSyntonizingò = setting frequencies same)

Optical Clock + Comb

~ 1 msecper day ~ 4 x 10-9 msecper day 

Clock

Frequency 

Comb



Clock slide

PoliŜǘ ŀƭΦ άhǇǘƛŎŀƭ ŀǘƻƳƛŎ ŎƭƻŎƪǎέΣ arXiv:1401.2378v2, Ludlow et al., 
Rev. Modern Phys. 87 (2015) 

Advance of Optical Clocks


